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ABSTRACT: The A. Murray MacKay suspension bridge carries all heavy truck traffic 
across Halifax Harbour in Canada. As part of a structural evaluation, a structural 
monitoring system was designed and installed to monitor heavy truck loads and the 
respective response of key elements of the deck stiffening trusses. The data will be used 
directly in long-term safety assessments and maintenance decisions therefore a high 
degree of confidence in the data was required. 

This paper covers the various practical aspects of data validation which will be of 
interest to others conducting field monitoring projects. This includes equipment 
selection, scan rate decisions, data repeatability, temperature effects and comparison 
with theoretical models. Two of the most interesting findings were with respect to the 
weldable gauge correction factors and the impact of surface preparation of older steel 
members on the local strain response. The paper stresses the importance of rigorous 
examination of the data prior to interpretation. 

1 INTRODUCTION 

Access to peninsular Halifax from the north side is limited by two suspension bridges, 
however, all heavy truck traffic must cross the A. Murray MacKay Bridge (MacKay 
Bridge). The MacKay Bridge was opened in 1970 and is owned and operated by Halifax 
Harbour Bridges (HHB). The bridge structure consists of 460 m of steel box-girder 
approaches from both the Halifax and Dartmouth sides, with 740 m of suspended span 
crossing the Halifax Harbour. The MacKay Bridge is a 4 lane bridge with no pedestrian 
access. Vehicular traffic amounts to an average of 52,000 vehicles per day; December 
17th 2009 saw 116,000 recorded vehicle crossings.  

1.1 Bridge Management 

As part of a continuing maintenance plan for the harbour bridges, HHB contracted 
Buckland & Taylor Ltd. (B&T) to conduct a structural evaluation of the MacKay 
Bridge. This evaluation involved a comprehensive examination of the stiffening trusses 
which support the bridge deck. To supplement the evaluation, Remote Access 
Technologies and Dalhousie University (RAT/DAL) were contracted to supply and 
install a structural monitoring system on the stiffening trusses as shown in Figure 1 
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(Newhook et al. 2010). Data collected through the monitoring program met two needs; 
a) the fine calibration of existing numerical models of the bridge and b) the verification 
of live load traffic models being used in the structural evaluation. 

 
Figure 1. MacKay Bridge layout. 

2 INSTRUMENTATION 

The structural analysis revealed that the diagonals of the stiffening trusses located 
closest to the main towers, as shown in Figure 2, were the most critically loaded 
members of the deck system. Ten of these diagonals were selected for monitoring in 
addition to two diagonals in the under-deck lateral bracing elements. The strains in these 
diagonals were continuously monitored for a one year period to capture all peak live 
load responses due to ambient traffic. This information can now be used to extrapolate 
expected maxima during the remaining life of the bridge and compare against 
theoretical design capacity. A more complete description of the evaluation methodology 
is found in Newhook et al. (2010). 

Due to the importance of capturing all live load events during the year, a completely 
redundant system was installed on the MacKay Bridge to eliminate the possibility of 
lost data due to a system failure.  This included redundant strain gauges on all webs of 
the diagonals to create a web pair as shown in Figure 3. In addition, strain data from 
each gauge pair was collected, recorded and returned via separate data acquisition 
systems. Additionally, flange gauges were installed at the upper and lower nodes on one 
of the twelve diagonal members to examine the extent of bending behavior. These 
members are the truss diagonals shown in Figure 2. 

  
Figure 2. Stiffening truss diagonal 
members. 

 

Figure 3. Strain gauge pairs and flange 
gauges. 

2.1 Gauges and Wiring 

Single-axis foil-type weldable strain gauges, shown in Figure 4, were used throughout 
the project. The gauges are factory-bonded to weldable steel tabs and have pre-soldered 
leads. To connect the gauges to the dataloggers, shielded 3-wire conductors were used; 
the shielding was grounded to the bridge to eliminate electromagnetic interference. 
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Wires were pre-cut and attached to the gauges in the laboratory. The wires were then 
sealed with heat-shrink tubing to protect against water intrusion. Gauges are internally 
thermally compensated for the steel substrate however; additional mechanically isolated 
gauges were placed on the bridge to monitor any additional thermal drift. 

2.2 Data Collection and Management 

Data collection was managed with two Campbell Scientific CR-5000 dataloggers, each 
system monitored 20 strain gauges. Both dataloggers were contained in individual 
water-resistant enclosures. Data collected was stored on-site using 2.0 GB SD flash 
cards. The Campbell Scientific data management program, Loggernet: V4, was used to 
control data collection and data transfer from the units; data was collected at a rate of 
1 Hz, and transferred once per hour. Data was copied to a server at Dalhousie 
University using cellular modems manufactured by Sierra Wireless. Figure 5 shows one 
of the two dataloggers as installed on the bridge. 

 
Figure 4. Weldable strain gauge. 

 
Figure 5. Logger A completed wiring. 

3 DATA VALIDATION 

Prior to interpretation of collected data, it is essential to ensure that the measured strain 
data collected was representative of the actual strain experienced by the instrumented 
component. In this section, the issues of instrument calibration, scan rate errors, gauge 
type corrections and surface preparation are discussed. 

3.1 Shunt Calibration 

Strain gauges are factory-checked to produce a gauge factor to convert electric potential 
to a strain. While this factor is accurate for a given gauge, it does not include the effects 
of wiring, connections and the datalogger. To account for these effects, the entire 
system must be calibrated. On the MacKay Bridge, this shunt calibration was 
accomplished with a resistor of known value, which will produce a known effect on the 
system. A variable resistor set to 85.64 Ω should produce a reading of 2005 µɛ from the 
gauges. Based on the deviation from the calculated strain, the gauge factor was changed 
from 2.03 to 1.98, a correction of 2.5%. 

3.2 Scan Rate 

The initial project parameters specified that the scan rate should be 1 Hz. The suitability 
of this rate to capture the desired vehicle live load response was examined. From 
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controlled load testing on the bridge, influence lines were developed for each of the 
instrumented members using slow-moving traffic (5 km/hr).  Similarly, influence lines 
were constructed for the same vehicle traveling at 40 km/hr. Several members were 
identified where the peak of the fast vehicle measured response was observed to be less 
than the slow vehicle response; this is illustrated in Figure 6. 

 
Figure 6. Comparison of slow and fast speed influence lines. 

To explore the impact that scan rate has on the peak strain values captured in the 
measured data, curves were fit to the peaks of the slow speed data. A vehicle traveling 
at 40 km/hr travels 11.1 m/scan; therefore theoretical strain readings can be placed on 
the influence line. If the truck starting position is altered, there is potential to record a 
peak strain 30% less than the slow speed peak. Figure 7 shows the theoretical measured 
truck strains plotted over the influence line for a single gauge. 

While the impact of scan rate on recorded strain is quite dramatic, it is unlikely to 
impact the results of this study. The traffic of interest is primarily slow moving or 
stopped traffic which will result in the largest live load on a long-span bridge. However, 
it does highlight that caution must be used in interpreting the data that may be 
associated with faster moving vehicle events. 

 
Figure 7. Impact of scan rate. 

3.3 Gauge Type 

Manufacturer’s notes indicate that weldable gauges do not record actual strain; the 
strain readings may be up to 15% lower than actual strain in the substrate material. 
Fortunately, this deviation can be resolved by a linear multiplier, or correction factor. 

Slow speed 
peak 

Fast speed 
peak 
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The suggested course of action is to calibrate the gauge with a specimen that represents 
field conditions. 

To determine a correction factor for use on field data, a W460x52 section, similar in 
size to the MacKay stiffening truss diagonals, was instrumented. The section measured 
1219 mm long, and was capped with a 25.4 mm steel plate to apply a uniform stress. 
Pairs of weldable and bondable gauges were installed on either side of the web along 
the vertical axis. The gauges were placed slightly above the horizontal centerline. 
Additionally, four bondable flange gauges were installed at the horizontal centerline to 
verify that minimal bending occurred in the section during loading. 

The full-scale test specimen was loaded manually to 300 kN, representing the expected 
live load service range on the MacKay Bridge (~250 µɛ in compression). Results from 
the scale testing (Figure 8) demonstrate that the weldable gauges record approximately 
91 % of the bondable gauge (theoretical) strains for members of this size.  

 
Figure 8. Comparison of weldable and bondable gauges. 

Following the laboratory testing, two diagonals on the MacKay Bridge were outfitted 
with bondable gauges in close proximity to the existing weldable gauges. The results of 
a controlled load test verified that the weldable gauges produced a strain reading of 
90 % of the bondable gauges for the instrumented bridge members. 

3.4 Impact of Surface Preparation 

During controlled calibration testing on the bridge, it was observed that some pairs of 
web gauges (Figure 9 shows top and bottom gauge readings of the same web) were not 
producing the same strain readings. These redundantly paired web gauges should 
produce the same strain readings and be equal to the nominal axial strain in the member.  

While gauges installed in the laboratory on new steel require minimal preparation, 
existing steel structures require additional preparation; paint, rust and surface pitting all 
need to be ground out to ensure the gauge is installed on solid material. This can be seen 
in the field gauge shown in Figure 4. It was proposed that this level of surface 
preparation could cause high local strains in the gauge area. 

To examine this phenomenon, the specimen described in Section 3.3 was modified to 
include strain gauges applied to three surface preparation scenarios: minimal 
preparation (A and B with 0 mm depth of grinding), grinding on one side only (AA side 
with 1.7 mm depth of grinding and BB side with 0 mm depth), and grinding on two 
sides (AAA with 1.3 mm depth and BBB side with 0.5 mm depth). A magnified cross-
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section of the specimen’s web is shown in Figure 10. Similar to previous testing, the 
specimen was loaded axially to 300 kN. 

 

Figure 9. Observed differences in web strain 
readings 

 
Figure 10. Cross-section through 
web. 

In addition to the experimental program, a finite element model was created using 
ADINA software. The model used linear elastic analysis with eight-node elements. The 
base of the model was restrained only in the vertical direction while the load was 
applied as a uniform pressure. The results of testing for both laboratory and numerical 
modeling are compared in Figure 11. The solid vertical line represents the nominal axial 
strain for this member with 300 kN of applied load. 

Both the experimental and theoretical results confirmed that surface preparation can 
significantly affect the measured strain readings. For the experimental model the 
recorded strain was as much as 50 % higher than the nominal member strain. 

The finite element allowed for a parameteric study of the surface preparation issue 
which included varying the size of the prepared area, the width of the transition zone 
from no preparation to full depth and the depth of preparation. The only parameter that 
showed significance influence (>1 % change in strain) was the depth of preparation. 
Figure 12 shows the impact of single sided surface preparation, similar to the AA-BB 
scenario in Figure 10, with the depth of preparation varying from 0 mm to 1.5 mm on a 
web thickness of 7 mm. The horizontal axis is the depth of preparation on the AA side 
and the vertical axis is the strain value for each gauge normalized by the nominal 
member axial strain to show the deviation from desired member strain. The impact of 
surface preparation is generally to increase the measured strain. As it can be difficult to 
determine which gauge may be affected, it is recommended to take the average of 
redundant gauge pairs if possible. For the 12 sets of redundant pairs used in the field 
application, one set showed a 30% difference in readings; this member was re-
instrumented. The other gauges pairs were showed a difference of less than 10%. 
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Figure 11. Laboratory testing and 
numerical modeling 

 
Figure 12. Parametric study single sided 
preparation. 

4 LIVE LOAD CALIBRATION TESTING 

4.1 Repeatability 

Controlled load calibration testing was conducted under three distinctly different 
situations. Testing was completed in December 2009, March 2010 and August 2010, 
with air temperatures ranging from approximately -20 ºC to 0 ºC to 20 ºC, respectively. 
Each gauge response was examined using data from static testing – a calibration truck 
of known weight and dimensions stopped at forty predetermined locations on the 
bridge; ten stops in each of the four traffic lanes on the bridge deck. Figure 13 compares 
the results for a single gauge (#7 D-T) in December and March. Repeatability of the 
data was proven in both time (December 2009 to August 2010), temperature (-20 ºC to 
+20 ºC) and space (Lane 1 to Lane 4). This repeatability was also important in gaining 
confidence in the measured values. 

 
Figure 13. Typical response of strain measurements for various controlled loadings. 
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4.2 Numerical Model Calibration 

Once the data validation was completed and necessary corrections applied to the strain 
readings, a comparison was made between the measured bridge responses from 
controlled calibration testing to the strain response predicted by B&T’s numerical 
model. Figure 13 shows a comparison between the measured response for strain gauge 
#8 D-T for vehicles travelling in all four lanes and the B&T theoretical model values. 
The measured response is shown with solid lines and the theoretical response is shown 
with dashed lines.  

 
Figure 14. Comparison of recorded data vs theory. 

A calibration factor for the numerical model could then be developed using a least Sum 
of Squares Errors (SSE) method which produced a model calibration factor of 0.98 
which could then be applied to all modeling results. This is based on using the average 
of the redundant gauge pair readings for each member. Without the corrections 
discussed above, the model calibration factor would be less than 0.87. If this factor was 
used, further theoretical load capacity assessments made from model results would have 
been non-conservative. 

5 CONCLUSIONS 

Without specific attention to verification of system functionality, as well as a firm 
understanding of measured data, management and safety decisions based on any 
collected data cannot be made with confidence. This paper demonstrated the importance 
of issues such as system calibration, scan rate, gauge type correction and surface 
preparation for a relatively simple instrumentation project. When site specific 
monitoring data is being used to better understand the structure and to make a more 
informed decision as to the continued operation and maintenance of the bridge, data 
validation and integrity should be an integral activity in the structural health monitoring 
plan. 
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