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ABSTRACT 
 
During the Second World War, the Canadian Government needed to quickly construct large numbers of new 
buildings consisting of wooden Warren Trusses made of Douglas Fir.  In the early 1940’s, over 200 of these 
structures were built on military bases across Canada.   Within a few years of their construction, structural 
problems began to arise.  The shrinkage of the wood caused cracks in the trusses, dangerous deflections, and 
additional stresses in the joints.  Inspections of these structures are time consuming and, over time, prove to be 
expensive. 
However, with the recent evolution of structural health monitoring (SHM), the Canadian Forces (CF) could 
benefit from SHM in a number of ways including ensuring continual building safety as well as forecasting 
required maintenance of its structures.  This work investigates whether or not SHM is applicable to wooden 
Warren Truss structures in general and to building C-21 at Canadian Forces Base (CFB) Kingston in particular. 
After the sensors/strain gauges were installed, the collected data is analysed in order to determine how 
effectively they are in monitoring the specific loads on the structure. It is found that first the sensors/gauges are, 
in fact, able to measure the applied loads and second, that the corresponding numerical analysis used to model 
the structure, provided values in accordance with the experimental values. However, it was also found that the 
temperature has a large influence on the strain gauges readings, which unfortunately interferes with the 
distinction between temperature and structural strain. Temperature mitigation measures, such as shield and 
compensator, are suggested in order to reduce the influence of temperature and allow a proper detection of 
structural strain in the Warren Truss 
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INTRODUCTION  
 
During the Second World War, the Canadian Government needed to quickly construct a large amount of new 
buildings.  They were intended to be used as airplane hangars, drill halls or supply warehouses.  The design 
retained to meet the requirements was the wooden Warren Truss profile.  Over 200 of these structures were built 
during the early 1940s across Canadian military bases.  
 
It was decided to use Douglas Fir as construction material.  However, the war made structural grade wood less 
available.  Also, the urgency of building these hangars did not, in accordance with the building code, allow 
enough time for the wood to dry properly.  Within a few years of their construction, structural problems began 
to occur.  While slowly drying, the wood shrank by up to five percent (DND 1979).  Shrinkage caused structural 
components to crack and truss members to fracture.  Moreover, the lower chord started to have a major 
downward deflection.  Those deteriorations also put additional stresses on the joints. 
 
In the early 1950s, the Royal Canadian Air force (RCAF) Construction Engineers recognized these major 
deficiencies (DND 1979).  It was then decided to install four post-tensioned cables on each truss.  Those cables 
were installed to reinforce the trusses and re-established the camber in the lower chord. Other maintenance 
procedures were suggested such as member replacement and member reinforcement by clamps and anticheck 
bolts (Seckin and Fu 1987). 
Currently, in CF bases, Warren Truss structures are not inspected as often as they should be due to a lack of 
manpower (Bouris 1990).  Consequently, serious damage could develop during the years between inspections.  
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A more efficient and less time consuming way of monitoring these structures is therefore required to ensure 
structural safety. 
 
Today’s evolution of SHM has allowed efficient monitoring of large structures. It is now common to install 
SHM system on large bridges and on high-rise buildings during construction.  It is also possible to install such a 
system after the completion of construction. 
 
OBJECTIVE AND SCOPE 
 
The aim of this research project was to study whether SHM can assist in the monitoring of existing CF 
structures.  Such a system could thereafter be implemented on CF Warren Truss structures in order to monitor 
the safety of those structures without requiring a great deal of manpower. 
 
Ultimately, the objective was to analyse the collected data and compare them to the numerical model in order to 
determine whether the numerical model represents well the behavior of the structures.  Since the structures have 
undergone several modifications throughout the years, they do not react to stresses exactly in the manner they 
were designed to.  An accurate prediction of the behavior of a structure would greatly enhance the effectiveness 
of SHM and extend the life cycle of the structures.  
 
Many Warren Truss structures have been built throughout several CF bases.  However, this project was limited 
in its scope to building C-21 located at CFB Kingston, Ontario (Figure 1)Figure 1.  The focus of this project was 
to equip building C-21 with strain gauges as sensors and verify whether the data collected can be used to 
monitor the health of the structure.  The results of this project will be used to determine whether or not SHM 
systems should be implemented on other Warren Truss structures in the CF. 
 

 
INSTRUMENTATION 
 
Building C-21 has pitched chord trusses.  Nine trusses are spaced apart by 4.88m intervals to form eight bays.  
Each truss of length 34.16m is supported by wooden columns at both ends. Vertical and diagonal members link 
the upper chord to the lower chord.  Their role is to transfer the loads from the middle of the structure towards 
the side, where the columns take the loads.  The upper chord gives an angle of 2.35o to the roof in order to 
evacuate the accumulation of water load.  An image of building C-21 is shown in Figure 1.   
 
To begin the analysis, it was decided to install the strain gauges on only one of the building’s nine trusses.  
According to the Construction Engineering Technical Order 6-2-2, truss #7 seemed to have needed the most 
repairs over the years.  This indicated that this truss was either exposed to greater loads than the other trusses, or 
that the truss was simply less resistant.  Due to the symmetry of the trusses, it was decided to equip only one 
half of truss #7 with strain gauges. 

 
Figure 1. Building C-21 CFB Kingston 



 
In order to collect meaningful data, it was essential to install the sensors on members that were subject to the 
maximum deformation.  The selection of which members to monitor was based on a study done by Marjerrison 
et al. in 2008.  With a modelled truss in SAP2000, the study showed which members were the most affected 
when exposed to loads.  The location of each sensor is displayed in Figure 2. 
 
For their low cost and ease of use, strain gauges were used as sensors. Once fixed on the most-likely-to-fail 
components, the strain gauges were linked to a computer that recorded regular measurements of each sensor.  
These measurements represented the difference of strain in the monitored member.  Because the strain gauges 
were glued on the members, they deformed at the same rate.  They were installed in a direction to maximize the 
longitudinal deformation of the metal foil, making them more sensitive to strain. 
 
Since the strain gauges were installed after the construction of the building, they were placed on members that 
already carried loads.  It was impossible to find out exactly how much load each of the members carried without 
taking them out of the structure, which was not in the scope of this project.  The data collected are only in 
reference from an arbitrary initial point. Sensors 701 to 706 were installed in the neutral axis of their respective 
member which allowed them to detect axial loads.  Sensors 707, 708, 709 and 710 were installed on top and 
bottom of the lower chord, as per Figure 2.  They were centered in the middle of members 16 and 19.  Because 
of their location, they were able to detect the bending moment and axial load in that part of the lower chord.  In 
addition, Sensor 709 and 710 were perpendicular to the longitudinal axis, and near Sensor 707 and 708 
respectively.  Finally, Sensor 711 served as the temperature compensator.  It was installed on a separate piece of 
wood that was not subjected to any load and was placed in the vicinity of the other strain gauges.  The strain 
detected by Sensor 711 was subtracted from the strain detected by the other strain gauges.  Thus, the result 
should theoretically only represent the strain caused by the structural loads.   
 
The acquisition system consisted of the processor Datascan and the supervisory control Orchestrator, 
manufactured by Measurement Systems Ltd. (MSL).  The processor was linked to each sensor and collected 
data every minute.  The data were then sent to the supervisory control which analysed, displayed and recorded 
the strain value of each sensor.   
 
Finally, SAP2000 was the software used to build a numerical model of Truss #7.  The members’ properties and 
sizes were assigned according to the technical data of the building. 
 
EXPERIMENTAL TESTING  
 
In order to validate the efficiency of the sensing system, two experimental tests were conducted.  One consisted 
of a collection of data over a long period of time and the other experiment consisted of a point loading test. 
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Figure 2. Strain Gauge Locations 



Long Period Test Data 
  

The aim of collecting data over a long period of time was to see the variation of strain over time and assess 
whether it was possible to detect structural strain from other strain variations.  Strain values were collected 
every minute at each sensor for the duration of the test.  The testing was conducted over a period of two months 
during winter and one month during summer.  During that period, the building’s environment was not controlled.  
The structure was therefore influenced by its environment, which was reflected in the strain gauges’ readings.   
 
The outside temperature varied from -17 to 33oC.  Also, four large heaters were operating in the building in 
order to keep the inside temperature at approximately 20oC.  One of the heaters was partially in line with the 
strain gauges.  During winter, the on-off cycle of that heater made the temperature at the sensors’ location 
fluctuate considerably.     
 
Point Loading Test 
 
The aim of the point loading test was to check the sensitivity of the sensors when subjected to structural loads.  
It was also intended to validate the numerical model.  Three point loading tests were performed physically on 
the structure where the variation of strain was recorded.  The tests were also performed on a numerical model in 
order to compare the actual experimental values to the theoretical values.   
 
With the empirical test, a cable was looped around the bottom chord at the location indicated in Figure 2, and 
was vertically suspended under the truss.  At the other end of the cable, a plate was fixed so weight could easily 
be added at a couple feet from the ground.  A total of 1.88 KN (192 Kg) was applied by increments of 0.47 KN.  
The load was strictly vertical and static.   
 
Although loads are usually located at the joints, Test A’s location allowed for the confirmation of the strain 
gauges’ ability to detect bending moment.  Moreover, it provided a better understanding of the distribution of 
moment in the structure, helping in finding the right numerical model. 
 
During the empirical tests, the environment was controlled as much as possible.   The building’s doors remained 
closed and the heaters were turned off in order to keep the temperature even throughout the testing.  No extra 
weight was added on the structure other than what was already part of the experiment.  The wind was also 
negligible.  The tests lasted less than 15 minutes each, ensuring that there would be minimal strain variation 
caused by external sources.   
 
A numerical model was also made using SAP2000 in order to determine how the loads were theoretically 
distributed within the structure.  A simulation was conducted with each of the point load to determine the 
distribution of axial load and bending moment in the truss.  Self-weight loads were taken out of the simulation 
in order to only represent the variation of stress caused by the point loads.  With the found loads carried by each 
member and their respective properties, it was possible to calculate the theoretical strain at the location of each 
sensor.    
 
 ԑ = P / (E · A)                        (1) 

 
 ԑ = (M · y) / (E · I) 

 (2) 

 
where P is the load, M the bending moment, A the cross-section, I the moment of inertia and E the modulus of 
elasticity.  

 
RESULTS AND ANALYSIS  
 

Collection of Data 
 
During the period of data collection, the temperature was the major factor that contributed to the strain variation.  
There was no live load applied on the structure and the dead load did not change.  Also, there was no snow or 
rain accumulation on the structure.  The wind speed was not recorded and, in the data, nothing indicated that the 
wind had a significant influence on the strain readings.  The strain variation was mostly caused by the punctual 
temperature changes and the variation of the outside temperature.  



Punctual Temperature Change 
 
The heaters in building C-21 had a major effect on the variation of strain detected by the strain gauges.  Indeed, 
every time the north-east heater (closest to the sensors) was turned on, a decrease in the strain immediately 
followed.  The heater was generally on between two to ten minutes where strain continued to decrease.  As soon 
as the heater was turned off, the air surrounding the sensors got cooler and the strain slowly increased back to its 
normal value.  Depending on the outside temperature, the heaters could have an on/off cycle ranging from a 
couple minutes to several hours.   
 

 
 

Figure 3. Punctual Temperature Fluctuations 
 
Cycles of heating and cooling are shown in Figure 3.  This sample was taken on February 24th from 2 AM to 4 
AM.  Only Sensors 706, 707 and 708 are displayed since they are those that were the most affected by the 
punctual temperature change.  The dotted lines represented the moments at which the north-east heater was 
turned on.   It can also be noticed that the strain of each sensor tended to come back to the same value before the 
heater was turned on again. 
 
However, the hot air stream coming from the heater did not have the same degree of effect on each sensor.  
Since the hot air stream was directly in line with Sensors 707 and 708, those two sensors encountered greater 
variation in temperature.  The other sensors, which were not directly in line with the air stream, were not 
affected as much by the heater.  
  
Influence of Exterior Temperature 
 
While collecting data over a long period of time, certain pattern in the strain variation were noticed.  Generally, 
the strain decreased while the outside temperature was increasing, and the strain increased while the outside 
temperature was decreasing.  Figure 4 shows the strain variation of the sensors taken from July 8 at 7 AM to 
July 11 at 7 AM.  The shaded areas represent the time where the strain tended to decrease, which was from 7 
AM to 7 PM during this period. 
 



 
Since those cycles followed the same pattern as the outside temperature, it is assumed that the outside 
temperature had an influence on the strain value of the sensors.  The insulation of the building was very poor.  
The inside temperature was also fluctuating the same way the outside temperature was, especially when the 
heaters were not operating. 
 
Temperature Mitigation Measures 
 
In order to detect significant change in the structure and assess the safety of the building, the system should be 
able to detect a variation of about 10με.  This threshold was found in the numerical model and represented the 
average strain variation of the sensors caused by a member or a connection that would fail.  Since it is 
impossible to detect such small strain variation through the large strain variations caused by temperature, 
temperature mitigation measures are essential.  
 
First, a strain gauge compensator was bonded to a relatively new piece of Douglas Fir.  The compensator was 
able to attenuate the daily fluctuations of temperature.  Figure 5 shows that once the data is corrected with the 
compensator, the strain variations flatten.  The strain variation of Sensor 711, which represents the influence of 
the temperature, was removed from each sensor’s data.  For example, in Sensor 706, the temperature fluctuation 
caused a total strain variation of 18με during that period.  After correction, the total strain variation was reduced 
to 12με.  However, the compensator was not able to adjust for the sudden fluctuations caused by the heaters.  
Even though it was placed near Sensors 706, 707 and 708, the compensator had different strain amplitude 
caused by the heater. It is therefore recommended that a compensator be installed near each sensor.  Using a 
half-bridge configuration, two strain gauges are connected in one channel in the processor.  In this configuration, 
one strain gauge is bonded to the member to be monitored, and a second strain gauge, the compensator, is 
bonded to a piece of wood near the first strain gauge.  With a compensator close to each sensor, the effect of 
temperature on strain should be greatly reduced. 
 
The efficiency of the compensators could also be greatly improved if the sudden temperature fluctuations were 
attenuated by placing temperature shields over the sensors.  Although shields were not used during this project, 
it is estimated that they will attenuate the abrupt strain variation caused by the punctual temperature change.  
Only when the strain variation caused by temperature is under 10με will the monitoring system be able to 
accurately detect structural problem within the structure 

 
Figure 4. Trend of the Strain Over a Period of Three Days 



 
Point Loading Tests 
 
The point loading tests were conducted with a load placed at three different locations: A, B and C.  The results 
of Test A are shown in Figure 6.  A positive strain means that the strain gauge was in tension while a negative 
strain means that it was in compression.   
 
It was found in the three tests that the model values were either within or very close to the standard deviation of 
the empirical values.  For the perpendicular Sensor 709, the model predicted a longitudinal strain of 11με at 
sensor’s location.  With a Poisson’s ratio of 0.449, Sensor 709 was expected to detect a perpendicular strain of 
4.9με.  After the test was conducted, the actual strain detected in Sensor 709 was 4.5±1.8με, which was very 
close to the model.  The small discrepancies between the model and the empirical values could be explained by 
the aged and cracked wood, the non-heterogeneous material, or the sensors that might not be perfectly 
parallel/perpendicular to the members. 

 
Figure 5. Correction for the Influence of Temperature 

 
Figure 6. Influence of 1 KN in Test A 

 



 
The results show that the numerical model represents well the behavior of the structure under the given 
conditions.   The SAP2000 numerical model can therefore be used to simulate different events that could cause 
the truss to reach its limit states.  
  
CONCLUSION 

  
To conclude, structural health monitoring was used on a wooden Warren Truss hangar at CFB Kingston.  The 
results of this project demonstrated that structural loads could indeed be detected by a few strain gauges placed 
on specific truss members.  It was shown that the numerical model used effectively predicted the behavior of the 
structure under loads. 
 
However, the influence of temperature fluctuation remains a limiting factor affecting the quality of the 
monitoring.  The effectiveness of temperature mitigation measures, such as temperature shields and 
compensators, should be confirmed before SHM is implemented on a wooden Warren Truss structure. 
 
In summary, once a SHM system is installed on a Warren Truss structure, it would certainly increase the level of 
safety of the building, as a major failure in the truss would be detected instantaneously.  Moreover, a SHM 
system could potentially increase the life of the structure, as problems could be detected and repaired earlier 
than would be the case without a SHM system.   
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