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Abstract 

Existing integrity evaluation approaches for bridges mostly depend on visual inspections and assumption-
based theoretical models. In more recent years, structural health monitoring systems (SHM) have been 
permanently installed on a few landmark bridges in North America. Due to several shortcomings including 
frequent maintenance, wired systems, difficulties in installation, and low levels or non-existent data 
analysis, these systems have been unsuccessful in providing a practical insight into a structure’s integrity. 
As a result, they have not been adopted on a large scale. Therefore, there is a need to develop a novel 
SHM system that is easy to install, wireless, and based on in-depth data analysis to provide actionable 
insights about bridge integrity to asset owners. 

This paper presents a state-of-the-art approach developed to provide an advanced structural health 
monitoring solution using ambient vibration testing to evaluate the integrity of bridges. This novel method 
is data-driven and evaluates the condition of all major bridge components including foundations, piers, 
abutments, bearings, deck, and potential scour from sensors deployed only at the deck. In this paper, the 
performance of this method is shown on three continuous three-span bridges in Northwestern Ontario 
including the Mackenzie River Twin Bridges and the Pic River Bridge owned and operated by the MTO. The 
ambient vibration data is collected for only a few hours using highly sensitive and synchronized sensors 
across six channels thanks to a combination of triaxial velocimeters and triaxial accelerometers. Through 
in-depth processing of the measured data, multiple dynamic properties (natural frequencies, high-quality 
animated 3D mode shapes, and damping ratios) including higher modes are precisely identified, serving 
as the stiffness baseline of a bridge. 

The damage detection approach is based on comparing a bridge’s stiffness baselines (dynamic properties) 
with similar bridges within a database of healthy and unhealthy bridges and by periodically comparing 
them with the bridge itself over the bridge’s lifetime. This unique approach precisely examines any change 
in the mode shapes and resonance frequencies to detect, locate, and quantify structural damage that may 
compromise a bridge's integrity. By comparing the extracted dynamic properties with the expected ones 
from a healthy bridge, the observed anomalies in the mode shapes can be correlated to physical damage 
and identifying the damaged structural component. State-of-the-art technology is capable of significantly 
enhancing the performance of structural health monitoring systems and contributing to a rapid and more 
reliable assessment of bridges. 

Keywords: Ambient VibraGon Test (AVT), Structural Health Monitoring (SHM), VibraGon Sensors, Natural 
Resonance Frequencies, 3D Mode Shapes, Damage DetecGon 

 
1) Introduc/on 

Current structural assessment approaches mostly rely on visual inspecGons and assumpGon-based 
theoreGcal models to evaluate an exisGng structure, both of which are burdensome and provide results 
that may differ from reality. Furthermore, exisGng condiGon assessment tests may be destrucGve and 
evaluate only a localized porGon of a bridge. By considering only a localized porGon of a bridge, the 
detected cracks and anomalies may have not had any effect on the overall integrity of the bridge.  

In addiGon to visual inspecGons and destrucGve tests, vibraGon sensors have been tradiGonally installed 
permanently on bridges only to send alarms when vibraGon levels exceed certain thresholds. Some issues 
associated with these sensors include enormous amounts of data over the years not yielding any pracGcal 
insight about the overall integrity of the bridge, installaGon difficulGes such as lengthy cabling, and 
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maintenance. As a result, tradiGonal structural health monitoring (SHM) systems have been unviable to 
be installed on a large scale. 

Since exisGng SHM systems have the aforemenGoned issues, unique wireless vibraGon sensors, data 
analysis algorithms, and so`ware have been developed to extract dynamic properGes (sGffness baselines) 
from the gathered vibraGon data to provide pracGcal insights about the global integrity of bridges and 
detect, locate, and quanGfy damage. Sensing-based structural health monitoring increases a bridge’s 
reliability and the length of its service life by providing results based on the actual performance of the 
bridge. Several research studies have proven the reliability of ambient vibraGon tesGng to extract dynamic 
properGes [1-13]. 

Sensing-based structural health monitoring is briefly demonstrated in Figure 1 [14-16]. This approach 
directly uGlizes the in-situ derived modal properGes and therefore bypasses the need for detailed 
structural drawings and finite element (F.E.) analysis models. Sensequake patented technology, 3D-SAMTM 
[17], can perform both structural health monitoring and seismic assessment on exisGng structures solely 
based on ambient vibraGon sensing data. 

 

 Figure 1: Methodology for sensing-based structural health monitoring  

This study is focused on the ambient vibraGon data gathered from three conGnuous bridges in Ontario 
including the Mackenzie River Twin Bridges and Pic River Bridge. The Mackenzie River Twin Bridges were 
built in 2011 outside of Thunder Bay, Ontario (Figure 2). The Twin Bridges are conGnuous three-span and, 
at the Gme of construcGon, were North America’s largest field-cast ultra-high-performance concrete-
connecGon bridges. The Pic River Bridge is located along the Trans-Canada Highway 17, approximately 7 
kilometres East of the town of Marathon in Ontario (Figure 3). The bridge was originally constructed in 
the early 1960s as a 3-span overhead truss bridge. In 2016, the bridge was reconstructed, uGlizing the 
exisGng 1960s pier foundaGons, as a 3-span, steel girder, concrete deck bridge. State-of-the-art 
technologies are capable of significantly enhancing the performance of structural health monitoring 
systems and contribuGng to a rapid and more reliable assessment of bridges. 
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Figure 2: Mackenzie River Twin Bridges, Ontario 

 

Figure 3: Pic River Bridge, Ontario 

 

2) Objec/ve and Methodology 

The purpose of this paper is to perform an advanced ambient vibraGon-based integrity evaluaGon of three 
conGnuous bridges in Ontario including the Mackenzie River Twin Bridges and Pic River Bridge. The first 
step to achieve this goal is to perform a rapid non-destrucGve ambient vibraGon test on a bridge using 
highly sensiGve and synchronized sensors [18] with six channels of data (acceleraGon and velocity in XYZ). 
A`erward, a few weeks of in-depth post-processing in both frequency and Gme domains is performed on 
the gathered vibraGon data to extract dynamic properGes (natural frequencies, high-quality animated 3D 
mode shapes, and damping raGos) which correspond to the as-is condiGon of a bridge. Using the results 
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generated through the analysis, the condiGon of all major bridge components including foundaGons, piers, 
abutments, bearings, deck, and scouring potenGal can be evaluated from sensors that were deployed only 
at the deck. Finally, the last step is to assess the overall structural integrity of the bridge. The steps to 
extract dynamic properGes for Mackenzie River Twin Bridges are briefly depicted in Figure 4.  

 

Figure 4: Steps used for the structural health monitoring of Mackenzie River Twin Bridges  

 

3) Sensing Test  

Comprehensive ambient vibraGon sensing tests are designed and performed on a structure to derive its 
dynamic properGes (natural frequencies, mode shapes, and damping raGos). These tests provide 
important informaGon about the current condiGon of the structure. Sensequake Larzé wireless sensors 
[18] are uGlized to perform sensing tests and gather ambient vibraGon data. These sensors are capable of 
measuring the horizontal and verGcal vibraGons in structures as presented in Figure 5 (a). A smartphone 
applicaGon is used to configure the sensor network as presented in Figure 5 (b).  

 

 

Figure 5: (a) Sensequake Larzé sensors [18]; (b) Larzé control applicaRon 

The following are the main characterisGcs of the sensors: 

• Six channels of velocity and acceleraGon data (covering a wide range from very small to 
large vibraGons); 

• Very low-noise sensor;  

• Microsecond precision synchronizaGon; 
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• Accurate synchronizaGon without sensor communicaGon for several hours - ideal for large 
civil engineering structures; 

• Easy configuraGon through a phone applicaGon;  

• Compact size; 

• Wireless data transfer through Wi-Fi;  

• Bapery-powered and rechargeable.   

The sampling frequency for a sensing test can be selected based on the type of structure. The sensor’s 
analog-to-digital converters operate at much higher sampling rates and further decimate the data to 
achieve higher signal-to-noise raGos.  

The Mackenzie River Twin Bridges were tested in July 2023 as presented in Figure 6 with a sampling 
frequency of 122 Hz. The average temperature on the day of tesGng was around 18 ℃. To extract the 
dynamic properGes of the Mackenzie River Twin Bridges, 74 locaGons on each bridge were selected to 
deploy wireless sensors and collect ambient vibraGon data across six channels resulGng in 444 channels 
per bridge. 

    

  

Figure 6: TesRng of the Mackenzie River Twin Bridges 

The sensor layout for a sensing test is designed considering the geometry, structural configuraGon, and 
current condiGon of a bridge. The detailed sensor layout to gather ambient vibraGon data from the 
Mackenzie River Twin Bridges is presented in Figure 7. A`er the test, the gathered ambient data is 
transferred to a PC via a USB connecGon or through Wi-Fi.  
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Figure 7: Sensor layout of the Mackenzie River Twin Bridges (Westbound) 

 

 

4) S/ffness Baseline 

Through in-depth post-processing of the vibraGon data gathered during a sensing test, sGffness baselines 
(dynamic properGes) including natural frequencies, 3D mode shapes, and damping raGos are idenGfied. 
One of the most robust and reliable techniques is used to extract sGffness baselines (dynamic properGes) 
of structures called the Subspace StochasGc IdenGficaGon (SSI) method [6]. Rigorous criteria are used to 
idenGfy structural modes and disGnguish them from noises. All structural modes are confirmed through 
precise processes and criteria such as Modal Assurance Criteria (MAC), acceptable range of damping raGo, 
real-porGon of mode shapes, and confirmaGon from both Gme and frequency domain techniques. More 
details about these techniques can be found in [19]. 

IdenGfying the sGffness baselines (dynamic properGes) of a structure is principal for comprehending its 
current condiGon. The baseline of a structure is unique to its current structural geometry, integrity, and 
sGffness. Generally, for a bridge, the existence of well-formed symmetrical conGnuous mode shapes is 
linked to overall stability, free of any local or global anomaly. InterpreGng the sGffness baseline of a bridge 
through comparison with a unique database of healthy and unhealthy bridges helps in understanding the 
condiGon of the bridge. Sensequake’s database of sGffness baseline properGes of healthy and unhealthy 
bridges includes a wide range of different bridge types, including girder (beam), truss, arch, canGlever, 
suspension, and cable-stayed bridges that have been tested mulGple Gmes over the years. The database 
contains records of unhealthy and asymmetric behaviours observed in structural modes, such as excessive 
movement at the pier locaGons, distorted mode shapes, and changes in natural frequencies due to 
progressive symmetric degradaGon, which have been correlated with the as-is condiGon of the bridge. 
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This study is focused on the ambient vibraGon data gathered from three conGnuous bridges in Ontario 
including the two Mackenzie River Twin Bridges and Pic River Bridge. Four sensing tests were performed 
on the Pic River Bridge using the wireless sensors. A`er in-depth post-processing of the gathered ambient 
vibraGon data, seven sets of dynamic properGes (natural frequencies and 3D mode shapes) were 
idenGfied for the bridge. The natural frequencies extracted for the Pic River Bridge from the first sensing 
test performed in October 2021 are as follows 1.11 Hz, 1.60 Hz, 2.12 Hz, 2.63 Hz, 3.58 Hz, 4.15 Hz, 6.03 
Hz. An average damping raGo of 1.7% was detected for the Pic River Bridge. The variaGons of the first 
natural frequency within a 2-year period are presented in Figure 8. Natural frequencies must be compared 
in summer and winter separately since they are sensiGve to temperature. As presented in Figure 8, both 
summer and winter frequencies are stable. A reducGon in frequency could indicate a symmetrical 
deterioraGon in the bridge which will not be visible with mode shape comparison. Symmetrical 
degradaGon is a consistent weakening of the structural components, causing a drop in natural frequency. 
Despite this reducGon, the symmetry of the mode shape may sGll be retained. 

 

Figure 8- VariaRons of the first natural frequency within a 2-year period 

In addiGon to symmetrical deterioraGon, bridges could undergo asymmetrical degradaGon. Asymmetrical 
degradaGon affects the uniformity, conGnuity, and symmetry of the mode shape. This asymmetry 
originates from an uneven distribuGon of sGffness between two edges of bridges. The mode shapes 
extracted for the Pic River Bridge from the first sensing test are presented in Figure 9.  
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Figure 9: Mode shapes of the Pic River Bridge extracted from the first sensing test 

Comparisons of the first verGcal and torsional mode shapes extracted from the four sensing tests on the 
Pic River Bridge are presented in Tables 1 and 2 respecGvely. By comparing the dynamic properGes of the 
Pic River Bridge to similar bridges within the unique database, no major anomaly or damage is observed 
and the bridge exhibits healthy structural behaviour. A`er compleGng the four sensing tests, the “range 
of stable baselines” was mathemaGcally established for the Pic River Bridge using mode shape distorGon 
area criteria and frequency thresholds. Comprehensive informaGon about these thresholds will be 
provided by the authors in an upcoming journal paper. 

 

Table 1- Comparison of the 1st verRcal mode shape of Pic River Bridge 

Test Temperature Frequency (Hz) Mode Shape 

1 20 oC 1.11 

 

2 -22 oC 1.23 

 

3 13 oC 1.13 

 

4 -11 oC 1.23 
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Table 2- Comparison of the 1st torsional mode shape of Pic River Bridge 

Test Temperature Frequency (Hz) Mode Shape 

1 20 oC 1.60 

 

2 -22 oC 1.74 

 

3 13 oC 1.64 

 

4 -11 oC 1.77 

 

 

A`er in-depth post-processing of the ambient vibraGon data gathered from Mackenzie River Twin Bridges 
in July 2023, several sets of dynamic properGes (natural frequencies and 3D mode shapes) were idenGfied 
for the bridges. The first verGcal mode shape extracted for Mackenzie River Bridges (Eastbound and 
Westbound) is presented in Figure 10. 

 

Figure 10: 1st verRcal mode shape of the Mackenzie River Bridges (Eastbound and Westbound) 

By comparing the dynamic properGes of Mackenzie River Twin Bridges to similar bridges within the 
database, no major damage is observed. However, an anomaly corresponding to an asymmetrical 
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distribuGon of sGffness between two edges of the bridge is observed in the middle span of one of the Twin 
Bridges as presented in Figure 10. Detailed inspecGon at that locaGon and future monitoring of the bridge 
were recommended as the next steps. Comprehensive informaGon about this study will be provided by 
the authors in an upcoming journal paper. 

 

5) Conclusion  

This paper presented a state-of-the-art approach developed to provide an advanced structural health 
monitoring soluGon using ambient vibraGon tesGng to evaluate the integrity of bridges. In this study, the 
performance of this method on three conGnuous three-span bridges in Northwest Ontario including the 
Mackenzie River Twin Bridges and Pic River Bridge was presented. The novel damage detecGon approach 
is able to detect, locate, and quanGfy structural damage that may compromise a bridge’s integrity by 
comparing its sGffness baselines (dynamic properGes) with similar bridges within the database of healthy 
and unhealthy bridges and by periodically comparing them over the bridge’s lifeGme. 

As was presented, through in-depth processing of the measured data, mulGple dynamic properGes 
(natural frequencies, high-quality animated 3D mode shapes, and damping raGos) were precisely 
idenGfied for the Mackenzie River Twin Bridges and Pic River Bridge. The variaGons of the first natural 
frequency within a 2-year period were idenGfied for the Pic River Bridge. By comparing the mode shapes 
of the Pic River Bridge to similar bridges within the unique database, no major anomaly or damage was 
observed and the bridge exhibited healthy structural behaviour. A`er compleGng the four sensing tests, 
the “range of stable baselines” was mathemaGcally established for the Pic River Bridge using mode shape 
distorGon area criteria and frequency thresholds. By comparing the dynamic properGes of Mackenzie River 
Twin Bridges to similar bridges within the database, no major damage was observed. However, an anomaly 
corresponding to an asymmetrical distribuGon of sGffness between two edges of the bridge was observed 
in the middle span of one of the Twin Bridges. Comprehensive informaGon about the studies on the three 
bridges will be provided by the authors in an upcoming journal paper. 
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