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ABSTRACT: A structural monitoring program was initiated on the Confederation Bridge at the 

time of construction and has been ongoing since its opening in 1997.  This monitoring program 

is being carried out to measure the behaviour and performance of the bridge under various 

conditions and to obtain unique field performance information to assist engineers in the long-

term management of the bridge.  Records of actual long-term deformations of long span bridges 

are rare and the opportunity to calibrate design techniques with actual data is valuable in the 

design of other bridges.  Data collected by this structural monitoring program is processed and 

analyzed to determine the trend of strain and deformation that has occurred over its first 10 

years of service life principally due to creep and shrinkage of the concrete. These field values 

can then compared with predicted values and algorithms proposed to predict future trends for 

the long-term deformation of the bridge. 

 

1 INTRODUCTION 

Connecting Prince Edward Island to New Brunswick, the Confederation Bridge is the world’s 

longest pre-stressed concrete box girder bridge built over ice laden waters.  With a total length 

of 12.9 km and a 100-year design life, the design of the Confederation Bridge was not covered 

by any code or standard that currently exists.  A structural monitoring program was put in place 

at the time of construction of the bridge and has been ongoing since its opening in 1997.  Long-

term deformations in the bridge are currently being measured by mechanical displacement 

transducers and vibrating wire strain gauges that are installed in the concrete at selected sections 

in the bridge.  The data collected by these gauges is analyzed to determine the trend of strain 

and deformation due principally to creep and shrinkage of the prestressed concrete structure.   

The monitoring of these long-term deformations is important in a post-tensioned structure like 

the Confederation Bridge because these deformations can impact the serviceability, durability 

and stability of the structure.  The long-term deformations due to creep and shrinkage cause a 

longitudinal shortening of the entire structure, and in turn a shortening of the post-tensioning 

strands used to keep the concrete in compression.  This longitudinal shortening of the post-

tensioning strands results in a reduction of stress in the strands over time, and when combined 

with the effects of steel relaxation and flexural bending, the potential for the concrete resultant 

stresses to be tensile arises.  Concrete in tension can cause cracking which decreases the 

durability of the structure over time, an issue which is particularly important for a structure that 

has been designed for a 100 year service life.   
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2 STRUCTURAL MONITORING PROGRAM 

The bridge superstructure is a segmentally constructed post-tensioned concrete box girder with a 

depth of 4.5 meters at mid span and a depth of 14.5 meters over the piers (Tadros, 1997).  A 

typical portal frame for the Confederation Bridge is shown in Figure 1.  Each portal frame 

consists of two main cantilevered girders set on pier shafts, made continuous by a fixed drop-in 

span between the two main girders.  Each portal frame is connected to the adjacent portal frame 

by a hinged drop-in span that is designed to allow for seasonal movement.  The long-term 

deformations of the bridge are being measured by vibrating wire strain gauges and mechanical 

displacement transducers.  The locations of the monitored sections are shown below in Figure 1, 

where the vibrating wire strain gauges are embedded in the concrete at Sections 1, 2, 4 and 6.  

The displacement transducers are located in the expansion joints on either side of the Pier 31-32 

portal frame, in Sections 2D and 7D. 

 

Figure 1. Typical portal frame and location of monitored sections 

2.1 Vibrating Wire Strain Gauges and Displacement Transducers 

The twenty vibrating wire strain gauges (VWSG) distributed over four cross sections within the 

bridge are arranged as shown in Figure 2.  The vibrating wire strain gauges measure strain once 

an hour.  For this paper, the available data set begins in March 1998 and ends in October 2007.  

There are several gaps in the gauge readings due to system failures.   

Eight displacement transducers (DISP) are located at two different sections in the bridge to 

measure the movement at the expansion joints (in millimeters), with their locations shown in  

Figure 3.  Data from the displacement transducers is collected once an hour and begins in March 

1998.  Limited data is available for the displacement transducers as they were damaged after 

approximately three years of service. 

2.2 Temperature Sensors 

To understand the real changes in strain and displacement due to creep and shrinkage, the 

effects of temperature have to be separated from the gauge readings.  There are two types of 

temperature sensors installed on the bridge.  The primary temperature gauge used to separate the 

effects of temperature from the readings is called a Resistance Temperature Detector (RTD) 

which is embedded in each of the vibrating wire strain gauges.  Also installed near each of the 

vibrating wire strain gauges is a secondary type of temperature sensor called a thermocouple, 

which was used in cases where an RTD was malfunctioning.  Thermocouples were also used to 

separate the effects of temperature from the displacement transducer readings. 
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Figure 2. Location of vibrating wire strain gauges 

        

Figure 3. Location of displacement transducers 

3 DATA VERIFICATION 

All available records were checked for problematic data to ensure a valid statistical evaluation.  

Typically, problematic data could be seen directly before and after a system failure.  Once 

identified, problematic data was purged from data set.  For the vibrating wire strain gauges 

approximately 1 in every 10,000 data points had to be removed.  Instances of problematic data 

were higher for the displacement transducers as they were damaged after approximately three 

years of service. 

Other types of data verification included a gauge location calibration to confirm the location of 

each vibrating wire strain gauges and displacement transducers spatially within each of the cross 

sections.   To ensure that the error in each of the gauge readings was not increasing with time, 

two types of gauge deterioration analysis were completed.  The first deterioration analysis was a 

primarily visual analysis that consisted of fitting a trend line to the temperature corrected 

readings and plotting the error, or difference between the temperature corrected readings and the 

trend line, versus time.  There was no increase in error with time indicating that the gauges were 

not deteriorating.  A second gauge deterioration analysis was completed to determine any 

outliers in the data, called the one-sided median method.  This method was proposed by Basu & 

Meckesheimer (2007) and is described in detail by Huang (2007).  
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4 DATA ANALYSIS 

4.1 Separation of Thermal Effects 

To remove the fluctuation in the data caused by the annual temperature cycle and hence reveal 

the general trend of deformation in the bridge, a temperature correction approach was applied to 

the gauge readings.  The temperature correction approach compensates for the temperature 

effect on gauge readings by applying a temperature correction to each measurement.  Each 

vibrating wire strain gauge is made of steel wire and has a different coefficient of thermal 

expansion than the material it is measuring (concrete with a certain percentage of steel 

reinforcement), the correction made for this difference is shown in Equation (1). 

  (1) 

This temperature correction is applied to strain measurements where αC is the coefficient of 

thermal expansion of concrete, αS is the coefficient of thermal expansion for the steel wire in the 

vibrating wire strain gauge (11 x 10
-6

/°C), Ti is the temperature reading from the RTD or 

thermocouple, and To is the reference temperature to which each of the gauges was corrected. 

A similar temperature correction was completed for the displacement transducers, except that 

the temperature correction applies to the actual measured change in the concrete due to 

temperature, not the relative difference between the concrete and gauge material.  The 

temperature correction for the displacement transducers is shown below in Equation (2). 

  (2) 

This temperature correction is applied to the displacement readings (in millimeters) where L 

represents the length over which displacement is being measured by the displacement 

transducers (500 meters).  For both of these temperature corrections, a reference temperature, 

To, and a coefficient of thermal expansion of concrete, αC, had to be determined as described 

below in Section 4.1.1 and 4.1.2 respectively. 

4.1.1 Determination of Reference Temperature 

To minimize the error in correcting for temperature effects, a frequency analysis was completed 

for each temperature gauge used for temperature correction.  The weighted average, or centroid, 

of these values was chosen as the reference temperature, To.  An example of this frequency 

analysis is shown below in Figure 4.  The average reference temperature for all of the gauges 

analyzed was determined to be 9.5°C. 

 

 

Figure 4. Reference temperature frequency analysis of an RTD 

Centroid = 9.5 °C 
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4.1.2 Determination of Coefficient of Thermal Expansion 

To determine the coefficient of thermal expansion to be used in the temperature correction 

analysis, a value of αc was assumed and the temperature correction applied.  A curve was then 

fitted to the temperature corrected readings, and values of αc were iterated until a maximum R-

squared value, or goodness of fit, was obtained.  An example of the results of this analysis can 

be seen below in part (a) of Figure 5.   

After completing this analysis, it could be seen that there were still peaks in the temperature 

corrected values at the colder temperatures so a plot of the error (or difference between the fitted 

curve and the temperature corrected readings) was plotted versus temperature as shown in part 

(b) of Figure 5.  This plot showed that the error increased significantly below 0°C, which 

indicated that there should be a separate coefficient of thermal expansion applied for concrete 

when the corresponding temperature reading was below 0°C. 

The temperature correction we reanalyzed with two coefficients of thermal expansion, αcr for 

concrete above 0°C, and αcf for concrete below 0°C.  Values of the coefficients of thermal 

expansion were again iterated until a maximum R-squared value was reached.  As shown in part 

(c) of Figure 5, the peaks in the temperature corrected readings had been removed, and a better 

R-squared value was obtained.  The error versus temperature plot also improved, with the error 

below 0°C being reduced as shown in part (d) of Figure 5.  The optimum coefficients of thermal 

expansion determined from this analysis for each gauge can be seen Table 1. 

 

 

Figure 5. Determination of coefficient of thermal expansion 

(b) (d) 

(a) (c) 

Temperature (°C) Temperature (°C) 
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4.2 Modeling Response and Long-Term Projection 

Readings from the vibrating wire stain gauges and displacement transducers measure the 

combined effect of the time dependent changes like creep, shrinkage, and relaxation of steel and 

do not distinguish directly how much deformation is due to each phenomenon.   

Many different regression techniques could be used to analyze the data collected by these 

gauges, however to be able to compare the long-term trends in each gauge, it is desirable to 

have a regression equation that has physical meaning in each of its values.  Given the non-linear 

behavior of the time dependent phenomenon, an exponential regression equation was chosen as 

a convenient method of describing the time dependent trend of strain and of bridge over the first 

10 years of its service life. 

The equation used to describe the long trends of strain in the concrete measured by the vibrating 

wire strain gauges is as follows: 

  (3) 

The physical meaning of each of the variables in this equation as applied to the temperature 

corrected results of a vibrating wire strain gauge can be seen below in Figure 6.  In strain trend 

equation, t is the time in days, A represents the initial start value of the trend line at time t=0 

days, β represents the rate of decrement of the trend line, and C represents the final expected 

strain reading due to the combined effects of creep, shrinkage and steel relaxation at t = ∞. 

 

Figure 6. Application of strain trend equation to vibrating wire strain gauge data 

To complete this analysis, an initial strain reading and an initial start date had to be determined 

for each gauge.  Some initial strain readings were available at key construction stages, and the 

strain reading taken 24 hours after the concrete was poured was taken to be the initial strain 

reading.  The initial start date was determined to be the date at which all of the superimposed 

dead load (including traffic barriers and pavement) had been applied to the bridge after 

construction.  This point was chosen because it was assumed that all of the instantaneous strain 

events due to segmental construction of the bridge had been completed, and the only 

deformation being measured from that point on would be due to the time dependent effects of 

creep, shrinkage and steel relaxation. 

For the vibrating wire strain gauge long-term trend analysis, the data set was split into two 

stages.  This was done so that the prediction method developed in Stage 1 could be evaluated by 

the Stage 2 data set.  The Stage 1 data set goes from March 1998 to July 2005, and the Stage 2 

data set goes from July 2005 to approximately October 2007.  An example of this two stage 

analysis can be seen below in Figure 7.  The trend equation described in Equation (3) was 

applied to the Stage 1 data set, and values of A, β and C were obtained as shown in Table 1.  
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The Stage 2 data was then applied, and the trend equation was fitted to both the Stage 1 and 2, 

and values of A, β and C.  The results of the combined Stage 1 and Stage 2 analysis can also be 

seen in Table 1. 

 

Figure 7. Example of vibrating wire strain gauge analysis 

The results in Table 1 that even though the difference between the two stages of analysis is not 

large, the more data that is available to be analyzed the better the long-term prediction.  This 

also suggests that the bridge should continue to be monitored using the structural monitoring 

program to provide better predictions of the long-term trends of the bridge. 

Table 1. Vibrating wire strain gauge Stage 1 and Stage 2 data analysis results 

 Stage 1 Analysis  Stage 1 & 2 Analysis 

Gauge Label 

αcr 

x10-6 

(°C) 

αcf 

x10-6 

(°C) 

 
R2 

Value A (µε) 

β x 

10-4 C (µε) 

 R2 

Value A (µε) 

β x 

10-4 C (µε) 

VWSG1X1 10.0 8.5  0.70 -517 7.3 -620  0.75 -528 3.7 -657 

VWSG1X2 9.3 7.0  0.95 -703 6.0 -902  0.96 -711 4.6 -928 

VWSG1X3 8.9 6.7  0.99 -730 5.4 -1011  0.99 -742 3.8 -1063 

VWSG1X4 10.3 8.6  0.75 -543 5.9 -659  0.78 -546 4.8 -669 

VWSG1X5 9.6 8.1  0.94 -651 5.9 -852  0.95 -659 4.4 -881 

VWSG1X6 9.3 7.6  0.96 -727 5.0 -980  0.97 -736 3.6 -1030 

VWSG2X1 10.1 8.3  0.62 -599 7.7 -701  0.64 -606 5.3 -717 

VWSG2X2 9.7 8.1  0.96 -716 5.8 -929  0.96 -719 5.2 -939 

VWSG2X3 9.1 7.2  0.98 -788 6.2 -1057  0.98 -792 5.7 -1067 

VWSG2X4 10.0 8.1  0.73 -574 6.7 -709  0.74 -580 5.0 -729 

VWSG2X5 9.8 7.8  0.95 -702 6.6 -929  0.95 -705 6.0 -937 

VWSG2X6 9.2 7.6  0.98 -829 5.6 -1122  0.98 -832 5.2 -1133 

VWSG4X1 9.3 7.9  0.93 -539 5.6 -754  0.94 -549 3.8 -799 

VWSG4X2 8.6 6.6  0.78 -673 6.1 -805  0.80 -680 4.3 -829 

VWSG4X3 9.2 7.4  0.81 -584 5.5 -725  0.84 -593 3.2 -772 

VWSG4X4 9.0 8.2  0.92 -512 6.1 -710  0.93 -521 4.4 -742 

VWSG6X1 8.6 7.2  0.96 -545 5.4 -721  0.97 -553 3.8 -756 

VWSG6X2 9.7 7.9  0.93 -384 6.1 -540  0.94 -394 3.8 -581 

VWSG6X3 10.4 8,7  0.89 -387 4.4 -513  0.92 -393 2.4 -573 

VWSG6X4 9.1 7.6  0.95 -424 5.5 -554  0.96 -432 3.3 -594 

A similar trend analysis was completed for the displacement transducers.  Given that the 

displacement transducers were damaged after approximately three years of service, there is 

much less data available for the displacement transducers compared to the vibrating wire strain 
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gauges.  Since there is not a lot of data for the displacement transducers and more data is 

required for an accurate long-term prediction, the usefulness of the data collected by these 

gauges is mainly comparing and confirming the data from the vibrating wire strain gauges. 

To compare the displacement transducer and vibrating wire strain gauge results, the vibrating 

wire strain gauges were reanalyzed using only the data that was available over the same time 

period as was available for the displacement transducers.  After converting the displacement 

transducer results into microstrain, the two types of gauges can be compared, as shown below in 

Figure 9.  The average reading for the vibrating wire strain gauges was 107 microstrain and the 

average reading from the displacement transducers was determined to be 112 microstrain.  This 

is a difference of only 3.8% which is excellent agreement considering these gauges are located 

as much as 500 meters apart. 

 

Figure 9. Comparison of vibrating wire strain gauge and displacement transducer results 

5 CONCLUSIONS AND FUTURE WORK 

Data from the structural health monitoring program on the Confederation Bridge was analyzed 

to determine the long-term trend of strain and deformation principally due to creep and 

shrinkage of the concrete.  Data verification was completed and all available records were 

checked for problematic data to ensure a valid statistical evaluation.  It was shown that the more 

data that is available, the better the long-term prediction and the need to continue to monitor the 

bridge was established.  There was excellent agreement between the readings obtained by the 

vibrating wire strain gauges and the displacement transducers.  Future work includes comparing 

the results presented in this paper to current creep and shrinkage prediction models: ACI-209, 

CEB-FIP Model Code, CSA S6 and published models for the Confederation Bridge.  The 

relationship between creep, shrinkage and the relaxation of steel will also be examined further. 
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