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ABSTRACT 

Bridges are key elements in transportation system. One of the critical deficiencies in aging bridges 

is formation and propagation of small cracks under cyclic loading. Cracks may form in steel girders 

due to defects in welding or material in the fabrication time. Over time, cracks may grow into the 

web of steel girders, propagate spontaneously and finally may result in the failure of the girder. 

Therefore, to prevent the unpredictable loss of service and associated expenses, it is critical to 

detect cracks before they reach a length that compromises the safety of the structure. Distributed 

sensors are required if there are many possible points of crack formation. Available distributed 

crack monitoring techniques are excessively costly to be applied to typical short and medium span 

bridges. In this work, an innovative distributed binary crack sensor has been developed. The sensor 

can be installed on the entire length of steel girders of bridges at a fraction of the cost and is capable 

of detecting cracks with opening of 0.2 mm or less. The crack sensor is composed of a thin wire- 

(0.09 mm diameter) and an adhesive. An experimental apparatus has been designed to simulate 

the crack opening on the web of steel girders and materials have been tested on the apparatus. A 

Finite Element Model of the sensor has been simulated in ABAQUS to study the effect of different 

parameters such as bonding properties between wire and epoxy as well as position of the wire in 

the epoxy on the detected crack opening. The crack sensor has been tested on small-scale girder in 

the lab in ambient temperature. It also has been tested on the girder in an environmental chamber 

for two extreme temperatures of -30ºC and +40ºC. The study shows that temperature has minimal 

effect on the performance of the crack sensor. A Finite Element Model of two typical steel girders 

from two medium span bridges predicts that a binary cracks sensor 15 cm to 25 cm above the 

tension flange will detect crack that have grown to a length of 35-40 cm at the threshold of 0.2 mm 
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detection. The FEM analysis also predicts that 35-40 cm long cracks do not compromises the safety 

of the structure. 

The distributed binary crack sensor has been field tested for more than a year on a real-scale girder 

of a bridge in Canada to study the installation procedure and effect of environmental condition on 

the sensor.  
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CHAPTER 1: INTRODUCTION 

 

 

1.1. GENERAL BACKGROUND 

In a transportation system, bridges are counted as a key element. Among various categories of 

superstructures, steel girder bridges are the most numerous one (around 40% of bridges) [1–3]. 

During 1950’s and 70’s there was a period of major bridge construction in North America and 

many other parts of the world [3]. Studies have concluded that many of those bridges are reaching 

the end of their designed service life [4, 5]. One of the critical deficiencies which may occur in 

aging steel bridges is crack formation and propagation over time [6]. Cracks may form as a result 

of cyclic loading over time. Welding defects, discontinuities in material or geometry, defects 

introduced in manufacture or construction may lead to fatigue development during the service life 

of a girder [6, 7]. Detecting cracks in steel girders before they reach to an unsafe stage is critical 

to prevent the unpredictable loss of service and associated expenses. The most common method 

for bridge condition assessment is to perform visual inspections. Variations in inspector’s skill, 

the accessibility to required parts of the structure and the significant time between inspections are 

significant limitations to the value of visual inspection for crack detection [8]. In addition to these 

practical limitations, the small size of fatigue cracks make the detection process challenging using 
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visual inspections [9]. To augment visual inspection, several other non-destructive evaluation 

(NDE) methods have been developed to assess the integrity of bridge girders. Acoustic emission, 

eddy current and ultrasound testing are some examples of NDE techniques [10]. However, NDE 

techniques are expensive and are performed at discrete time intervals. Therefore, small cracks 

might form at time interval between two sequential inspection and grow to lengths that will 

compromise the structure. Two examples of this issue are the fracture in a girder of I-95 Highway 

Bridge over the Brandywine River and in a girder of the Diefenbaker Bridge over North 

Saskatchewan River in Prince Albert, Canada [11, 12]. It is desirable to have methods that can 

provide continuous information on the integrity of the bridge [13]. Continuous Structural Health 

Monitoring is one means of providing more quantitative and timely estimates of structural 

integrity[14]. In general, continuous monitoring techniques can be divided into two categories; 

discrete monitoring (including strain gauges, short gauge or long gauge sensors) and distributed 

monitoring (which includes installation of a smart film or fibre optic sensors) [15–23]. Using 

discrete monitoring sensors, the local behaviour of structures can be monitored.  However, in long 

and deep girders of bridges, cracks may occurs in locations far from the sensor and would be 

challenging to detect [15]. In order to be able to detect cracks at any location of the girder, an 

impractical number of sensors might be needed to ensure crack detection. Distributed monitoring 

techniques are more comprehensive since the sensor is installed on the entire length of the girder 

[15]. Few distributed monitoring methods are available such as installation of smart film or fibre 

optic sensors. Zhang et al have demonstrated the use of a smart film for detecting cracks on 

concrete structures, but has not studied its application in steel girders[22, 23].  Also, existing fiber 

optic sensors and installation job are very costly. The cost of the sensing systems exceeds $1000/m. 

At this cost level the technology is only practical for a very few structures. Due the numerous 
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bridges and other structures that would benefit from continuous distributed monitoring, and also 

considering the fact that existing methods developed to inspect bridges are usually expensive and 

impractical to be used, there is a need for an accurate and cost-effective sensor system.  

 The objective of this research is to develop and test a distributed binary crack sensor which can 

be installed easily and at a fraction of the cost on the entire length of steel girders and is capable 

of detecting cracks with opening of less than 0.2mm which is comparable with what fibre optic 

sensors can detect [16].  

1.2. PROBLEM DEFINITION  

Available continuous distributed monitoring sensors which can detect the presence of cracks on 

steel girders of bridges are costly which makes them impractical to be used for most of the bridges. 

Due to numerous bridges which are aging and required to be monitored, there is a need to develop 

a sensor which can be installed easily in a fraction of the cost on steel girders of bridges. 

1.3. METHODOLOGY AND APPROACH 

The binary crack sensor is a distributed sensor composed of a thin wire which can be installed on 

the entire length of a steel girder using a carefully designed adhesive. The sensor is designed so 

that when a crack of less than 0.2 mm forms the local increase in strain will be coupled to the wire 

causing it to break. The break can be easily detected using standard electronics. The design of the 

adhesive and wire system is very challenging to meet this goal. To develop this sensor, different 

materials have been tested. The adhesive was selected from two different categories; cyanoacrylate 

and epoxy. To test the material, a small-scale experimental apparatus was designed. Combinations 

of wire and adhesive were tested on the apparatus and combinations with best results were tested 

on a large-scale steel girder in the lab. The sensor was tested at room temperature, -30ºC and 

+40ºC. Mechanical properties and bonding properties between the wire and adhesive have been 
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tested to be used in finite element simulation. Finite Element Model of the sensor has been 

simulated in program ABAQUS to be used to guide the design and testing for future applications.   

 

Figure 1. 1. a) Distributed binary crack sensor will be installed on the entire length of steel girders 

at specified positions. b) As soon as strains from crack transfers to the epoxy, epoxy breaks c) over 

time crack widen and will result in increase in the strains of wire and finally will cause the wire to 

break  [17, 24] 

1.4. SCOPE OF RESEARCH 

The overall purpose of this research is to develop a distributed binary crack sensor to detect cracks 

in steel girders of bridges. The binary crack sensor has the capability to detect 0.2 mm crack 

openings and it has been tested at ambient temperature, -30ºC and +40ºC.   
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1.5. OBJECTIVE & SIGNIFICANCE 

The main objective of this project is to design a distributed binary crack sensor that can be easily 

deployed on large structures at low cost. This sensor will be installed on I-shape steel girders of 

bridges to detect cracks with opening of less than 0.2 mm. 

In this context, the following specific objective are identified:  

 To design, build and test a wire and adhesive system that forms a binary sensor capable of 

detecting crack openings less than 0.2 mm in steel girders of bridges. The tests related to 

this aspect are described in Chapter 3. 

 To measure the mechanical properties and bonding properties between materials so that an 

FEM of the binary sensor can be created to simulate the operation of the binary sensor and 

to allow future optimization of the sensor The tests related to this aspect are described in 

Chapter 4. 

• To test the binary crack sensor application on a small scale steel girder in lab at ambient 

temperature and two extreme temperature (-30ºC and +40ºC).The tests related to this aspect 

are described in Chapter 3. 

 To field test the application of the binary crack sensor on a girder of a bridge in Canada to 

investigate the installation procedure and the effect of environmental conditions on the 

application of the binary crack sensor  

 To use Finite Element Analysis to for determining the pre-straining limit of the wire for 

effective crack detection. This aspect of the work is discussed in Chapter 4. 

 To use Finite Element Analysis to determine the optimum placement of distributed sensors, 

including the binary sensor, for the detection of cracks in typical steel I- shaped girders. 

This aspect of the work is discussed in Chapter 5. 
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• To estimate the stress intensity factor (SIF) in typical I-shaped steel girders and to estimate 

the crack opening along the crack for different lengths to confirm that the sensor threshold 

of 0.2 mm is suitable. This aspect of the work is discussed in Chapter 5. 

This sensor can also be used in structures other than bridges, such as residential buildings, 

community structures, transportation infrastructure, mining, oil and gas structures and many other 

infrastructures.  

The sensitivity of the sensor system to temperature has been also investigated so that it can be used 

in the Northern parts of Canada. 

1.6. CONTRIBUTIONS  

The following part describes contributions of this work; 

 An innovative distributed binary sensor has been developed for detecting crack openings 

less than 0.2mm on steel girders of bridges. The sensor can be installed at a fraction of the 

cost and has been tested for extreme temperatures on a small scale steel girder in an 

environmental chamber. The sensor has also been field tested on a bridge in Canada over 

a year to investigate the installation procedure as well as the effect of environmental 

conditions on the sensor. 

 An FEM of the binary sensor has been simulated in ABAQUS to study the effect of 

different parameters on the application of the sensor and to be used in future for other 

applications. In order to create the Finite Element Model, the mechanical properties of 

materials were determined and the bond between wire and adhesive was determined using 

a micro-bond experiment. 

 The use of the binary sensor has been simulated using a Finite Element Model of I-shaped 

girders from two typical medium span steel girder bridges. An ABAQUS simulation was 
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used to estimate the crack opening for different crack lengths to estimate the optimal 

placement of distributed sensors. The critical length of the crack was estimated for the 

typical steel girders using the SIF concept. 

 



 

 

 

 

 

 

 

CHAPTER 2: LITERATURE REVIEW GENERAL 

 

 

2.1 INTRODUCTION 

Highway bridges are regarded as one of the most critical elements in transportation infrastructures 

[25]. One of the most common structural types of bridges is the slab-on-girder configuration [2]. 

The majority of superstructure of this type of highway bridges includes steel girders most of which 

were built more than 50 years ago (between 1950 to 1970) and are reaching the end of their design 

service life [3–5]. Federal Highway Association of USA reports that by the end of 2016, 

approximately 253,000 bridges are classified as steel girder bridges. This number is approximately 

40% of the total number of bridges in US. The inspections show that almost 13% of the steel girder 

bridges (32,000 bridge) are structurally deficient [26]. Generally, steel plate girders are made of 

two steel flanges which are welded to the web to form an I-shape cross section. For a bridge to 

function completely, other elements such as bracings, stiffeners, cover plates, etc- are connected 

to the girders using welding connections or bolts. Over time, cyclic truck traffic may cause cracks 

mainly at weld locations; these cracks develop due to inherent defects in the welds and are referred 

to as constraint induced fractures (CIFs).  Some cracks may also form due to out of plane 

displacement of a small portion of the web (distortion-induced). Cracks may also form as a result 
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of welding defects at welding intersections (Constraint Induced Fractures). The Constraint Induced 

Fractures (CIF) generally occurs at the junction of the gusset plates and webs. A small defect in 

the welding of the intersection results in high stress concentration that leads to crack formation 

and propagation. Crack on the Diefenbaker Bridge over North Saskatchewan River in Prince 

Albert, Saskatchewan, Canada in 2011 and on the Hoan Bridge on I-794 in Milwaukee, Wisconsin, 

USA in December 2000 are examples of CIF [12]. Crack may also occur due to material defects, 

defects introduced in manufacture or construction at the position of those details with low fatigue 

resistance such as web gusset plates [6, 7, 9, 27].  Over time, the initial discontinuity may grow in 

size and propagate in a certain direction. For example, in a study on the Quinnipiac River Bridge, 

Fisher et al. [28] have suggested different stages of crack initiation and propagation on the web of 

the steel girder. At the first stage, the crack initiates due to the initial fabrication condition. Then 

in the second phase, the crack penetrates into the web of the girder under the cyclic loads. In stage 

3, crack propagates spontaneously in the web towards the tension flange and if not arrested it 

continues to the tension flange from one end and propagates in the web from other end of the crack 

(stage 4).  

    

Figure 2. 1. Four stages of crack formation and propagation in a steel girder of a bridge  
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Figure 2. 1 shows the suggested stages of crack formation and propagation in a typical girder of a 

bridge [28]. In steel girder of bridges, transverse cracks -which forms perpendicular to the 

longitudinal axis of the girder- are the critical ones. Transverse cracks will propagate into the web 

of the girder and will cause the loss of cross section and therefore will reduce the structural 

capacity. If not detected, the crack may reach an unstable length and propagate spontaneously. At 

this stage, the girder is not able to carry the applied load. Therefore, it is critical to detect cracks 

before they reach the critical length [7, 11, 12, 29].   

2.2 CRACK DETECTION METHODS 

The need for monitoring the condition of bridges became evident after 1960’s as the result of 

catastrophically failure of few steel bridges- Kings Bridge in Melbourne, Australia (1962) and 

Silver Bridge, at West Virginia,USA (1967)-[9, 30]. Rules and guidelines were organized for 

inspection of bridges after December 1967 when 2235-foot Silver Bridge, at West Virginia, 

collapsed into the Ohio River, resulted in the death of 46 civilians [31]. 

For many years the visual inspection was the only method for evaluating the condition of bridges. 

In recent decades, other Non-Destructive Evaluation (NDE) methods are also being applied to 

augment the visual inspection. When a crack forms in a girder, it affects the local strain field 

around the crack and wave propagation properties. In addition, the crack formation and 

propagation may generate acoustic waves. The NDE methods, uses these parameters to detect and 

characterize the cracks (strain gauges, fiber optic sensors, acoustic emission method, …) [29]. 

In this work, NDE methods are divided into two major categories: 

1. Periodic monitoring 

2. Continuous monitoring  
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 Periodic Inspection Using Non-Destructive Test Methods 

Visual Inspection 

Visual inspection has been one of the most common types of NDE methods in last decades which 

provides a general overview of the current state of the bridge [8, 32]. Since conducting the visual 

inspection does not require any specific testing equipment, It makes it more economical compare 

to other methods of inspection [30]. However, the visual inspection is suffering from some 

limitations which in some cases may result in inconsistent evaluations. Potential limitations of 

visual inspection can be categorized as timing, interpretability and accessibility [8].  

 Timing: According to FHWA the bridge inspection period should not exceed 24 months 

[33] and for specific bridges, the visual inspection will be done at time intervals less than 

2 years [8]. However, in the time interval between two sequential inspections, cracks may 

form and propagate [29]. For example, in 2003 a fractured occurred in one of the girders 

of I-95 Highway Bridge over the Brandywine River just a few months after the last full 

inspection [11]. Crack in a girder of the Diefenbaker Bridge over North Saskatchewan 

River in Prince Albert, Canada is another example of this issue. Although the bridge had 

been inspected regularly and at no time during the visual inspections cracks were noted in 

the girders, a major crack through the flange in one of the girders was observed by a 

canoeist [12]. 

 Interpretability: Since the results of visual inspection are subject to the inspector’s 

interpretations, at some cases the condition assessment of the bridge might be inadequate. 

Therefore,  in order to get more accurate assessments, having a trained engineer who knows 

about the elements of a structure to find most possible places of forming a crack in the 

structure will be required [8, 30]. 
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 Accessibility: One major difficulty in conducting the visual inspection is the accessibility 

to the point of inspection such as top surface of the top flange. The method is also not 

reliable since some small fatigue cracks may be inconspicuous or covered by paint which 

makes it hard for the inspector to detect it [8, 9, 30].  

In order to detect small cracks, other NDE methods should be applied to enhance the visual 

inspection [34].  

Ultrasonic Testing (UT) 

One of the common NDT techniques for inspecting steel bridges is the pulse-echo ultrasonic 

method [10]. This method is based on generating and sending sound waves above the audible range 

to the test specimen. The wave characteristics and signals change as the crack propagates and 

reflect from different surfaces and in-homogeneities of the test object. By receiving and processing 

signals from the material, any defect in the object can be determined [10, 35–37]. The test setup 

which is being used for pulse-echo method is composed of a transducer which emits the ultrasonic 

pulse, a data acquisition system (DAQ) which collects the reflected pulses and a spatial control 

system which records the coordinate of the transducer at each time [36]. The transducer moves on 

the surface of the objective plate and sends and receives the pulsed waves. The reflected pulse 

comes from either an imperfection within the object or the edge of the object. The time difference 

between the moment of sending out of the wave and receiving time of the wave are used to 

determine the thickness of the plate. Any peak in the measured wave indicates the existence of an 

imperfection in the plate [35, 37]. Figure 2.2 (b) and (c) shows a typical reading of a pulse-echo 

scan. When the transducer is positioned at a plate with no imperfections, the sound will be sent to 

the specimen and will be reflected from the edge of the specimen (Figure 2.2 a,b). By moving the 
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transducer to the crack location, the reflections from any discontinuity and also from the edge of 

the crack will be plotted on the monitoring device (Figure 2.2 c).   

 

Figure 2. 2. Ultrasonic testing a) transducer position affects the detection of the crack, b) typical 

UT reading for an un-cracked plate, c) typical UT reading for a cracked plate 

Although The Ultrasound method has been used to detect cracks in steel girder bridges for decades, 

the available limitations make it difficult to be used for most of the bridges [9, 30, 35, 38]:  

 The ultrasound method is time consuming 

 The testing area should be clean of paint and any debris  

 The inspector should be knowledgeable in the use of the method 

 The results may vary according to inspector’s interpretations 

 Due to available noises, only sever cracks and damages can be identified. 

  Crack growth monitoring is not possible using this method 

To overcome the above limitations of this method, it is required to be applied in combination with 

other NDT methods. 
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Acoustic Emission (AE) 

The word “acoustic” refers to hearing. For a long time, there have been sounds which were emitted 

before collapsing of any structure. The concept of acoustic emission (AE) dates back to 1939, 

when the watchman of a suspension bridge reported hearing fracturing sounds coming from the 

cables on silent nights. After that event, research on this phenomenon began and in the early 1950’s 

Kaiser published a paper entitled” Results and Conclusions of Sound in Metallic Materials under 

Tensile Stress”. During 1950’s and 1960’s the AE method became a known and used in the non-

destructive evaluation of civil infrastructure [34, 39].  

The Acoustic emission utilizes high frequency sound waves to detect crack propagation. As soon 

as crack propagates on the structure, it releases energy which travels in the form of high-frequency 

stress waves. By separating the background noise from the available signals the condition of the 

structure can be determined [9, 34].  

In order to monitor the crack propagation on a steel girder, AE transducers are installed at known 

positions where cracks are thought to be propagating. The transducers receive the released waves 

and convert them into a voltage.  

The voltage is digitized by a DAQ often using some form of amplifier. The digitized signals are 

processed and plotted as the acoustic emission output versus time graphs, as shown in Figure 2.3. 

By using the AE method, the crack initiation time, fatigue crack growth and the fracture time can 

be estimated. Although the AE systems are one of the most well developed NDE monitoring 

techniques that can be used in places which are difficult to access using other techniques, the 

available background noise and the fact that the transducers should be installed at short distances 

from each other to cover the entire girder, makes it costly and impractical to be used for detecting 

small cracks on most bridges [38].   
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Figure 2. 3. a) As soon as a crack forms in a girder, waves will be emitted to the surface and the 

transducers will receive the emitted signals. b) The DAQ processes the signals and plots the 

events [40]  

 Continues Monitoring 

Vibration based damage detection 

Utilization of vibration-based damage detection method was first started in the aerospace and 

offshore oil industries. In the last few decades, the application of vibration-based damage detection 

methods in structural and bridge engineering have been explored by many researchers. The basic 

concept used in this technique is the correlation between the dynamic responses (such as mode 

shape and natural frequency) of a damaged system with those of the undamaged ones. As soon as 

a damage occurs in a bridge, there will be changes in the stiffness, boundary conditions or damping 

properties. The changes can be monitored by a variety of available sensors, being accelerometers, 

strain gauges, etc. The measured data (which is initially in time domain) then can be converted to 

frequency domain or modal domain for analysis. Although the conversion between time and 

frequency or modal domains may result in losing some data, but the majority of research has been 
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focusing on the modal domain analysis due to simplicity in interpretation of natural frequencies 

and mode shapes. However, research has been carried out to discover advanced techniques in using 

the gathered data of the dynamic responses in any of the domains. Some of the techniques can be 

categorized as Natural Frequency Based methods, Mode Shape Based methods, Mode Shape 

Curvature Based methods, Time Series methods and etc. [20, 41, 42] 

 Among these methods, the natural frequency based method and the mode shape based method 

have been one of the most commonly explored methods for damage detection in bridges. Many 

researchers have studied these methods on either laboratory models or real condition bridges such 

as Farrar et al. on the I-40 Bridge over the Rio Grande in New Mexico [43], Schallhorn et al. on 

US 30 near Ames in Iowa [42] and De Roeck et al. on the Z24 Bridge in Switzerland [20]. The 

result of the research proves that there are some advantages in using the vibration-based damage 

detection methods compare to other SHM techniques. Advantages may include the flexibility in 

placing the sensors around the crack and the ability of the method to detect the presence of crack, 

to locate the position of the crack, to quantify the severity of the crack and to predict the remaining 

life of the bridge [42].  

Although there are advantages in using the vibration-based damage detection method to monitor 

the condition of a bridge, the uncertainty in measurements makes it impractical for detecting small 

cracks in steel girders of bridges. Studies prove that measurements are sensitive to temperature, 

loading condition, noise and other unknown parameters which will effect the reliability of the 

technique [42].  

Strain-based sensing using strain gauges 

Structural condition assessment using strain gauges are one of the most common strategies used 

on steel girder bridges. In general there are two approaches available for crack detection in steel 
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girders using the strain gauges; direct sensing and indirect sensing. In the first approach (direct 

sensing), strain gauges are directly in contact with the surface containing the crack. The formation 

of a crack changes the strain field around the crack. The perturbation in the strain can be used to 

detect the presence of the crack. For example, when a transvers crack forms in a girder 

(perpendicular to the flange), the longitudinal strains around the crack will be perturbed; strains at 

the crack tips will increase and at other locations will decrease. Therefore, by measuring a shift in 

the strain, the presence of a crack can be identified. Although this method has the advantage of 

simple interpretation of measurements to detect the presence of a crack, however it requires a large 

number of sensors which will result in complex wiring and large number of data acquisition 

channels and will cause an increase in the overall cost of monitoring. 

The second approach-indirect sensing method- is based on strain measurements at positions far 

from the surface containing the crack. In this method, the strain gauges will be mounted on the 

flanges of the girder.  

Since in this method, the strain gauges are not in contact with the surface containing the crack, 

algorithms are required to predict the damage in the girder. The three most common algorithm in 

this method are based on three sets of data: 

 Live load distribution in girders 

 Pick strains and live load stresses 

 Neutral axis location 

Any changes in the measured data, may reflect a damage in the girder [44]. In this method, 

sophisticated algorithms are required to analyse the data from the sensors and the algorithms 

should consider the effects of noise, loading condition and other uncertainties. However, the 
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advantage of using this method of monitoring is the small number of strain gauges for monitoring 

the strains. 

In general, in the strain-based monitoring technique the effect of temperature variation of the strain 

gauges as well as the mounting variations should be considered in the results [15, 29, 44, 45]. 

Fiber Optic Sensors 

Since 1990’s, the fiber optic sensors are being used for structural health monitoring purposes. In a 

simple explanation, a fibre optic sensor is made of two major parts of core and cladding with two 

different refractive indexes. The light travels in the core with a diameter of 5μm. The cladding 

(with a diameter of 125μm) is supporting the core and reducing the loss of light which is travelling 

within the core. In general, finer optic sensors will be categorized as extrinsic and intrinsic. 

Available fiber optic sensors are under intrinsic category and can be sub-categorized as short gauge 

(2 mm to 50 mm length), long gauges having a length of more than 50 mm and distributed sensors. 

All three gauge lengths are being used for monitoring of structures. According to Glisic and Inaudi 

[15], the short gauge fiber optic sensors gives information on the local behaviour of the structure 

but might miss damages which may occur in un-instrumented parts of the structure which are not 

instrumented. The long gauge monitoring sensors will cover most of the regions of the structure 

and can give enough information about the behaviour of the structure. However, the ability to 

identify the damage in locations far from the sensor might be challenging due to environmental 

and loading conditions. Therefore, distributed fibre optic sensors are more practical to be used for 

detecting damages in steel girders of bridges.  

There are two main principles in using the distributed fibre optic sensors; Rayleigh scattering and 

Brillouin scattering. The Brillouin scattering is less sensitive to optical losses and can be used for 

monitoring bridges with long spans. Distributed fiber optic sensors based on Brillouin scattering 
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is one common way of crack detection in steel girder of bridges [16, 46, 47]. In this method the 

fiber optic sensor will be installed at specified positions on the girder and can provide information 

along the entire length of the girder. The crack can be detected as an unusual high strain in the 

monitoring process but detecting the crack width is challenging due to accuracy of the system. 

Although the sensors are designed to detect crack width of greater than 0.5mm, in a study, Mufti, 

Thomson et al. [16] has been able to detect the crack width of 0.2mm using the Brillouin based 

fiber optic sensor [16].   

2.3 SUMMARY 

In General, the monitoring techniques for detecting cracks in steel girder of bridges can be 

categorized as periodic inspection using NDT and continuous monitoring using SHM techniques. 

Depending on the condition of the bridge, the NDT methods will be conducted at 1-year or 2-year 

intervals. Therefore, small cracks may form and propagate in the time interval between two 

inspection and be missed in the inspection time. Continuous monitoring techniques are the solution 

to this issue. Available monitoring techniques such as vibration-based or strain-based damage 

detection methods are one way of detecting cracks in steel girders of bridges. However, both 

techniques are affected by environmental and loading conditions. Using the FOS is one common 

technique in detecting the cracks. However, the high cost of installation and DAQ systems makes 

it impractical to be used for most of the bridges. 

Considering the limitations of existing monitoring systems and the fact that the number of 

infrastructures in need of monitoring is getting higher, there is a need for an accurate and cost-

effective sensor system. In this research a distributed binary crack sensor has been developed and 

demonstrated. The binary crack sensor can be installed at a fraction of the cost on the entire length 

of steel girders and is capable of detecting cracks with less than 0.2 mm opening.  



 

 

 

 

 

 

 

CHAPTER 3: CRACK DETECTION IN STEEL GIRDERS OF BRIDGES USING A 

BROKEN WIRE ELECTRONIC BINARY SENSOR 

 

3.1 ABSTRACT 

North American infrastructure, including steel bridges, are aging and reaching the end of their 

service lives. Over time, environmental stresses and cyclic truck traffic over bridges may lead to 

crack formation and crack propagation in the steel girders used in bridges. Cracks in steel girders 

decreases the load bearing capacity of the superstructure and may lead to failure of the structure. 

Existing methods of crack detection can not be practically deployed over larger structures. There 

is a need for a low cost distributed crack sensing system. Given the critical nature of bridges a 

continuous monitoring system would be preferred. Available continuous monitoring systems, such 

as Fiber Optic Sensors (FOS) are expensive which makes them unfeasible to be used for most of 

the bridges. In this paper, a new low cost and accurate Binary sensor for detecting cracks in steel 

girders is discussed. The Binary sensor is comprised of wire bonded onto the girder using an 

adhesive. When the girder cracks, the crack is coupled to the wire, via the adhesive, causing it to 

also crack. The sensing system detects the open circuit in the wire created by the crack. A critical 
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figure of merit for this system is the minimum crack width required to cause the wire to break. In 

the present work, cracks of less than 0.2mm width can be reliably detected on steel girders. 

KEYWORDS: Structural Health Monitoring, Binary sensor, Crack detection, Steel girders 

3.2 INTRODUCTION 

North American infrastructure includes many bridges, which are reaching the end of their designed 

service life. As an example, in Canada more than 40% of bridges were built over 50 years ago [5]. 

Steel material is one of the common types of bridge constructions. FHWA categorizes 

approximately 30 percent of bridges as steel bridges [48]. Over time, environmental stresses and 

cyclic truck traffic over bridges may lead to crack formation and crack propagation in the steel 

girders [6]. Therefore, the detection of cracks in steel girders is important for public safety and to 

prevent the unpredictable loss of service and associated expenses.  To address this need a number 

of methods for crack detection are employed and a number are in various stages of research and 

development.  

The most common method of assessing the condition of a bridge is to perform visual inspections. 

However, visual inspection suffer from limitations due to variations in inspector’s skill, the 

accessibility to required parts of the structure and the significant time between inspections [8]. 

These practical limitations and also the potentially small size of fatigue cracks make it challenging 

to detect fatigue cracks in a timely manner using visual inspections [9]. To augment visual 

inspection, several other non-destructive evaluation (NDE) methods have been developed to assess 

the integrity of bridge girders such as acoustic emission, eddy current and ultrasound testing [10]. 

Visual and NDE inspection techniques are performed at discrete time intervals. Between these 

inspections there is a risk that a crack may form and grow to an unsafe state. For example in 2003, 

just a few months after the last full inspection of the I-95 Highway Bridge over the Brandywine 
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River, a fracture occurred in one of its girders [11]. Another example is the Diefenbaker Bridge 

over North Saskatchewan River in Prince Albert, Canada. Although the bridge had been inspected 

regularly and at no time in visual inspections cracks were noted in the girders, a canoeist observed 

a major crack through the flange in one of the girders [12]. In order to detect cracks at initial stages 

before they grow to an unsafe state, several continuous in-situ monitoring approaches have been 

developed.  

The techniques of Structural Health Monitoring (SHM) have also been used to perform continuous 

real-time crack detection. There are two general categories of sensors for crack monitoring; 

discrete (such as strain gauges, short gauge or long gauge sensors) and distributed (such as fiber 

optic sensors) [15].  

Discrete monitoring:  

In discrete or point monitoring systems the sensors are installed at predetermined points in the 

structure where crack formation is believed to be most probable [49]. Although these types of 

sensors will give valuable data about behavior of the structure, they rely on a priori predictions of 

where cracks will form [15]. If the structure has structural characteristics or defects that are not 

accounted for in the predictions, then cracks may form at positions not monitored by the sensors. 

Once cracks have formed they can be monitored using crack propagation gauges. However, these 

are only useful for known cracks [50]. There are experimental large array sensor systems currently 

under development that may dramatically reduce the cost of such sensors, but these are still in the 

early laboratory demonstration phase [45]. 

Detecting the movement of neutral axis of the girder can also be used for detecting cracks in steel 

girders. When cracks form in a girder there will be a significant shift in the neutral axis near the 

position of the crack. However, the uncertainties due to loading patterns, boundary condition and 
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environmental affects lead to the need for closely spaced strain gauges [18]. In order to achieve 

reliable crack detection, pairs of strain gauges would need to be placed at spacing on the order of 

the depth of the girder from each other, which will make it impractical for most bridges [14,15].  

Distributed monitoring: 

Vibration based damage detection method has been investigated as a means to detect damage such 

as cracks in structures such as girders[20]. Farrar et al. has used vibration based methods to detect 

cracks in the girder of I-40 bridge over the Rio Grande [17,16]. In their experiments on a 

decommissioned bridge, the monitored resonant frequencies changed by less than 0.8% until the 

simulated crack extended completely through the flange of the girder [21]. However, bridges are 

subjected to different operational and environmental conditions such as changing temperature and 

boundary conditions, which can dominate the subtle structural changes induced by cracks [18,19]. 

It is unclear if vibration based damage detection will be capable of detecting cracks before they 

compromise the structural integrity or the load rating [53]. 

 Zhang et al have demonstrated the use of a smart film for detecting cracks. However, this method 

is only applicable for concrete structures and has not been studied for application to crack detection 

in steel girders [22, 23].  In addition the dimensions of the film demonstrated to date make it 

impractical to be used for the large steel girders [49]. 

A distributed SHM system that has seen field application in crack monitoring of larger steel girders 

has been fiber optic sensors [54]. However, fiber optic sensor hardware and installation procedure 

can be very costly and may exceed $300,000 per girder, which makes this technology only justified 

in very limited cases. The high cost of available fiber optic sensors prevents owners and 

infrastructure managers from using them regularly. 
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     Considering all the available monitoring systems, there is a need for a low cost easily installed 

distributed crack sensor. In this paper, a low-cost binary sensor will be demonstrated that is able 

to detect cracks of less than 0.2 mm width in steel girders, which is equal or less than what fiber 

optic sensors can detect [16]. The binary sensor is a composite system which is comprised of wire 

that is bonded to the steel girder using an adhesive. When a crack forms in the steel girder, the 

adhesive transfers the strain from the steel girder to the wire. When the crack opens to a sufficient 

width the breaking strain of the wire is exceeded and the wire will break. The breaking of the wire 

will cause a sudden change in the resistance of the wire that can be easily detected. The adhesive-

wire combination is designed to transfer the strain to the wire, without the wire to adhesive bond 

being compromised.  

The sensor works by attaching both ends of the wire to a data acquisition system (DAQ) that 

measures resistance. The unbroken sensor has a resistance equal to resistance of the copper wire. 

In the sensor demonstrated in this work, when a crack of less than 0.2 mm forms in steel girder it 

will propagate through the adhesive and will cause the adhesive to break. Over time the crack will 

widen and the strains from steel beam and adhesive will be transferred to the wire and there will 

be a local increase in the strain of the wire. When the strain exceeds the breaking strain, the wire 

will break (Figure 3. 1). This can be detected by measuring the electrical continuity of the wire. 

As soon as wire breaks, the circuit will change from closed form (𝑅 → 𝑐𝑜𝑛𝑠𝑡.) to an open ( 𝑅 →

∞) and there will be a sudden change in the resistance of circuit as the cross-sectional area of the 

wire will become 0. The electrical resistance of copper wire can be written as: 

𝑅 = 𝜌
𝑙

𝐴
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Where 𝜌 is resistivity, R is the resistance, l is the length and A is the cross sectional area of the 

wire. As soon as wire breaks, the cross sectional area of the wire will change to zero (𝐴 → 0) which 

leads to an increase in resistance of wire (𝑅 → ∞).  

 

 

Figure 3. 1. a) Binary sensor is installed on the entire length of the steel girder b) as long as the 

crack width is less than 0.2mm, crack propagates through the epoxy but wire is still connected c) 

over time crack widen and causes the wire to break, the resistance of copper wire will tend to 

unlimited and electrical currency in the circuit will tend to zero  

3.3 METHODOLOGY AND PROCEDURE 

3.3.1 Wire and Adhesive Selection 

One of the most challenging parts in developing the binary sensor is to design the adhesive and 

wire system. In selecting materials for wire and adhesive, several points should be considered. The 

breaking strain of the wire should be less than that required to cause the wire to break due to a 

crack opening of up to 0.2 mm. In addition, the adhesive is required to transfer the strain from the 

crack on the steel beam to the wire so that the wire breaks at less than the required crack width. If 
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the adhesive is excessively elastic, the strain will be transferred to a long length of the wire and 

the wire will not break at less than the required crack opening of 0.2 mm. The bond between wire 

and adhesive must be strong enough to transfer enough strain to break the wire before debonding. 

With a carefully designed wire and adhesive, the strain will be coupled from the crack to the wire, 

and the wire will break at less than the desired crack width of 0.2 mm. In this work, it was found 

that insulated copper wire and epoxy adhesive can meet the requirements for the binary sensor.  

Copper wire is available with insulating coatings in diameters from 0.01 mm to 1 mm. In general, 

smaller diameter wires break at smaller crack widths and therefore the wire size is chosen to be 

the smallest diameter which is manually manageable [22]. Gauge 39 wire (diameter of 0.09 mm) 

has been selected. The main criteria for selecting the adhesive is that should effectively couple the 

strain from the steel girder to the copper wire, without debonding from the wire. Loctite E-20NS 

is a two part epoxy that has good elastic properties with good shear bond to both steel and various 

polymers. In addition, E-20NS also has a relatively high (>80ºC) glass transition temperature, 

which means it will not become plastic at low temperatures. Other adhesives were tested; this work 

will focus on the results with E-20NS. 

3.3.2 Testing the bond between wire and adhesive  

As mentioned in part 3.3.1, the bond between adhesive and wire should be adequate to couple the 

strain from the adhesive to the wire. If the bond is insufficient, when the initial crack opens it may 

cause the wire to debond from the adhesive. When the wire debonds from the adhesive, the strain 

will be distributed over a greater length requiring a wider crack to break the wire as compared to 

a bonded assembly. If the bonding is sufficiently poor, the binary sensor will not reach the desired 

goal of breaking at a crack opening of less than 0.2 mm. In this work, microbond tests were used 

to characterize the wire to adhesive bond properties. Microbond testing is a type of pullout test for 
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small diameter fibers. In this method, the fibre is pulled out of a small bead of epoxy being 

restrained by a knife-edge [55].   

 

    

Figure 3. 2. a) Different dimensions of microbeads of epoxy on copper wire, a marker was used 

to mark the ends of the beads (black marks on the beads). b) The load frame (INSTRON 3366) 

was used for pull out test, the free end of wire was held in the upper grip and the other end with 

epoxy was restrained using the knife edge c) The knife edge restrains the bead of epoxy to test the 

pull out of the wire, d) Schematic of the knife edge and embedded wire in the bead of epoxy 

The diameter of copper wire used for the binary sensor is about 0.09 mm, which requires a bead 

of less than 0.5 mm diameter to be attached to the wire for the micro bond test [56]. Different 

(b) (c) (d) 
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dimensions of beads of epoxy were prepared by scraping small amounts of epoxy onto the wire 

using a wooden applicator under a microscope. Surface tension pulled the epoxy into roughly 

spherical beads. The dimensions of the beads were measured from images taken with a microscope 

(see Figure 3. 2a). After at least 24 hours of curing, the fibre and bead were tested using a small 

load frame (Instron Model number 3366). As shown in Figure 3. 2, the free end of wire was 

mounted in the upper grip of the machine and the other end with a bead of epoxy was restrained 

using a knife edge [25]. The test was executed at a speed rate of 0.1mm/min, which is typical for 

microbond testing [56]. 

3.3.3 Experimental Apparatus 

An experimental apparatus has been designed to simulate the crack opening on the web of a steel 

girder and combinations of wire and adhesive have been tested using this test setup. The schematic 

of the test setup is shown in Figure 3. 3  [57].  

 The experimental apparatus includes two hinged steel plates, a displacement gauge (PI-5-200, 

Tokyo Sokki Kenkyujo) to measure the crack opening and a micrometer to controllably open the 

simulated crack.  The steel plates are connected to each other at one end with a flexural hinge and 

are free to slide on a low friction surface. Turning the micrometer applies force to the edge of the 

steel plate and will cause plate A to split from plate B. This simulates a crack opening on a steel 

plate. Over time and by continuing to turn the micrometer, the gap between two steel plates will 

widen as shown in Figure 3. 3. The turning of the micrometer represents an increase of load, which 

happens in the real structure, and causes the crack width to expand. To measure the gap between 

two plates a displacement gauge (PI-gauge with a resolution of ±0.01 mm) is used. Both ends of 

the binary sensor and displacement gauge are connected to a Data Acquisition system (DAQ) 

which records the resistance of the wire and gap opening between two steel plates at 1000 
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samples/s. In order to observe the crack width at which the wire fractures, the electrical resistance 

of the wire is measured. The ends of the binary sensor are connected in series with a resistor to an 

electrical source with the DAQ measuring the voltage across the resistor. As soon as the wire 

breaks, the continuity of the wire will be severed, changing the resistance from a short (Ω=0) to 

an open (Ω=∞).  

    

 

Figure 3. 3. a) Layout of the test setup consisting of two steel plates, micrometer and displacement 

gauge. The binary sensor installed on it, b) by turning the micrometer plate A moves from plate B 

and the gap between two plates gets wider. The displacement gauge records the gap opening 

between two plates, c) The ends of the binary sensor are connected in series with a resistor to an 
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electrical source with the DAQ, measuring the voltage across the resistor. As soon as the wire 

breaks, the continuity of the wire will be severed, changing the resistance from a short (Ω=0) to 

an open (Ω=∞) [58] 

3.3.4 Test on Steel Beam in Lab 

After completing tests on the simulated crack apparatus the two best combinations were selected 

for laboratory testing on a steel girder. In this case, best refers to combinations that have acceptable 

bonding and reproducible properties. The steel girder provides testing conditions closer to those 

that are expected in the field.    

3.3.5 Preparation, application and instrumentation 

A W250x67 section steel beam was simply supported over a 3.0 meter span (Figure 3. 5a, b); to 

simulate hinge supports, both ends of the steel beam were restrained against horizontal and vertical 

displacements but the rotation was allowed. A crack was created at mid-span for testing the binary 

sensor. The crack was formed by cutting the beam through the bottom flange and into the web 

about 40 mm above the bottom flange. The cut was filled by re-welding. An actuator applied 

approximately 60 KN load to the top flange of the beam at mid span, which induced a new crack 

in the weld.  

Prior to installation of the Binary sensor, paint and any other coating were removed from the 

surface of the steel. The Binary sensor was connected directly to the steel. This provides the best 

possible bond between epoxy and the steel beam and strain transfer from the steel to the epoxy and 

then to the wire. A belt sander was used to remove the paint and then sandpaper was used manually 

to level the surface. The last step of preparation was cleaning the surface with isopropyl alcohol to 

remove any dirt or contamination.  
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After cleaning the surface, the sensor was positioned on the web. The sensor positioned to be 21 

mm above the bottom flange which is almost half of the length of the crack. This is also the position 

of the displacement sensor on the opposite side of the girder. The copper wire was held temporary 

on this position with electrical tape. A form was used to control the geometry of the epoxy. A 

2mm-thick foam tape was used to build this formwork. The first piece of tape was positioned 

approximately 1 mm above and the second piece of tape 1 mm below the wire. This formed a gap 

into which the epoxy was injected. The epoxy was injected using a gun (Product Number 

LCT98472) with a mixing nozzle. A uniform depth of epoxy was created by using a blade to skim 

the top of the formwork and remove excess epoxy. After one day of curing, the formwork was 

removed. 

The sensor is an electrical closed circuit which will change to an open circuit as soon as the opening 

crack causes the wire to break. The change from short circuit to open circuit was detected using a 

power supply and a series resistor while measuring the voltage drop across the sensor (Figure 3. 

4). When the sensor was a short circuit, very little voltage was observed across the sensor. When 

the wire breaks and becomes an open circuit, the voltage of the supply is observed across the 

sensor. The change is very dramatic and easily observed. With the completed electrical circuit, the 

sensor was ready for testing. 

 

Figure 3. 4. Binary sensor, connection wire, DAQ and resistor make an electrical circuit on the 

web of a steel girder 
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A 1000 KN capacity actuator was used to apply increasing load on the beam (Figure 3. 5). The 

loading rate was 1mm/min. By gradually increasing the load, the pre-existing crack opened and 

widened until the sensor broke. This was detected by monitoring as outlined above. In order to 

measure the crack opening an electrical displacement gauge (PI-5-200, Tokyo Sokki Kenkyujo), 

was installed on the opposite side of the steel beam (Figure 3. 5 d). In addition to displacement 

gauge and the binary sensor, four strain- gauges were mounted to record strains at specific 

locations of the beam in order to compare the results with finite element analysis. The deflection 

of the beam at mid-span was recorded with an LVDT (SLS-190 Penny&Gills) 

 

 

1 cm 
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Figure 3. 5. a) 3-meter span simply supported steel beam with a pre-existing crack at mid-span. 

b) Cross-section of the beam, the hatched area is the cracked part. The entire bottom flange has 

cut and continued 38.5mm into the web towards top flange c) the Beam and its supports under load 

frame d) a displacement gauge was mounted to record the crack opening  

3.3.6 Test in Environmental Chamber 

The binary sensor is designed to be installed on girders of bridges. Since bridges are facing 

different temperature conditions, it is required to test the application of binary sensor at both low 

and high temperatures. In order to do so, the same 3.0 meter span, simply supported steel girder 

with a pre-existing crack at mid-span was moved to an environmental chamber. The chamber can 

be cooled down to -30ºC and heat up to +40ºC. A temperature sensor was installed on the girder 

to measure and record temperature of surface of the girder. 

 The binary sensor was installed on the girder at +22 ºC -which is the ambient temperature-. After 

24 hours of curing, the chamber was turned on to heat the chamber to +40ºC and to cool the 

chamber down to -30ºC (although the room temperature was showing -30ºC, the temperature at 

surface of the girder was -15ºC). It took 4 hours to reach -30ºC and two hours to reach +40ºC. The 

test temperatures were alternated between +40ºC and -30 ºC. 

3.4. RESULTS AND DISCUSSION 

3.4.1 Test on experimental apparatus 

As mentioned earlier in part 3.3.1, copper wire gauge 39 (D=0.09 mm) was used due to its 

availability and ease of handling. In addition to the epoxy, two adhesives from cyanoacrylate 

category; Loctite Quicktite and M-Bond 200/VPG were also tested. These results are not presented 

in detail in this work. Six tests of each adhesive were done. Before application of the adhesive on 

the steel plates, sandpaper was used to remove the paint from the surface. Then alcohol was used 
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to clean the surface contamination. Figure 3. 6 shows the sensor on the experimental setup. By 

turning the micrometer and increasing the gap between two steel plates to less than 0.2mm, the 

binary sensor breaks. The broken sensor is shown in Figure 3. 6.  

 

 

 

 

 

 

Figure 3. 6. a)Experimental apparatus- Binary sensor, displacement gauge(PI-5-200, Tokyo Sokki 

Kenkyujo) and micrometer on steel plates, b) as soon as the opening between two steel plates 

reaches to 0.2mm the binary sensor breaks [57]  

The first adhesive tested was Loctite QuickTite which is a gel adhesive and sets in 2 minutes. The 

crack width at which the binary sensor could detect was about 0.15 mm which is less than the 

(a) 

(b) 
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desired crack width; but after curing there were few cracks forming on the surface of the adhesive 

which made the results unpredictable and therefore not considered any further [58]. 

The other cyanoacrylate which was tested was M-Bond 200. This adhesive is commonly used for 

installing strain gauges on steel beams. Using this adhesive, the binary sensor broke at much more 

than 0.2 mm. There was extensive debonding between wire and adhesive, which caused the wire 

to break at wider than the acceptable crack opening.  

From epoxy category, Epoxy Steel (Lepage part number 1418151) was tested. Epoxy steel is a two 

part adhesive.  Portions of resin and hardener are mixed together to make the adhesive. It takes 5 

minutes to set and a further 24 hours to reach full strength. Test results for this combination of 

copper wire and epoxy are discussed in another paper [57]. Although the test results of epoxy steel 

and copper wire were often favorable, the results are extremely dependant on using accurate 

portions of resin and hardener and maintaining a consistent mixing procedure. Increasing resin 

content may lead to a more plastic adhesive, which leads to the wire breaking at unacceptably wide 

crack openings. In order to get repeatable and consistent results a more accurate way of mixing 

parts is required. 

One method of ensuring a consistent mix and complete mixing is to use a mixing tube. Loctite 

Epoxy E-20NS is a two part epoxy which comes with a cartridge and a mixing tube. The package 

of epoxy is designed in a way that the resin to hardener ratio is more consistently dispensed at a 

two to one (2:1) ratio. Using the mixing tube resulted in a well-mixed epoxy which gave consistent 

results.  

Combination of copper wire and Loctite E-20NS was tested on the experimental apparatus. By 

turning the micrometer the epoxy breaks in a brittle manner and by increasing the distance between 

the steel plates the strains will transfer to the wire and cause the wire to break. As mentioned in 
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part 3.3, as soon as the wire breaks, there will be a sudden change in the resistance of the wire 

(Figure 3. 7). 

 

Figure 3. 7. Binary sensor breaks at 0.12 mm crack opening and there is a sudden change in 

resistance of wire 

Results of 13 experiments are shown in Table 3. 1. As it is shown, the binary sensor can detect 

cracks of width 0.09 to 0.16 mm width on this experimental apparatus. In all of the cases the wire 

broke at less than 0.2 mm. The mean breaking crack width was 0.13 mm and the standard variation 

was 0.03 mm. 

Test Number 1 2 3 4 5 6 7 8 9 10 11 12 13 

Crack width 

opening(mm) 

0.15 0.16 0.14 0.14 0.16 0.16 0.09 0.09 0.11 0.12 0.13 0.12 0.16 

Table 3. 1 Test results of Binary sensor on experimental apparatus 
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3.4.2 Test on steel beam in the lab 

Ambient temperature  

As discussed in part 3.4.1, the best combinations of wire and adhesive which could detect crack 

openings of less than 0.2 mm were copper wire gauge 39 with Loctite Epoxy E-20NS or Epoxy 

Steel (Lepage Company).  Two sets of experiments were designed to test these combinations on 

the steel beam; the first one was copper wire with Epoxy Steel- test number S1 to S6-, the second 

one was the same copper wire with Loctite Epoxy E-20NS- test number L1 to L6. 

After installation of the sensor as discussed in part 3.3.4, the beam was tested under load. By 

increasing the load, the pre-cracked beam deflected and the crack increased in width. While the 

crack opening was still less than 0.1 mm, the epoxy fractured. As the load increased, the crack 

opening increased transferring the strain to the copper wire and causing the wire to break resulting 

in a sudden change resistance (Figure 3. 8). 

The result of test number S1 to S6 are shown in Table 3.2. The test results vary from 0.16±0.01to 

0.41±0.01. The larger variation observed in this test compared to the steel plate test is attributed to 

variation in the mixture ratio of hardener and resin. As discussed before, equal parts of epoxy 

should be mixed accurately together to yield an adhesive with consistent properties. When mixing 

the two parts for a sensor on a beam, which is larger than the laboratory test set up, it was found 

that this mixing ratio and consistent mixing was very difficult to achieve. Therefore, this adhesive 

was not considered further. 

Using the of Loctite Epoxy E-20NS, was a solution to resolve the mixing problem. This epoxy 

application system includes a mixing tube which mixes two portions of resin with one portion of 

hardener and then applies it on the surface. 
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Figure 3. 8. Binary sensor breaks at 0.14mm crack opening and there is a sudden change in 

resistance of wire 

Test Number Crack width opening(mm) 

S 

S1 0.24±0.01 

S2 0.41±0.01 

S3 0.16±0.01 

S4 0.24±0.01 

S5 0.16±0.01 

S6 0.19±0.01 

L 

L1 0.13±0.01 

L2 0.13±0.01 

L3 0.13±0.01 

L4 0.19±0.01 

L5 0.14±0.01 

L6 0.14±0.01 

Table 3. 2. Test results of Binary sensor on steel girder at ambient temperature in the lab 
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Table 3 shows the result of test number L1 to L6 which varies from 0.13±0.01 to 0.19±0.01. As it 

is shown in Table 3. 2 and Figure 3. 8, the results of Loctite Epoxy E-20NS are consistent and less 

than 0.2 mm. The system is functional, however further optimization is in process. 

Environmental chamber test 

Six sets of experiments were executed. Each set was consisting of two tests (one at -30 ºC and 

another one at +40ºC). Results for these sets are shown in Table 3.3. As it is shown the binary 

sensor can detects crack openings in range of 0.1 mm to 0.26 mm at -30 ºC (the mean breaking 

crack width was 0.16 mm and the standard variation was 0.06 mm) and between 0.1 mm to 0.17 

mm at +40 ºC (the mean breaking crack width was 0.14 mm and the standard variation was 0.02 

mm). Results from this experiment demonstrate that changes in temperature have minimal effect 

on the behaviour of the binary sensor. In ambient temperatures, as well as the two extremes, 

stresses were transferred to the copper wire causing it to break at less than 0.2 mm, on average. 

This is expected as the epoxy’s glass transition temperature is 87 ºC, which is well above the 

testing temperatures. 

Test Number 1 2 3 4 5 6 

Crack opening at -30 ºC 
0.26 0.1 0.14 0.11 0.24 0.14 

Crack opening at +40 ºC 
0.1 0.13 0.17 0.16 0.13 0.16 

Table 3. 3  Test results of Binary sensor on steel girder in environmental chamber 

3.4.3 Bonding Properties test 

As discussed in part 3.3.2, the microbond test was executed to measure the bonding properties 

between the wire and adhesive and verify that the wire is the weakest mechanical element of the 
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system. The wire with a small bead (less than 0.5 mm in diameter) of epoxy was mounted on the 

load frame and the load was applied at a rate of 0.5 mm/min. In all six samples, the wire broke 

before the bond to the wire failed. This demonstrates that the bonding between wire and adhesive 

is sufficient to ensure the wire is the weakest mechanical element.  

The results are shown in Table 3.4. 

Sample 

Number 

1 2 3 4 5 6 

Lbond (mm) 0.57 0.71 0.78 0.95 1.2 1.47 

Comments Wire broke Wire broke Wire broke Wire broke Wire broke Wire broke 

Table 3. 4 Test results of microbond test. It shows the bonding between wire and adhesive is 

sufficient and wire is the weakest element 

3.5. CONCLUSION& FUTURE WORKS 

Available crack monitoring methods, for steel girders are either not sufficient or not economical 

for large scale monitoring. For example, using fibre optic sensors for monitoring cracks in steel 

girder requires very involved installation procedures and expert interpretation of the results to 

determine if a crack is forming. In this paper, a new binary sensor was demonstrated that is 

economical and has the potential to easily be installed over large structures. The binary sensor is a 

composite structure which consists of copper wire and epoxy adhesive. When a crack of greater 

than 0.2 mm forms in a steel girder, the binary sensor breaks and produces an easy to interpret 

signal. In this paper the approach to choosing materials for a binary sensor was described. Results 

from experimental tests demonstrate that the binary sensor can detect cracks of less than 0.2mm at 

ambient temperature. The binary sensor was tested at two extreme temperatures -30 ºC and +40 

ºC and the behavior of the sensor was not significantly changed. The sensor is practical but further 

development is required.  
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Future work will include installation on a girder in the field to test the installation procedure and 

also to expose the sensor to different condition such as vibration and freeze thaw cycles. 

A Finite Element Model of the binary sensor should be developed to predict the optimal placement 

of the sensors for crack detection and to predict what the optimum properties of the wire and 

adhesive should be for the binary sensor. 

  



 

 

 

 

 

 

CHAPTER 4: A FINITE ELEMENT AND EXPERIMENTAL INVESTIGATION OF 

THE INFLUENCE OF PRE-STRAINING OF WIRE ON THE SENSITIVITY OF 

BINARY CRACK SENSOR 

 

4.1 ABSTRACT 

Steel girder bridges make up a significant percentage of all bridges. Many of the steel girder 

bridges are aging and approaching their designed service lives. Crack formation and its 

propagation over time is one of the main deficiencies of aging steel girders and may results in 

unusable or unsafe service conditions. Existing distributed crack detection methods such as fiber 

optics sensors are costly to deploy and maintain. A new cost effective binary sensor has been 

developed, has the potential to be installed on steel girder bridges at a fraction of the cost and is 

sensitive enough to detect the presence of a crack opening with a width of 0.2mm.  The crack 

sensor is a closed electrical circuit, comprised of copper wire and epoxy. When a crack forms in 

the steel girder, the strain will be transferred to the wire through the adhesive. As the crack on the 

girder widens over time, strains in the wire increases until it reaches its ultimate tensile strain. The 

wire then fractures and creates an open circuit. This can be detected by monitoring the electrical 

continuity of the sensor. One of the main challenges in developing the binary sensor is to select 

appropriate materials for both wire and adhesive. The final tensile strain as well as the bonding 
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stiffness between the wire and the epoxy have important impacts on the performance of the sensor. 

In this work, pre-straining the sensor wire was found to be effective in minimizing the width of 

the detected crack opening.  The average was reduced from 0.36mm to 0.13mm and the standard 

deviation reduced from 0.16 to 0.03. In addition, microbond test was carried on to estimate the 

interfacial bonding stiffness between wire and epoxy. The interfacial stress was found to be 

approximately 2.0MPa. These parameters were used in a Finite Element Model of the sensor to 

predict the behaviour of the binary sensor and consequently to optimize the installation position 

of the sensor on a girder of a bridge.    

KEYWORDS: Binary sensor, Crack detection, Steel bridges, Finite Element Analysis, Interfacial 

bonding stiffness  
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4.2 INTRODUCTION 

Bridges are key elements of the transportation system. In North America and many other parts of 

the world there was a major period of bridge building more than 50 years ago (between 1950 and 

1970) and the superstructure of the majority of them were made of steel (around 40% of 

bridges)[3].  Studies show that many bridges are reaching the end of their designed service life [4, 

5]. One of the main deficiencies which may occur in aging steel bridges is crack formation and 

propagation over time [6]. Cracks may form as a result of welding defects, material defects, defects 

introduced in manufacture or construction and from fatigue development during the service life 
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[6, 7]. Detecting cracks in steel girders before they reach an unsafe stage or have significantly 

reduced the load carrying capacity is critical [7, 11, 12] . To ensure that structures will have 

sufficient structural capacity to maintain continuous operation as well as safety to the public, new 

approaches will need to be employed to augment visual inspection [6, 48]. Non-destructive 

evaluation (NDE) methods can be used to detect and evaluate cracks on steel girder of bridges. 

Methods such as acoustic emission, eddy current and ultrasound testing [10, 13]. However, NDE 

methods are expensive and often time consuming and access to the point of evaluation is not 

always possible and it is desirable to have methods that can provide continuous information on the 

integrity of the bridge [13].  Structural Health Monitoring is a means of providing more 

quantitative and timely information on structural integrity[14]. In general, Structural Health 

Monitoring system can be divided into two categories; discrete monitoring such as using strain 

gauges, short gauge or long gauge sensors and distributed monitoring such as installing the smart 

film or fibre optic sensors [13, 16–23]. Discrete monitoring sensors give information on the local 

behaviour of structures.  However, for large structures cracks may occurs in locations far from the 

sensor and would be challenging to detect [15]. This problem could be addressed by having enough 

sensors to detect cracks at any location in the structure, but this may require an impractical number 

of sensors. Distributed monitoring techniques are more comprehensive since the sensor is installed 

on the entire length of the girder [15]. However, distributed monitoring with existing approaches 

such as fiber optics are expensive to install and operate [59]. One recently demonstrated low cost 

distributed monitoring approach is the binary sensor, which is an insulated wire bonded to the steel 

girder. The binary sensor is installed on entire length of the girder with an emphasis on parts of 

the structure where cracks are expected to form such as the web height where high tensile stresses 

exists or at tensile flange (Figure 4. 1). The binary sensor detects cracks before they open up to 0.2 
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mm width [17]. When a large enough crack opens under the sensor, the wire will break and this 

can be detected by monitoring the resistance of the wire. 

 

Figure 4. 1. a) The Binary sensor is installed on the entire length of the steel girder. The epoxy 

adheres the wire to the steel girder. When crack forms in steel girder, the strains will be transferred 

from steel girder to the epoxy b) as long as the crack width is less than 0.2mm, crack propagates 

through the epoxy but wire is still connected c) over time, under tensile stresses, crack widen to 

0.2mm width and causes the wire to break. As the wire breaks, the resistance of wire will tend to 

unlimited and electrical currency in the circuit will tend to zero [17, 24] 

The Binary sensor is a designed composite system which is consists of insulated copper wire and 

an adhesive. The insulated copper wire adheres to the steel girder using a precisely selected epoxy. 

One of the main critical parts in designing the binary sensor is selecting the material for wire and 

epoxy. Extensive testing has been carried out to find materials with bonding strong enough to 

transfer the strain from the crack on the steel girder to the wire and cause the wire to break. The 

tests was done on an experimental apparatus designed to simulate the crack opening (Figure 4. 2). 
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After testing materials on the apparatus, the best candidates were tested on a cracked steel girder 

in the lab in ambient temperature as well as two extreme temperatures (-30ºC and +40ºC). The 

experimental process of selecting the material was explained in a previous work [17]. The previous 

trial and error experimental approach has yielded a practical combination of wire and adhesive, 

but having an accurate numerical model would predict the behaviour of the binary sensor under 

many more experimental conditions than is practically possible. For example, it could predict the 

behaviour under different levels of pre-strain in the copper wire and for different positions of the 

wire within the adhesive. This finite Element Model (FEM) of the sensor and experimental 

apparatus could also help to accelerate the process of selecting new materials for binary sensor as 

well as to determine the optimum position of the sensor on steel girder.  

In this work, a finite element model of the binary sensor and the experimental determination of the 

required material properties was carried out. ABAQUS was selected as the finite element program 

to simulate the binary sensor. The main material properties that needed to be determined were the 

mechanical properties of the wire and epoxy and the bonding properties between wire and epoxy, 

since the bond is the main means by which strain is coupled to the wire [17]. The bond between 

the wire and adhesive needs to be strong enough to transfer the strain from crack opening on steel 

girder to the wire. Otherwise, if the bond between wire and adhesive is not sufficient, the sensor 

will not fracture at crack openings less than 0.2mm of width. Another critical specification is the 

tensile properties of the wire. Since the binary sensor will be installed on the places with high 

tensile stress (web height where tensile stress is maximum or at tensile flange), it will behave in 

tensile mode. Therefore, the ultimate tensile strain of the wire will affect the results and are 

required to be measured for calculations. In the current work, copper wire with varying ultimate 

tensile strain has been obtained by using pre-straining. In addition, the tensile strength of both wire 
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and epoxy as well as the bonding properties between the wire and the epoxy have been 

experimentally determined. Using the experimentally determined properties, simulation of the 

binary sensor was carried out in ABAQUS and compared to the experimental ones.          

4.3 METHODOLOGY AND PROCEDURE 

4.3.1 Experimental procedure 

The binary sensor is comprised of thin insulated wire and adhesive. Mechanical properties of both 

wire and adhesive are important factors in developing the binary sensor. Therefore, wire and 

adhesive are being tested initially on an experimental apparatus and the combination which breaks 

at the desired crack opening of 0.2 mm, will be considered for further testing. The apparatus and 

testing procedure is described in a previous work [17]. The apparatus is made of two steel plates 

connected to each other using a flexural hinge at one end. Plates are free to slide at one edge. A 

displacement gauge (PI-5-200, Tokyo Sokki Kenkyujo) is installed on the apparatus to measure 

the opening between two plates (Figure 4. 2) [17]. 

In this work, insulated copper wire MW79-C gauge 39 with an insulation layer of polyurethane 

was selected. The wire was bonded on the apparatus using Loctite E-20NS epoxy. By turning the 

micrometer the gap between two plates widened and caused an increase in tensile strain of the wire 

and consequently resulted in fracture of the wire. The wire may fracture at different crack openings 

due to its ultimate tensile strain. Therefore measuring and controlling the final strain of the wire is 

critical. In next two parts, experimental method of measuring and controlling the tensile strain of 

the wire has been explained. Another key factors in controlling the detected crack opening is 

behaviour of epoxy under tensile stresses as well as the bonding properties between wire and 

epoxy. These parameters are also being discussed in following parts. 
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Figure 4. 2. Schematic of the apparatus for testing different combination of wire and adhesive. 

Two steel plates are connected to each other at one end with a flexural hinge and the gap between 

two plates simulates the crack on a steel girder. Turning the micrometer will cause plate A moves 

from plate B and widen the crack.  The displacement gauge records the gap opening between two 

plates. The ends of the binary sensor are connected in series with a resistor to an electrical source 

with the DAQ, measuring the voltage across the resistor. As soon as the wire breaks, the continuity 

of the wire will be severed, changing the resistance from a short (Ω=0) to an open (Ω=∞) [17]  

4.3.2 Tensile properties of wire 

The wire that will be used for binary sensor can be selected from a wide range of available magnet 

wires. One of the main important characteristics of the selected wire is the ultimate tensile strain 

of the wire. In this work, insulated copper wire MW79-C, gauge 39 (0.09 mm diameter) was used 

for testing.  

Tensile properties of the wire was measured according to ASTM C1557. In order to measure the 

force and displacement of the wire, a small load frame (INSTRON 3366) was used. In this method, 

the wire was cut into small pieces (25 mm gauge length) and was mounted on mounting tabs (in 
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this case, thin cardboards) which were made to hold the ends of wire firm and non-slipping in the 

grips. The wires were bonded to the cardboards using an epoxy and the cardboards were mounted 

on the grips of the load frame (Figure 4. 3). Test was conducted at a constant speed rate of 0.5 

mm/min [60]. Six samples were tested and force- displacement diagrams were plotted. Results are 

discussed in future parts. 

 

Figure 4. 3 Test to measure tensile properties of insulated copper wire. The wire was glued to two 

pieces of cardboards and cardboards were mounted on the load frame (INSTRON3366) 

4.3.3 Pre-straining wire 

Pre-straining was used to control the final tensile strain of the wire. It was thought that by pre-

straining it would be possible to reduce the crack opening required to cause the wire to break. The 

wire (gauge 39, MW79-C) was pre-strained by 5% and 10%. The pre-straining was done by using 
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the load frame (INSTRON3366). Specific lengths of wire were cut for pre-straining and testing on 

the experimental apparatus. Two ends of wire were mounted on the grips of the load frame and the 

wire was stretched to reach the desired strain. Afterwards, the pre-strained wire was used for 

testing on the experimental apparatus. Results of pre-straining and crack width detection are 

discussed in part 4.4.     

4.3.4 Tensile properties of epoxy 

The final strength of epoxy was measured according to ASTM D638. Coupons of epoxy were 

made in accordance with the dimensions of type I (Figure 4. 4). In order to prepare the coupon, a 

formwork was made out of polyethylene plastic material.  

 

Figure 4. 4. Tensile test of Loctite Epoxy E-20NS; a) Dimensions of coupon based on ASTM 

D638, the thickness is equal to 4mm. b) After 24hr of curing, coupons of epoxy were ready for 

testing, c) The coupon of epoxy was mounted into the grips of the load frame for tensile test 

The Loctite epoxy E-20NS is a two part epoxy. The epoxy applicator includes a mixing tube which 

mixes two portions of resin and one portion of hardener. Then, the epoxy was poured into the 
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formwork. In order to prevent the adhesion of the epoxy to the formwork, the inside surface of the 

formwork was cleaned and covered with a releasing agent (oil-WD40). A plastic knife was used 

to remove the extra epoxy from the surface and make the surface smooth and level. This procedure 

was done on the vibrating table to reduce the amount of air bubbles in the coupon. After 24 hours 

of curing, coupons were taken out of formwork and were sanded to make a uniform cross section. 

Thickness and width of coupons were measured at specific sections as mentioned in ASTM D638. 

Then, both ends of coupon were mounted into the grips of a Load frame (INSTRON 3366). Test 

was done at constant speed rate of 5mm/min[61]. 

4.3.5 Bonding between wire and epoxy 

One of the main characteristics of the binary sensor which will affect the detected crack opening, 

is the bonding between wire and adhesive.  If the bonding between wire and adhesive is not 

sufficient, it will cause the wire to de-bond from the adhesive at small forces. This will result in 

distribution of the induced strains over a greater length of wire and will cause the wire to break at 

wider crack opening than 0.2 mm.  

In order to measure the bonding between wire and adhesive, the microbond test was conducted 

[55]. In this method, small droplets of epoxy were formed on the wire using a thin pointed stick. 

Surface tension of the wire created a spherical shape of epoxy. This procedure was done under 

microscope to make the beads as small as possible [17].  

The diameter of wire which was selected for the binary sensor is about 0.09 mm. According to 

Sockalingam and Nilakantan [56] as well as  previous experimental results [17], the maximum 

embedded length of wire in the bead of epoxy should be less than 0.6 mm to prevent the wire 

breakage: 
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𝐥𝐞 <
𝛔𝐟𝐃𝐟

𝟒𝛕𝐮𝐥𝐭
 (1) 

Where, 𝑙𝑒 is the embedded length of wire in epoxy, 𝐷𝑓 is diameter of wire, 𝜎𝑓 is tensile strength of 

wire: 

𝝈𝒇 =
𝑷

𝝅 ×
𝑫𝒇

𝟒

𝟐 
(2) 

And 𝜏𝑢𝑙𝑡  is the interfacial shear stress between wire and adhesive:  

𝝉𝒖𝒍𝒕 =
𝑷

𝝅 × 𝑫𝒇 × 𝒍𝒆 
 (3) 

In order to calculate the tensile strength of wire, the applied load (P) was measured during the 

tensile experiment as discussed in part 4.3.2. The maximum applied load before the wire (gauge 

39) breaks is equal to 1.6 N. Using equations (1) to (3) the required embedded length to avoid 

breaking the wire before pulling it out of epoxy will be calculated as follow: 

𝜎𝑓 =
1.6

𝜋 ×
0.09

4

2 = 251𝑀𝑃𝑎 
(4) 

𝜏𝑢𝑙𝑡 >
1.6

𝜋 × 0.09 × 0.6
= 9.4 𝑀𝑃𝑎 → 𝑙𝑒 < 0.6 mm (5) 

Even after many trials, due to the small size of the wire, it was not possible to form beads smaller 

than 0.6 mm. For beads that were formed on the 39 gauge wire, the wire always failed before any 

slippage between wire and the bead of epoxy was observed. Therefore, in order to estimate the 

bond strength, a larger diameter wire was used. A larger diameter of wire was only used for the 

bond strength test (gauge 30, D=0.26 mm). According to the measurements in this work (Table 4.  

2), the maximum tensile stress of MW79-C wire is approximately 251 MPa.  Considering the 

results of gauge 39 (equation 5), the interfacial shear stress between MW79-C wire and adhesive 
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is more than 9.4 MPa, therefore the maximum embedded length of wire in the adhesive will be 

calculated as: 

𝒍𝒆 <
𝟐𝟓𝟏 × 𝟎. 𝟐𝟔

𝟒 × 𝟗. 𝟒
= 𝟏. 𝟕 𝒎𝒎 (6) 

Magnet wire MW79-C gauge 30 was selected for the microbond test. The beads of epoxy were 

applied on the surface of the wire and cured for 24 hours. The dimensions of the beads of epoxy 

were measured using a microscope. Photomicrographs of the beads before the test are shown in 

Figure 4. 5(a). The microbond test was conducted using a small load frame (Instron Model number 

3366). The end of the wire without an epoxy bead was held in the grip of the load frame and the 

other end was restrained by placing the bead against a knife edge (such as LSXF4-5 One 

dimensional rotary adjustable slit), that was held by the lower grip [55].  

 

Figure 4. 5. a) Beads of epoxy on the wire. Preparing beads is a random process and hence there 

is variation in the size of beads. b) Position and deformation of beads of epoxy after microbond 

test, in some cases (bead #2) the slippage between wire and the bead is visible 

The knife edge is composed of two single bevel edge blades that can be adjusted down to zero 

clearance. The bead is restrained by the flat edge and the clearance is adjusted to be just slightly 
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greater than the diameter of the wire. The test was executed at 0.1 mm/min speed rate, which is a 

typical rate for microbond test [56]. Photomicrographs of the beads after completion of the 

microbond tests are shown in Figure 4. 5(b). In some examples, the slippage of the bead on the 

wire is visible (bead #2).  

4.4 RESULTS & DISCUSSION 

4.4.1 Experimental apparatus 

Combinations of wire and adhesive were tested on the experimental apparatus. As it is shown in 

Table 4. 1, the average crack opening at which the wire fractured was 0.34 mm; which is more 

than the desired crack opening (0.2 mm). Also, the detected crack openings were not consistent 

and they varied in a wide range- between 0.13mm to 0.6 mm- with a standard deviation of 0.16 

mm. The variation in the detected crack opening might be because of existing kinks on the surface 

of the wire which may lead to different initial lengths of the wire and finally result in different 

breaking lengths. Pre-straining the wire found to be a solution to this problem. By pre-straining 

the wire the kinks will be removed from surface of the wire and consequently will lead to more 

uniform results as well as lesser detected crack opening.  

The ultimate tensile strain of MW79-C wire which was used in this work is 23% (The method of 

testing and results is discussed in another parts of this paper). In order to get uniform results, the 

wire was pre-strained by 5% and 10% and the ultimate tensile strain was reduced to 18% and 13%. 

After pre-straining the wire, two sets of experiments were executed; one set using wire with 13% 

final strain and another using the one with 18% final strain. Results are shown in Table 4.1. 

After pre-straining the wire by 5% and 10%, the average crack opening was reduced to 0.13mm 

with standard deviation of 0.02 mm and 0.03 mm. 
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Test Number 1 2 3 4 5 Mean S.D. 

Crack width opening ±0.01 (mm) 

not pre-strained 

0.13 0.22 0.35 0.40 0.60 0.34 0.16 

Crack width opening ±0.01 (mm) 

pre-strained by 5% 

0.09 0.12 0.13 0.14 0.16 0.13 0.02 

Crack width opening ±0.01 (mm) 

pre-strained by 10% 

0.09 0.10 0.12 0.16 0.16 0.13 0.03 

Table 4. 1. Test results of MW79-C gauge 39 magnet wire in combination with Loctite E-20NS 

epoxy as the binary sensor on the experimental apparatus. Using not pre-strained wire will result 

in inconsistent crack openings and the average is more than the desired crack opening of 0.2 mm. 

By pre-straining the wire results are more consistent and in the range of the desired crack opening 

of 0.2 mm. 

The average crack opening of 0.13 mm proves the fact that stretching the wire will reduce the 

ultimate tensile strain and consequently the crack opening at which wire fractures. On the other 

hand stretching the wire to pre-strain, removed kinks from the surface of the wire and resulted in 

more uniform results (smaller standard deviations). 

4.4.2 Tensile properties of wire  

The modulus of elasticity as well as ultimate tensile stress and strain was measured for wire 

samples. Results are shown in Table 4. 2. The ultimate tensile strain of MW79-C gauge 39 is 23%. 

Pre-straining the wire by 5% and 10% resulted in the reduction of the ultimate tensile to 18% and 

13%. As mentioned before, it is thought that using the pre-strained wire will result in more 

consistent results in the experiment.  
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Material 

Modulus of 

Elasticity  

(MPa) 

Yield 

Stress 

(MPa) 

Measured 

Ultimate Tensile 

Stress(MPa) 

True-Ultimate  

Tensile 

Stress(MPa) 

Tensile 

Strain 

(%) 
MW 79-C gauge 39 

not pre-strained 

59000±5000 213±6 240±10 304±14 23±1 

MW 79-C gauge 39 

pre-strained by 5% 

59000±1500 213±5 250±5 303±4 18±2 

MW 79-C gauge 39 

pre-strained by 10% 

 

58000±1700 227±3 251±7 291±9 13±0.3 

Table 4. 2. Mechanical properties of wire MW-79C gauge 39  

It should be noted that, pre-straining will not affect the long-term performance of the sensor. The 

S-N curve of the drawn copper wire at room temperature shows the fatigue strength of 

approximately 70 MPa at 10^8 cycle [62]. According to table 10.6 of CHBDC (Canadian Highway 

Bridge Design Code) the maximum average daily truck traffic is 4000 for class (A) highway. This 

results in 7,300,000 cycles in 5 years and 14,600,000 cycles in 10 years which is the maximum 

service life of the sensor and still less than the fatigue strength of the copper.  

 In addition, available load monitoring data shows a maximum of 65 micro- strain on the typical 

medium span bridges. This number is implies less than 20 MPa stress on the girder which is less 

than the fatigue strength of copper wire (70 MPa). 

4.4.3 Tensile properties of Epoxy  

The epoxy was also tested to estimate the modulus of elasticity as well as observing the behaviour 

of the epoxy under tensile loading. Three tests were conducted and the results show brittle 

behaviour of epoxy under tensile loading. As soon as stresses in the epoxy reach approximately 
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15MPa, it breaks without entering to plastic zone.  The modulus of elasticity was calculated for 

each experiment as shown in Table 4. 3. The average modulus is 930 MPa. The measured modulus 

of elasticity from the experiments is in line with the manufacturers specification of a shore D 

hardness of 85 [63], if the relation between the modulus of elasticity and the hardness (shore D) 

of epoxy is used [64]. For simulation purposes E was chosen to be 930 MPa. 

Test 1 2 3 Average 

Modulus of Elasticity (MPa) 850 950 1000 930 

Ultimate Tensile Stress(MPa) 14 13 17 15 

Table 4. 3. Mechanical properties of Loctite epoxy E-20NS 

4.4.4 Bonding Properties 

The microbond test was carried out to measure the bonding properties between the wire and the 

epoxy. This property will be used later in finite element simulation. The result of this test is a force 

versus displacement diagram, which will be used for calculation of interfacial stress and 

consequently bonding properties between wire and epoxy. 

As discussed in section 4.3.5, MW79-C wire gauge 30 was selected for the microbond test (Figure 

4. 5). Figure 4. 6(a) shows the result of microbond test for both gauge 39 and gauge 30 wire. Using 

smaller diameters of wire resulted in the fracture of wire before any debonding between wire and 

epoxy occurs. Therefore, gauge 30 was selected for the microbond test. Figure 4. 6(b) demonstrates 

the typical force-displacement diagram for the microbond test between wire and beads of epoxy. 

This is similar to the results from previous studies [65].  

As it is demonstrated in Figure 4. 6(b) at initial steps of applying load, the bond between wire and 

epoxy is strong and there is a small displacement at the interface of wire and epoxy (Part A). By 
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increasing the load, using the load frame, the interface bonding starts to weaken (part B) until it 

reaches point C. At this point (point C), the interfacial bond breaks completely and the bead starts 

sliding on the wire (part D). Displacements measured in this diagram are including wire tensile 

extensions as well. 

 

Figure 4. 6. a) Force-Displacement diagram of microbond test between a bead of epoxy and wire 

(gauge 39 and gauge 30). In case of gauge 39, since the embedded length of wire in epoxy is 

greater than 0.6mm, the wire fractures before debonding. Therefore, gauge 30 was used for the 

microbond test. b) Force versus total displacement between a bead of epoxy and wire gauge 30. 

At initial steps of applying load, the bond between wire and epoxy is strong and there is a small 

displacement at the interface of wire and epoxy (Part A). By increasing the load, using the load 

frame, the interface bonding starts to weaken (part B) until it reaches point C at which the 

interfacial bond breaks completely and the bead starts sliding on the wire (part D).  

Since during the tests of the binary sensor -either on the apparatus or on the steel girder-, the 

embedded length of the wire in the epoxy is much more than the required one mentioned in part 

4.3.5 and the wire always breaks at forces less than 2N, bonding properties will be calculated for 

the first part of diagram (Part A) which starts from 0 and increases linearly to 2N. Calculating the 
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stiffness properties of the bond between wire and epoxy- as will be discussed in part 4.5.5- is based 

on the applied force and its corresponding displacement of the bead of epoxy on the wire.  
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Figure 4. 7. a) Force-Displacement diagram of tensile test of wire and microbond test. b) As the 

wire pulls out of epoxy, a part of its displacement is due to its elastic and plastic deformation. In 

order to calculate the displacement between wire and the bead of epoxy, the wire deformation 

should be deducted from the total displacement. c) The net displacement between wire and epoxy 

versus the applied force 

Force(N) 

microbond test 

elongation(mm) 

wire tensile test 

elongation(mm) 

Displacement between wire and epoxy(mm)  

= microbond test elong. -wire tensile elong. 

0 0 0 0 

1 0.015 0.01 0.005 

2 0.037 0.022 0.015 

Table 4. 4. Displacement calculation between the wire and beads of epoxy 

The displacement measured from the load frame at part A includes small movements of the bead 

of epoxy on wire as well as linear deformation of wire due to extension. In order to calculate the 



CHAPTER 4 

61 

 

net displacement between wire and epoxy, the elastic displacement of wire should be deducted 

from the total displacement (Figure 4. 7). The calculation is shown in Table 4. 4. Figure 4. 7(a) 

plots the force-displacement diagrams for the tensile test and microbond test for wire (gauge 30). 

Since part A of the behaviour of the wire and the bead is required for interfacial stiffness 

calculations, a close-up of the two graph is shown in Figure 4. 7(b).  As it is shown in Figure 4. 

7(b), at a certain force, the measured displacement of micorbond test is greater than the one from 

wire tensile test. This difference between two measurements is due to the small sliding between 

the bead of epoxy and the wire. Figure 4. 7(c) shows the net displacement between wire and epoxy 

versus the applied force. 

Having force versus displacement diagram for the microbond test as well as the size of beads of 

epoxy, the interfacial stress between the wire and the epoxy can be calculated according to equation 

(3). The interfacial stresses between wire and adhesive for six samples are shown in Table 4. 5. 

(calculations for Interfacial stiffness will be discussed in part 4.5.5). Having the material properties 

and the bonding properties between wire and adhesive, the sensor was simulated in a Finite 

Element software – ABAQUS- which will be discussed in future parts. 

4.5 FINITE ELEMENT SIMULATION 

4.5.1 Introduction 

The numerical study is initially aimed to help in finding the proper material for the binary sensor 

and then to find the optimal position of the Binary sensor on a steel girder for a large scale.  The 

Finite Element Modeling (FEM) provides an effective tool to simulate laboratory conditions 

without the constraint of time and cost. In any commercial finite element software three steps are 

required to solve the engineering analysis problem; pre-processing, numerical analysis and post 

processing [66]. In the following parts, the simulation of the binary sensor on the apparatus will 
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be discussed. The Finite Element Model was simulated in ABAQUS software and results were 

verified with experimental results. 

Sample 

Number 

Force(N) Displacement 

(mm) 

Interfacial stress 

(MPa) (equation 3) 

Interfacial Stiffness 

K (MPa/mm) 

Average 

K(MPa/mm) 

1 

1.0 0.0036 0.94 261 

225 

2.0 0.010 1.88 188 

2 

1.0 0.009 0.94 104 

100 

2.0 0.019 1.88 99 

3 

1.0 0.007 0.94 134 

130 

2.0 0.015 1.88 125 

4 

1.0 0.016 1.02 64 

76 

2.0 0.023 2.04 89 

5 

1.0 0.0045 0.87 192 

288 

2.0 0.0045 1.75 384 

6 

1.0 0.005 1.11 222 

235 

2.0 0.009 2.22 247 

Table 4. 5. Interfacial bonding stress and stiffness between wire MW79-C and epoxy E-20NS 
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4.5.2 Simulation 

As mentioned before, three steps are required to complete a Finite Element Simulation: pre-

processing (which includes discretization, element types, material data, load and boundary 

conditions), numerical analysis and post processing [67]. 

4.5.3 Discretization 

The first part of any FEM is discretization is to divide the geometry of a physical structure into 

discrete elements. Each element represents a small portion of a whole structure. In this project a 

total of three individuals (steel plates of apparatus, epoxy and copper wire) are available to be 

discretized first and then be connected to each other. A total of two element types were defined in 

this model to simulate the sensor on the steel plates. The FEM was created in the x-y horizontal 

plane. 

The test apparatus is made of two steel plates that can separate from each other on one edge. This 

is simulating the crack opening on the web of the steel girder. Two 200 mm x 200 mm rectangular 

plates with modulus of elasticity of 200GPa and Poisson ratio of 0.3 were simulated in ABAQUS 

using the 3-D four-node deformable conventional shell elements (1 mm x 1 mm dimension)(Figure 

4. 8a,b). Since the thickness of the steel plates are significantly smaller than the length, shell 

elements are considered for this simulation. Two types of shell elements are available for 

simulation, conventional and continuum. For thin shell elements, conventional elements are 

preferred. The thickness of the conventional elements are required to define the cross section of 

the members and it will be specified through section properties [67]. In this simulation the 

thickness of plates are 20 mm. Homogeneous shell sections were selected. Five section points were 

assumed through the thickness of the shell (Figure 4. 8b).  
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Epoxy is the next part to be simulated. In this simulation, a 5 mm x 2 mm rectangular epoxy was 

simulated using an 8-node, 3-D solid elements (0.2 mm x 0.2 mm seed size). The meshing within 

the epoxy will be adjusted to the meshed embedded wire and has been done using the sweep 

technique with advanced front algorithm. The modulus of elasticity of epoxy as shown in Table 

4.3 was considered to be 930 MPa. The last material in the simulation is a copper wire with 

dimensions of 5mm long and a diameter of 0.09 mm. In order to simulate the wire, an 8-node, 3-

D solid elements were used (Figure 4. 8c). The element size of the wire mesh is approximately 

equal to 0.045 mm and the curvature control has been applied to calculate the seed distribution 

based on the curvature of the edge of the wire. Therefore, the wire has been simulated as a cylinder. 

In this simulation, the mechanical properties of the wire is the critical one, as the sensor breaks as 

soon as the wire reaches its ultimate tensile strain. Therefore the breaking strain and final tensile 

strength of the wire are required for the purpose of this simulation. As mentioned before, in order 

to have more uniform results the wire was pre-strained before installation. Three separate models 

were simulated for three different material properties of the wire (not pre-strained, pre-strained by 

5% and pre-strained by 10%). The material properties of the wire are demonstrated in Table 4. 2.  

 4.5.4 Load and Boundary Condition 

Steel plates are the base structure of this simulation which are representing the crack opening on 

the web of a steel girder. The other parts of the simulation (epoxy and wire) will be assembled on 

the steel plates. As it is shown in Figure 4. 2, there is a fixed support at the edge of plate B. By 

applying the force, the other plate (Plate A) moves from the fixed plate and simulates the crack 

opening. This happens by turning the micrometer and applying displacement to the free edge of 

plate A.  Therefore, the edge of plate B is fixed against all translations and rotations. A 

displacement force was assigned to the free edge of plate A.  



CHAPTER 4 

65 

 

 

Figure 4. 8. Finite Element simulation of the sensor on steel apparatus a) steel plates apparatus 

were simulated in ABAQUS using a 4-node conventional shell elements, b) An S4 shell element 

and the integration point on it. 5 section points are considered through the thickness [67], c) the 

epoxy and the wire were simulated using an 8-node 3-D continuum solid elements, d) the boundary 

condition of the simulation 

Since the binary sensor detects the presence of small cracks with opening of less than 0.2 mm and 

it will be placed at the middle of apparatus, the maximum displacement that had been assigned to 

the edge of the steel plate, was 0.4 mm (Figure 4. 8a, d). This amount of displacement was 

increasing gradually at each step. 
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4.5.5 Constraints 

Connecting different parts of model to each other is the final step to complete the finite element 

simulation. Steel plates, epoxy and wire should get connected to each other. The bond between 

steel plates and epoxy should be strong enough to transfer the strains. Therefore, in our 

experiments and installation parts, any contamination and dirt was removed from the surface of 

the plates [17]. In the finite element simulation, epoxy was connected to the steel plates using the 

tie, surface based-constraint in ABAQUS.  Other elements to be connected to each other are wire 

and epoxy. Therefore, the interaction properties in contact region of wire and epoxy are required.  

 As mentioned before in part 4.3.5, when the forces in the copper wire reaches to approximately 

2N the wire breaks. This is before any debonding between wire and adhesive occurs. At this stage, 

the contact property between wire and epoxy before debonding is elastic and it follows the 

cohesive behaviour using traction-separation law [56]. The elastic behaviour is written in a form 

of a stiffness matrix, which relates the separations to the stresses across the interface. It is written 

as below [68–70]: 

𝑡 = {

𝑡𝑛

𝑡𝑠

𝑡𝑡

} = [

𝑘𝑛𝑛 𝑘𝑛𝑠 𝑘𝑛𝑡

𝑘𝑛𝑠 𝑘𝑠𝑠 𝑘𝑠𝑡

𝑘𝑛𝑡 𝑘𝑠𝑡 𝑘𝑡𝑡

] {

𝛿𝑛

𝛿𝑠

𝛿𝑡

} = 𝐾𝛿 (7) 

Where t is the nominal traction stress vector, which consists of three components; 𝑡𝑛, 𝑡𝑠, 𝑡𝑡 where 

𝑡𝑛 represents the normal traction and 𝑡𝑠, 𝑡𝑡  represent two shear tractions and 𝛿𝑛, 𝛿𝑠, 𝛿𝑡 are 

corresponding separations. For the uncoupled traction-separation behaviour, the terms 

𝑘𝑛𝑛, 𝑘𝑠𝑠 and 𝑘𝑡𝑡 must be defined and other elements in the stiffness matrix (k) will be considered 

equal to zero [69–71]. 

In order to define stresses and separations at the interface of wire and adhesive the results of micro-

bond test are required. Using equation (7) and calculated data from the microbond test (given in 
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Table 4.5), the stiffness of the bonding will be calculated as shown in Table 4.5. As it is 

demonstrated in Table 4. 5 the interaction stiffness varies between 76 MPa/mm to 288 MPa/mm. 

The wide range of stiffness can be attributed to numerous factors including shape of the cured 

epoxy beads, position of the knife-edge, coating of the wire at the bonding place, reproducibility 

of the sample preparation, etc. [56].  The average stiffness calculated and shown in Table 4.5 

(76MPa/mm to 288MPa/mm), were used in FEA. Results will be discussed in parts 4.5.8 and 4.5.9. 

4.5.6 Numerical analysis 

The material and geometric nonlinearity was considered in simulation by applying the incremental 

step by step analysis. The forces required for opening the crack were applied in increments and at 

each increment, load iterations were performed until the convergence criteria was satisfied. 

4.5.7 Post processing 

Three separate sets of analysis were run for wire with different material properties (not pre-

strained, pre-strained by 5% and 10%). Each set includes analysis with two groups of interfacial 

bonding stiffness values; a) the values mentioned in Table 4. 5 (76 MPa/mm to 288 MPa/mm) and 

b) two more hypothetical values (600MPa/mm and 1000Mpa/mm). The second group of bonding 

stiffness were considered to prove the accuracy of the measured ones.  At the beginning of the 

analysis, as the opening between two plates starts to widen, both of the epoxy and wire will carry 

tensile stresses. By increasing the gap between two plates, epoxy will fracture and stop taking more 

forces. Therefore, all the applied strains will be transferred to the wire. The wire will stretch under 

available tensile stresses until the strains in the wire reach to the maximum allowable tensile strain. 

At this point wire will break. Figure 4. 9 demonstrates both experimental results as well as 

numerical ones for three different wire properties. The graphs show crack opening versus different 

stiffness of bonding between the wire and the epoxy.  
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4.5.8 Effect of pre-straining 

As mentioned before in part 4.4.1, the experimental results of not pre-strained wires varies in a 

wide range which can be due to the available kinks on the surface of the wire or errors during the 

installation procedure. Figure 4. 9(a) demonstrates results of both experiment and FEA of not pre-

strained wire. As it is shown in the graph, the minimum crack opening measured in the 

experimental work is equal to the FEA but the experimental upper limit is higher than the FEA 

one. Results from FEA prove that the wire is a good candidate for the sensor, since its tensile 

properties are in a range that will cause the wire to break at the desired crack opening of less than 

0.2 mm. It also proves that there were some inaccuracy during installation due to available kinks 

on the surface of the wire. In order to have more uniform outcomes, the wire was pre-strained by 

5% and 10% (Figure 4. 9(b, c)).   
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Figure 4. 9. Results of experiments and Finite Element Analysis of the binary sensor on the 

apparatus. a)wire is not pre-strained, experimental results are in a wide range and more than the 

desired crack opening of 0.2 mm but numerical results are in an acceptable range, b) wire is pre-

strained by 5%, results are more uniform and less than 0.2mm. Using the interfacial stiffness of 
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75MPa/mm results in a crack opening out of higher band of experiment c) wire is pre-strained by 

10%. Results are uniform and less than 0.2 mm.  

4.5.9 Effect of bonding properties  

The main purpose of this FE analysis is to find the best choice of the interfacial stiffness between 

the wire and epoxy for future analysis. Due to different variables in executing the micro bond test 

such as the position of knife-edge, shape of the cured bead of epoxy, coating of the wire at the 

bonding place, etc. [56] the measured stiffness varies in a wide range of 75 MPa to 290 MPa. 

According to the results from finite element analysis shown in Figure 4. 9, using the measured 

stiffness values (75MPa/mm to 290MPa/mm) in all three cases will result in crack openings which 

are in a good agreement with the experimental ones. It also proves that using the hypothetical 

numbers (600MPa/mm and 1000MPa/mm) will have minimal affect on the lower band. In other 

words, there is always a minimum crack opening required for the sensor to function and increasing 

the stiffness of the bond will not affect the results.    

Looking more closely to all three graphs, results from using the stiffness value of 220 MPa/mm 

and 240 MPa/mm in finite element analysis are approximately equal to the average of the 

experimental works. Therefore in future studies of epoxy E-20NS and the copper wire MW79-C, 

the interfacial bonding stiffness between these two materials will be taken equal to 240 MPa/mm. 

4.5.10 Wire radius versus crack opening 

The FEM model can be used to better understand the detected crack opening using the ultimate 

tensile strain of the wire and the bridging length of the wire within the epoxy [72]. The bridging 

length within the epoxy is the length over which the strain due to the crack formation will be 

distributed. In order to estimate the bridging length of wire within the epoxy, the reduction of the 

diameter of wire versus crack opening (change in the length) has been examined using the finite 
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element model. The interfacial bonding stiffness between wire and epoxy and the ultimate tensile 

strain of wire was considered to be 240 MPa/mm and 18%. In Figure 4. 10 the diameter of the wire 

versus distance from the center of the crack opening for openings of 0.075, 0.09 and 0.12 mm has 

been plotted. As the crack opening increases the diameter of the wire decreases at the center of the 

crack opening. For example, with a 0.09 mm crack opening, the diameter of wire at the centre of 

the crack is 0.083 mm. By increasing the crack opening to 0.12 mm the diameter at this point will 

decrease to 0.08 mm. However, the decrease of the diameter of wire (necking) for all crack 

openings extends no more than 0.4 mm from the centre of the crack. Therefore, 0.8 mm is bridging 

length of the wire within the epoxy and is the distance over which the strains will be distributed at 

the breaking point. The maximum extension of the wire before it breaks can be estimated using 

the FEM to estimate the bridging length within the epoxy and the ultimate strain. 

 

Figure 4. 10. Diameter of wire at distances from the crack centre. By increasing the crack opening, 

the change in the diameter increases. The entire process of diameter change (Necking of the wire) 

starts at 0.4mm distance from the centre of the crack for all crack openings. 
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By using the ultimate strain and the bridging length of the wire within the epoxy then the crack 

width at which wire breaks can be estimated as follow: 

𝐶𝑟𝑎𝑐𝑘 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 휀 × 𝑏𝑟𝑖𝑑𝑔𝑖𝑛𝑔 𝑙𝑒𝑛𝑔𝑡ℎ → 𝐶𝑟𝑎𝑐𝑘 𝑜𝑝𝑒𝑛𝑖𝑛𝑔 = 0.18 × 0.8 = 0.14𝑚𝑚   (8) 

Which is in a good agreement with Figure 4. 9(b) which shows the crack opening of approximately 

0.12 mm from finite element simulation results. In addition it also falls in the limits of experimental 

results which is shown in Figure 4. 9. 

4.5.11 Effect of position of wire in the epoxy 

Results from analysing the binary sensor in ABAQUS shows that the bonding stiffness between 

MW79-C wire and E-20NS epoxy can be considered approximately 240MPa/mm. Having all the 

mechanical properties of materials as well as the interfacial bonding stiffness, the binary sensor 

was simulated in ABAQUS to study the effect of position of wire in the epoxy (h) on the detected 

crack opening. Figure 4. 11 shows positioning of the wire in the epoxy on the steel plates.  

 

Figure 4. 11. Positioning of the wire in epoxy on steel plates. The wire will be positioned at 

different depth of the epoxy to study the effect of wire placement on detected crack opening of 

binary sensor 

In this work three different thickness of epoxy was studied (1.0 mm, 2.0 mm and 3.0 mm). At each 

thickness, the wire was placed at (3/4), (1/2) and (1/4) thickness of epoxy. After completion of 
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analysis at each step, the crack opening at which the wire was broken, was measured. Results are 

shown in Table 4. 6. As it is shown in Table 4. 6, the maximum thickness of epoxy which will 

result in the desired detected crack opening (0.2 mm) is 2.0 mm. At this thickness, placement of 

wire in the epoxy has minimum effect on the results whereas by increasing the thickness to 3.0 

mm, the wire should be placed at less than half of the thickness of the epoxy to be able to detect 

cracks before they open up to 0.2 mm. 

 Position of wire (mm) - h 

Thickness of 

Epoxy(mm) - t 

(3/4)t (1/2)t (1/4)t 

3.0 0.28 0.22 0.17 

2.0 0.17 0.14 0.16 

1.0 0.13 0.13 0.12 

  Table 4. 6. Crack opening width based on different thickness of epoxy and different positions of 

wire in the epoxy  

4.6 CONCLUSION& FUTURE WORKS 

North American infrastructure including steel girder bridges are aging and reaching the designed 

service life. Crack formation and its propagation under service loads may occur in aging girders 

due to several reasons such as fatigue or deficiency in the welded joints. Structural Health 

Monitoring systems provide required techniques to monitor bridges and detect cracks before they 

reach to a critical dimension. Available crack monitoring techniques for monitoring steel girders 

are either not sufficient or not economical. Numerous bridges will benefit of an economical and 

easy installed system of monitoring. The new binary crack sensor which was introduced earlier 
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composed of wire which will be attached to the steel girder using a carefully designed epoxy. 

When a crack with the opening of approximately 0.2 mm forms in a steel girder, the binary sensor 

fractures and alarms the monitoring group. Two major parameters, which will affect the design of 

the binary sensor, are ultimate tensile strain of the wire as well as the bonding properties between 

wire and epoxy. In this work, the binary sensor using wire MW79-C (gauge 39) was tested on an 

experimental apparatus. The wire was pre-strained by 5% and 10% to compare the results and 

investigate the influence of pre-straining on the detected crack opening. A Finite Element Model 

of the apparatus and the binary sensor was created in a Finite Element software –ABAQUS- and 

the required bonding properties between wire and adhesive were measured from the microbond 

testing and was verified with the simulation. Experiments and FEM proved that pre-straining will 

result in a smoother surface of the wire and will cause the results to be less scattered.  It also proved 

that pre-straining will result in decreasing the ultimate tensile strain of the wire and consequently 

will result in smaller detected crack widths. The interfacial bonding stiffness between wire MW79-

C and epoxy E-20NS was measured to be in a range of 75 to 290 MPa/mm. The results from FEA 

using this range of bonding stiffness are in good agreement with the experimental results. 

Therefore in future studies of epoxy E-20NS and wire MW79-C, the interfacial bonding stiffness 

between these two materials will be taken equal to 240 MPa/mm. 

Effect of thickness of the epoxy and position of the wire in the epoxy was studied in the last part 

of this paper. Results show that the most optimum and feasible thickness of epoxy is 2.0 mm and 

the position of the wire in the epoxy at this thickness has minimum effect on the results.  

The finite element model, which was created in this work, will provide other researchers and 

practitioners with the means to predict the performance of the binary sensor in other crack 

detection applications. 
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In future works, the required steps for installing the binary sensor in the field from very first steps 

of calculating the best position of the sensor on the girder to the installation procedure and data 

collected after the installation will be studied.



 

 

 

 

 

 

 

 

CHAPTER 5: PLACEMENT OF BINARY CRACK SENSOR ON SIMPLY SUPPORTED 

I-SHAPED STEEL GIRDERS 

 

5.1.   ABSTRACT 

Cracks that form in steel girders of bridges have the potential to compromise the integrity of the 

structure. Therefore, it is critical to detect cracks before they reach an unstable length. In previous 

work distributed binary crack sensors and distributed fibre optic crack sensors were demonstrated 

to be capable of detecting cracks with maximum 0.2 mm opening in steel girders. In this work, an 

FEM of two typical medium-span simply supported steel girder bridge has been simulated (Girder 

A, 30 m span 1.7 m depth and Girder B, 22 m span 1.2 m depth). The loads used in the simulation 

were determined using field load test results. Given the detectable crack opening of 0.2 mm, the 

FEM simulation was used to determine the optimum place to position distributed crack sensors to 

detect the smallest crack length. Using FEM the crack opening along the length of the crack was 

estimated for a number of stable crack lengths. The results for distributed sensors were compared 

with FEM models for an array of discrete strain gauges. It was concluded that approximately 30 

sensors would be required for girder A and 24 sensors for girder B. Therefore, an array of 
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traditional strain gauges is an impractical method for crack monitoring. It was concluded that, the 

most effective position to install distributed binary sensor and fibre optic crack sensors, is between 

15cm to 25cm above the bottom flange for girder A and 15cm to 22cm above the bottom flange 

for girder B. At this position the sensors will detect cracks once they reach a length of 40 cm. 

KEYWORDS: Binary sensor, Crack detection, Steel bridges, Finite Element Analysis 

5.2    INTRODUCTION 

Many steel girder bridges in North America are approaching the end of their design life [4]. These 

bridges which were built before mid-1970 are at risk of crack formation in the steel girders [73]. 

Fatigue cracks may occur as a result of environmental stresses and cyclic truck traffic over a steel 

girder bridge and it can be categorized as distortion-induced cracks, cracks as a result of large 

initial defects, cracks related to connection restrained or cracks in welded flange and web gusset 

plates [6, 27, 74, 75]. Although the cracks may propagate and in some instances it may result in 

brittle fracture from crack instability [27], in most of the cases, ductility and redundancy of the 

bridges have prevented the catastrophic failure [73]. Detection of cracks in steel girders is 

important for public safety, to detect cracks when they can be repaired with minimum loss of 

service and to prevent the unpredictable loss of service and associated expenses. Visual inspection 

along with Non Destructive Evaluation (NDE) techniques such as acoustic emission, eddy current 

and ultrasound testing are one traditional way of detecting damages [10]. However, small cracks 

might escape detection and grow to lengths that will compromise the structure over the time 

interval between two sequential inspections. Fracture in a girder of I-95 Highway Bridge over the 

Brandywine River as well as in Diefenbaker Bridge over North Saskatchewan River in Prince 

Albert, Canada are two examples of this issue [11, 12]. A number of monitoring techniques are 

known to be capable of detecting cracks before they grow to an unsafe state [14]. Two general 
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categories of sensors are available; discrete (such as strain gauges, short gauge or long gauge 

sensors) and distributed (such as fiber optic sensors, smart film) [13, 16–23]. With the discrete 

monitoring method, strain sensors are installed at positions so that the strain perturbations due to 

crack formation can be detected. This requires that enough sensors be installed to ensure that 

wherever the crack forms a sensor is in close enough proximity to detect the strain perturbation 

above the background variation and noise [15]. Therefore, for a medium span bridge with multiple 

girders it might need an impractical number of sensors to be installed. A second way to monitor 

girders is to use distributed sensors which are installed along the entire length of the girder [15]. 

In addition, in previous work a distributed binary crack sensor has been demonstrated [14]. It is 

comprised of an insulated wire bonded to the steel girder using a carefully selected adhesive 

(Figure 5.1). The binary crack sensor has the potential to detect cracks before they open up to 0.2 

mm width  which is comparable to what fiber optic sensors can detect [16, 17].   The binary crack 

sensor will be installed over the entire length of the girder in regions on the web where cracks are 

expected to form (such as positions on the web where high tensile stresses exists or in the vicinity 

of those details which will result in fatigue cracking) [6, 17, 27].  When a sufficiently large crack 

forms under the sensor, the wire breaks and this can be detected by monitoring the continuity of 

the wire. Extensive testing has been carried out to find materials with proper mechanical properties 

such as specified tensile strength, ultimate tensile strain and required bonding properties between 

wire and adhesive. The ultimate tensile strain should be in a range that the wire breaks at openings 

less than the desired crack opening and the bonding should be strong enough to transfer the strain 

from the crack on the steel girder to the wire and cause the wire to break. The sensor was tested in 

the lab in ambient temperature as well as two extreme temperatures (-30ºC and +40 ºC). Results 
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of these experiments are discussed in previous works [17]. The sensor has also been field tested 

on a 30 meter span girder of a bridge in Canada [76]. 

Prior to the installation of the binary crack sensor the position of the sensor should be determined. 

The optimum placement is the position at which the sensor detects cracks before they grow 

spontaneously and result in severe damage of the girder and hence the overall structure. 

 

Figure 5. 1. a) The Binary crack sensor will be installed on the entire length of a steel girder and 

is comprised of wire adhering to the steel girder using an adhesive. By formation of crack in steel 

girder, strains will be transferred to the epoxy b) crack propagates through the epoxy when crack 

opening on the girder is less than 0.2 mm but wire remains connected c) over time, under tensile 

stresses, crack opening increases and causes the wire to break which will result in a change in the 

resistance of wire [17] 

Having the fracture toughness of the steel girder, the behavior of the cracked steel girder under 

service load at various temperatures can be predicted. Fracture toughness is an indication of the 
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amount of required stress for propagating a pre-existing flaw. In a steel girder of a bridge -at the 

point with an existing flaw- the crack will remain stable and will not propagate spontaneously as 

long as the stress intensity factor (SIF) at the tip of the crack remains less than the fracture 

toughness. Therefore, it is important to calculate the SIF at the tip of the crack to predict the 

maximum stable length of it. In this work the behavior of the crack is modelled using the stress 

intensity factor at the tip of the crack on the girder. Using the critical stress intensity factor, the 

maximum length the crack can have before it spontaneously propagates can be predicted. The 

maximum length the crack at which it propagates spontaneously is called the critical length. Using 

finite element modelling (FEM), the crack opening under load can be calculated at any position on 

the girder. From this simulation the opening of the crack at any position on the girder, before it 

reaches the critical length can be predicted. This map can be used to predict where the binary 

sensor is capable of detecting a crack before it reaches the critical length.  In this work, given a 

minimum crack opening that a crack sensor can detect and using finite element simulations of two 

typical medium span steel girders the optimum position of crack sensors to detect the minimum 

crack length has been determined. Also using the finite element simulation, the feasibility of 

application of distributed crack sensors will be compared to the discrete monitoring using the strain 

gauges. 

5.3    CALCULATION OF THE MAXIMUM STABLE LENGTH OF A CRACK 

Cracks may form in the steel girders of bridges as a result of stress concentration in the vicinity of 

a large initial defect in the material or weld. Cracks will be categorized as distortion-induced 

cracks, cracks as a result of large initial defects, cracks related to connection restrained or cracks 

in welded flange and web gusset plates [6, 27, 74, 75]. It is important to detect cracks before they 

become unstable and propagate spontaneously. This will reduce the rehabilitation costs and 
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enhance safety. One of the main characteristics of steel which will help to predict its behavior is 

the fracture toughness. Fracture toughness is an indication of the intensity of stress required for 

propagating a pre-existing flaw. In a cracked steel girder, if the stress intensity factor at the tip of 

the crack is less than the fracture toughness, then the crack will remain stable and will not 

propagate spontaneously. Therefore, it is important to calculate the SIF at the tip of the crack to 

predict the maximum stable length of the crack. In the following section, the calculation of SIF 

and critical length of the crack for two typical medium-span girders will be discussed.   

5.3.1   Stress Intensity Factor (SIF) 

The stress intensity factor can be calculated using the Linear- Elastic Fracture Mechanism 

(LEFM). LEFM relates the stress magnitude and stress distribution around a crack in a member to 

the crack size, shape and the crack orientation. In this method, the stress field ahead of a sharp 

crack in a structural member is called stress intensity factor, which is indicated with parameter K. 

To better analysis stresses and local deformations at the tip of a crack, three general modes of 

movement between the two surfaces of cracks have been defined; the opening mode (Mode I), the 

shear mode (Mode II) and the tearing mode (Mode III). Figure 5. 2 presents the three modes of the 

crack surface movement [77].  

In a steel plate girder under predominantly bending, the fatigue crack propagates in the web plate 

or tension flange due to the opening mode loading (Mode I) [2, 78]. The stress intensity factor for 

this case will be calculated using the far-field stresses as shown in Figure 5. 3. When the stress 

intensity factor at the crack tip reaches the fracture toughness of the steel, then brittle fracture 

occurs [78].   
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Figure 5. 2. Three basic modes of displacement between two surfaces of crack; a) Mode I, opening, 

b) Mode II, shear and c) Mode III, tearing  

For Mode I loading of a center-cracked tension plate, the stress intensity factor (𝐾𝐼) can be 

calculated as: 

𝐾𝐼 = 𝑓(𝑔)𝜎√𝜋𝑎 (1) 

Where 𝜎 is the far-field stress, 𝑎 is half of the length of the crack and 𝑓(𝑔) is a correction factor 

that depends on the crack geometry and the loading geometry [78]. For a girder under bending 

moments with an edge crack, the stress field around the crack varies linearly. The maximum tensile 

stress occurs at the end closer to the bottom flange and it is equal to the bending stress within the 

extreme fibers of the tension flange. The stress field at the other end of the crack can be described 

using equation (2): 

𝜎𝑎 = ±𝜎𝑓 (
4𝑎

𝑑
− 1) (2) 
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Figure 5. 3. Parameters of calculating the stress intensity factor of a center-cracked tension plate; 

SIF depends on far-field stress, length and geometry of the crack 

According to Mendes [2], for cracks in large web plates, the distribution of tensile stresses around 

the crack can be approximated as a uniform tensile stress (𝜎𝑎𝑣𝑒). In this work, the average tensile 

stress around the crack will be calculated according to equation (3): 

𝜎𝑎𝑣𝑒 = ±𝜎𝑓 (
2𝑎

𝑑
− 1) (3) 

Having the far field stresses around a crack, the stress intensity factor can be calculated using 

equation (1). 

5.3.2   Stress Intensity Factor Calculation for Two Typical Steel Girders 

To better understand the propagation of cracks a FEM simulation was used to predict the SIF for 

two typical steel girders. For a steel girder under bending moments, one of the main crack 

configurations is the vertical edge-crack extending normal to the tension flange through the web 

plate (Figure 5. 4b, c). In this work two steel plate girders from two typical medium-span bridges 
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were selected for SIF calculation. Girder A is typical for a 30-meter span composite bridge and 

Girder B is typical for a 23-meter span composite bridge. Both girders are simply supported and 

the thickness of the concrete slab is 200 mm for Girder A and 250 mm for girder B (Figure 4b, c). 

In both cases cracks are assumed to have initiated at small flaws in connections such as gusset 

plates positioned at 200 mm above the bottom flange.  

Both bridges are assumed to be under service loads with a combination of live and dead load. In 

order to estimate the maximum stresses at mid-span under the service load, data from monitoring 

of two bridges of this type have been used. Girder A and B are from multi-girder bridges. Once a 

truck passes over the bridge, the stresses will be distributed over all girders based on the 

distribution factors. Results from monitoring of both bridges have been used to calculate the 

maximum stresses in both girders. 
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Figure 5. 4. a) Geometry and position of strain gauges on both girders A and B, b) Cross section 

of girder A, c) cross section of girder B 

Girder A is the second girder of an eight-girder bridge. The strain gauges were mounted at one 

third of the span, 150 mm above the bottom flange. When a test truck weighing approximately the 

same as the CL-625 truck of the CHBDC passed the bridge over girder A, the strains were 

distributed over all 8 girder as shown in Figure 5a.  The strain at girder A were measured to be 

65με. Having the strain, the maximum stress and equivalent loading was calculated (equations 4 

to 6).     

𝜎= 𝐸휀 → 200 × 103 × 65 × 10−6 = 13 𝑀𝑃𝑎  (4) 

𝑀 = 𝑆 𝜎 → 13 × 45 × 106 = 549 × 106𝑁. 𝑚𝑚 (5) 

𝜔 =
9𝑀

𝑙2
 at L/3 → 549 × 106 ×

9

300002 = 5.49𝑁/𝑚𝑚   (6) 

 

 

 Figure 5. 5. Experimentally measured distribution factors for strains near the bottom flanges of 

girders due to passing truck over girders of a bridge. a) Truck passing over an 8-girder bridge, 
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approximately 35% of load is carried by girder A, b) By passing the same truck over a 4-girder 

bridge at the shown position, girder B carries approximately 38% of the total load. 

 

The same calculations have been done for girder B to estimate the maximum stresses under the 

service load at mid-span. Girder B is the exterior girder of a four-girder bridge. The strain gauges 

were mounted at mid-span, 150 mm above the bottom flange. When a test truck (approximately 

equal to CL-625) passed the bridge over girder B, the strains were distributed over all 4 girders as 

shown in figure 5b. The strain at girder B were measured to be 65με. Having the strain, the 

maximum stress due to live loads and its equivalent loading was calculated (equations 7 to 9).        

𝜎= 𝐸휀 → 200 × 103 × 65 × 10−6 = 13 𝑀𝑃𝑎 (7) 

𝑀 = 𝑆 𝜎 → 13 × 29 × 106 = 377 × 106𝑁. 𝑚𝑚  (8) 

𝜔 =
8𝑀

𝑙2
 @ L/2 → 377 × 106 ×

8

227002 = 5.85𝑁/𝑚𝑚  (9) 

The distributed service live load given by equations (6) and (9), in combination with dead load is 

applied to girder A and B according to the Canadian Highway Bridge Design Code. The stress at 

mid-span at the extreme tensile fiber for both girders are calculated and used in stress intensity 

factor calculations (equations 1 to 3). 

When a small crack forms at the mid-span at the welding joint of the gusset plate to the web of the 

girder (200 mm above the bottom flange), the crack will propagate through the web and will be 

arrested at bottom flange. Therefore, the initial length of the crack will be assumed to be 200 mm. 

In this work, the stress intensity factor for different length of cracks for both girder A and B has 

been calculated with the results shown in Table 5.1.  
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Girder A Girder B 

Crack Length 

(cm) 

20 30 40 50 60 70 80 20 30 40 50 60 

SIF (𝑀𝑃𝑎√𝑚𝑚) 932 1061 1132 1162 1159 1128 1075 895 992 1040 1014 965 

 

Table 5. 1. Stress Intensity Factor (SIF) for girders A and B for different length of the crack 

 

It is assumed that the worst temperature these two bridges will experience during their service life 

will be between -25 ºC and -50ºC. According to previous studies the fracture toughness of the web 

of the steel girder at the intermediate loading rate for this temperature will be estimated to be 71 

𝑀𝑃𝑎√𝑚 (2245 𝑀𝑃𝑎√𝑚𝑚) which is within the variation range of the fracture toughness of A36 

steel (250MPa) [75]. Comparing the calculated SIF to the critical one, cracks under same 

conditions as girders A and B with the initial length of 200 mm will not propagate spontaneously. 

The critical length of the crack before it propagates spontaneously can be calculated as follows: 

𝐾𝐼 = 𝐾𝐼𝐶 (10) 

𝐾𝐼 = 𝜎√𝜋𝑎 → 𝑎 =
𝐾𝐼𝐶

2

𝜎2𝜋
 

 

(11) 

According to equation (11) the maximum crack length for girder A and B with SIF equal to 2245 

𝑀𝑃𝑎√𝑚𝑚 might be more than the depth of the girder. Having the critical length of the crack for 

both girders, the crack opening along the crack for each length of the crack will be estimated from 

the finite element simulation. The map showing crack opening versus crack length will be used to 

predict the critical location of the binary sensor.  Therefore, the optimum placement of the binary 
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sensor on the web of the girder can be predicted. In following part, the finite element simulation 

of the cracked girder will be discussed.  

5.4.  FINITE ELEMENT SIMULATION 

5.4.1   Introduction 

The main purpose of the numerical study is to find the optimal position of the Binary sensor on 

the steel girder in such a way to detect smallest possible crack length, given a 0.2 mm crack 

opening detection limit.  The Finite element simulation is used to predict the crack opening versus 

position for different lengths of crack on the steel girder. The results of the simulation can be used 

to predict the optimum placement of the sensor. The Finite Element Modelling was done using the 

program ABAQUS. 

5.4.2   Simulation 

In this work, the steel girder was simulated by using shell elements. Since the thickness of the 

elements are significantly smaller than the length, shell elements are used for this simulation. Two 

types of shell elements are available for simulation, conventional and continuum. For thin shell 

elements, conventional elements are preferred [71]. The FEM was created in the X-Y horizontal 

plane and was extruded in Z direction (Figure 4. 6a).  

In order to simulate the I-shape steel plate girder, a 3-D extruded shell part was used in ABAQUS. 

Sketch of the web and two flanges was created in part section and then was extruded for 30 meters 

for girder A and for 22 meters for girder B. The steel was given a modulus of elasticity of 200GPa 

and the Poisson’s ratio of 0.3. The girder was simulated in ABAQUS using the 3-D eight-node 

reduced integration deformable conventional shell elements (Figure 6b). The thickness of the 

conventional elements was specified through section properties [71]. For a homogenous section, 

five integration section points were defined through the thickness of the shell (Figure 6c).                                                                 
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Figure 5. 6. a) Finite element model of the simply supported steel girder under service loads. b) 

Conventional shell elements, c) five integration section points through the thickness, d) 30cm crack 

on the web of the steel girder 

The finite element simulation assumes a simply supported steel girder. The girder is under the 

service load which is modelled as a uniform distributed load as described above in the SIF 

calculation part. A fixed length crack was created at mid-span in the web of the girder. The crack 

was initiated at the connecting joint of web to bottom flange and propagated into the web. The 

crack is shown in Figure 6d. After running the simulation the crack opening was measured along 

the length of the crack.  In addition, the stress intensity factor at the tip of the crack was also 

estimated. This process was carried out for cracks from 20 cm to half the girder depth in 10 cm 

steps. The 20 cm starting length was chosen to model a crack initiated at a gusset plate located 

approximately 20 cm above the bottom flange. Cracks have been observed to initiate at gusset 
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plates due to Constraint Induced Fracture (CIF) [12, 74]. The crack was assumed to propagate first 

to the bottom flange and then propagated up towards the upper flange. Hence the simulation starts 

at a 20 cm length and extends upwards towards the upper flange. The stress intensity factor was 

also calculated manually for each crack length [78]. 

5.5.  RESULTS & DISCUSSION 

The main purpose of the FEM in this work is to estimate the gap opening for different crack lengths 

and then use this information to find the optimum position for a binary sensor to be installed. The 

stress intensity factor (SIF) was also estimated from the finite element simulation and compared 

to manual calculations in order to estimate the maximum length of the stable crack.  

5.5.1. Stress Intensity Factor Estimation 

The stress intensity factor is a function of geometry of the crack and it varies with different lengths 

of the crack (equation (1)). For the purpose of this paper, different crack lengths for each girder 

were simulated in ABAQUS in 100 mm steps; 200 mm to 800 mm for girder A and 200 mm to 

600 mm for girder B. Evaluating the SIF using the conventional shell methods in ABAQUS 

depends on the meshing dimensions. The finer the meshes, more accurate the results [70]. In this 

work, a 1.0 mm mesh was used in the neighborhood of the crack tip. Figure 5. 7(a) and 5. 7(b), 

plots the stress intensity factors measured and calculated from ABAQUS and manual calculations 

for both girders A and B versus the crack length. The dotted lines are ±10% bounds above and 

below the manual calculations.  

The simulated and manual calculations are in agreement within this ±10% bound. For smaller 

lengths of crack, the SIF at the tip of the crack increases with an increase in the length of the crack. 

As the length of the crack increases and gets closer to the neutral axis of the girder, the average 

tensile stress remains steady which will cause a small drop in the value of the SIF. 
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Figure 5. 7. Stress Intensity Factor calculation a) for girder A and b) for girder B. in both cases at 

smaller crack lengths the FEM results and the manual calculations are in good agreement c) 

comparing calculated SIF and the critical value for girder A, d) comparing calculated SIF and the 

critical value for girder B 

ABAQUS results which are shown in the graph are in good agreement with manual calculations. 

The difference between two calculations might be due to the meshing density and dimensions. 

Figure 5. 7(c) and (d) shows the critical stress intensity factor limit for temperatures between -25 

ºC and -50 ºC for girders A and B. The manually calculated values of SIF is shown on the same 
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graph to make a comparison to the critical limits.  Figure 5. 7(c) and 7(d) shows that the critical 

SIF is much higher than the SIF at the tip of cracks in both girder A and B. Therefore, it is expected 

that there will be no fracture of the girder under the service load.    

5.5.2.   Optimum Position for Distributed Crack Sensors 

One of the main outcomes of the FEM are estimates of crack opening along the crack. These plots 

can be used to estimate the optimum point at which to position a crack sensor to detect smallest 

detectable crack length. The optimum position of the sensor will depend on its characteristics. The 

binary sensor is capable of detecting cracks with opening of less than 0.2 mm, which is 

approximately equivalent to what distributed fiber optic sensors are capable of detecting [16]. 

Therefore, only at positions where the crack opening is wider than 0.2 mm will the binary sensor 

detect the crack. Different lengths of cracks were simulated in ABAQUS with the service load 

applied on the girder and the crack opening along the length of the crack was estimated. In Figure 

5. 8 the results of finite element simulation are plotted. Different lengths of crack are shown for 

each girder (20 cm to 80 cm for girder A and 20 cm to 60 cm for girder B). For example, with an 

800 mm long crack in girder A, the crack opening at the flange is 0 mm and reaches a maximum 

value of 0.36 mm at 400 mm above the flange and then reaches 0mm at the crack tip 800 mm 

above the flange. For the 800 mm long crack in girder A, the maximum crack opening is 0.36 mm. 

For the 800 mm crack in girder A the crack opening is greater than 0.2 mm from 80 mm above the 

flange to 690 mm above the flange. Extensive testing was done in the lab for the binary sensor on 

a small steel girder. Results of testing demonstrate that the binary sensor was able to detect crack 

openings of 0.13±0.01 mm or greater [17, 79]. In the laboratory the adhesive thickness and the 

position of the wire within the adhesive can be carefully controlled. However, when the sensor is 

installed in the field the thickness of adhesive applied and the position of the wire within the 
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adhesive layer will have greater variability. Using the FEM model the impact of variability in 

adhesive thickness and wire positioning can be predicted. Using expected variation in adhesive 

thickness and wire positioning the FEM predicts that the minimum crack opening that can be 

detected will be 0.2 mm. Therefore, in this work it is assumed that the minimum detectable crack 

opening for both the binary and fiber optic sensors is assumed to be 0.2 mm. A dashed line has 

been plotted at 0.2 mm crack opening in Figure 5. 8(a, b). Using the plots in Figure 5. 8a the 

optimal position for the binary sensor can be predicted.  For girders with same specifications as 

girders A, at approximately 15 cm to 25 cm above the bottom flange the sensor will detect the 

crack as soon as it reaches a length of 35-40 cm. In addition at 15 cm to 25 cm above the bottom 

flange, as the crack length grows the crack opening also widens. Whereas by positioning the sensor 

at 5.0 cm above the bottom flange, the crack would reach 80 cm long before the crack opening 

reaches the 0.2 mm threshold. Using the crack opening map for girder B, the optimum position for 

installing the binary sensor is 15 cm to 22 cm above the bottom flange. If the sensor is installed at 

these positions, when a minimum 35-40cm long crack forms on the web of the girder, the sensor 

threshold of 0.2 mm opening will be exceeded. In summary, the FEM model predicts the optimum 

position to install the binary crack sensor is along a line 15 to 25 cm above the flange for girder A 

and 15 to 22 cm above the flange for girder B.     
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Figure 5. 8. a) Crack opening vs distance from bottom flange (Girder A) for cracks with different 

lengths varying from 20 cm to 80 cm. By positioning the binary sensor at 15cm to 25cm above the 

bottom flange, any crack longer than 40cm can be detected. b) Crack opening vs distance from 

bottom flange (Girder B) for cracks with different lengths varying from 20 cm to 60 cm. By 

positioning the binary sensor at 15cm to 22 cm above the bottom flange, any crack longer than 

40cm can be detected.  
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5.5.3.   Feasibility Study of Using an Array of Strain Gauges for Crack Detection  

Strain gauges are one of the most widely used methods of monitoring the performance of steel 

girder bridges. When cracks form in steel girders the strain within the girder will be perturbed. The 

perturbation in the strain field can be used to detect the presence of the crack. For example, for a 

crack perpendicular to the flange the longitudinal strain near the crack will be reduced. Therefore, 

a shift in the measured strain can be used to indicate the presence of a crack. The temperature 

variation of the strain gauge as well as the mounting variations need to be accounted for in any 

detection scheme. This method has the advantage of simple interpretation of measurements to 

detect the presence of a crack. However, this method requires a large number of sensors which 

imposes complex wiring and a large number of data acquisition channels, which makes it 

unpractical to be used for most bridges [15, 29, 44, 45].  

In this work a FEM simulation has been used to determine the minimum number of strain gauges 

required to detect cracks on girder A and B. In order to measure the shift in the strains in the 

vicinity of the crack, a finite element model of girders under the service live load was simulated 

by program ABAQUS. Strain diagrams of the girder with different possible length of cracks were 

plotted. Figure 5. 9 shows the measured strain at 25cm above the bottom flange (which is the 

optimum position to install the binary sensor).  For an un-cracked girder, the measured strain at 

mid-span at 25 cm above the bottom flange is approximately 58με. As soon as a crack forms in 

the girder, there will be a sudden drop in the measured strain in close proximity of the crack.  

Assuming that the strain gauge array is capable of detecting a 10με shift in the measured strains, 

the maximum distance that strain gauges should be installed to detect cracks are shown in Table 

5. 2.  For example, in order to detect cracks with minimum length of 40cm (which is what binary 
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crack sensor can detect at 25cm above the flange), the maximum distance between strain gauges 

should be 101cm. Therefore, approximately 30 strain gauges for girder A are required.  

 

 

 

Figure 5. 9. Measured strain at 250 mm above the bottom flange for girders A. The measured 

strain at mid-span under live load is approximately 58με. As soon as a crack forms in the girder, 

there will be sudden drop in the measured strain. In order to detect the 10με shift in the strain, 

strain gauges should be placed at maximum 101 cm from each other to detect cracks longer than 

40 cm. Therefore, approximately 30 strain gauges for girder A are required.  

Table 5. 3 shows the maximum required distance between strain gauges for girder B. In order to 

detect cracks longer than 40cm, the maximum distance between strain gauges should be 96cm. 

Therefore, approximately 24 strain gauges are required.    

 

101 cm 
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Crack 

Length 

(cm) 

Position of Strain Gauges From Bottom Flange (cm) 

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

20 52 53 12 21 - - - - - - - - - - - 

30 73 79 81 71 18 29 13 - - - - - - - - 

40 86 94 101 101 83 72 25 37 42 42 - - - - - 

50 94 109 117 125 125 117 109 89 31 43 50 52 34 - - 

60 94 117 125 133 144 145 142 135 119 15 37 50 56 62 63 

70 94 117 141 141 156 156 156 156 156 140 40 12 42 56 65 

80 94 117 141 141 156 156 180 172 172 172 165 148 36 10 48 

Table 5. 2. Numbers in the table are the maximum distance (cm) between strain gauges to detect 

a 10με shift (due to the presence of crack) in the measured strains. (Girder A) 

Crack 

Length 

(cm) 

Position of Strain Gauges From Bottom Flange (cm) 

10 15 20 25 30 35 40 45 50 55 60 

20 54 53 17 22 - - - - - - - 

30 75 81 81 77 18 30 37 36 - - - 

40 83 96 99 99 91 71 31 40 45 45 - 

50 89 109 118 122 124 118 108 87 27 44 52 

60 92 110 107 132 134 137 134 126 103 10 41 

Table 5. 3. Numbers in the table are the maximum distance (cm) between strain gauges to detect 

a 10με shift (due to the presence of crack) in the measured strains. (Girder B) 

 5.5.4. Optimum Position for Placing Fibre Optic Sensors on Girder A, B 

Distributed fiber optic sensors based on Brillouin scattering is one way of crack detection [16, 46, 

47]. In this method the fiber optic sensor will be installed at specified positions on the girder and 
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is sensitive at every point along its length. Using the Brillouin based fiber optic sensor, 0.2 mm 

crack openings can be detected [16].  According to Figure 8, to detect cracks with at least 0.2 mm 

opening, the distributed sensor should be installed at the same position as binary crack sensor 

(between 15 cm and 25 cm above the tension flange for girder A and 15 cm to 22 cm above the 

tension flange for girder B). Therefore the FOS is capable of detecting cracks longer than 40cm at 

a medium-span simply supported steel girder. A brief comparison between the three types of crack 

monitoring is shown in Table 5. 4. 

Type of crack monitoring Comments 

Distributed strain gauges 

A large number of strain gauges are required to detect a 10με 

shift in the readings. Which will result in complicated wiring 

system and high cost of installation and interpretation 

Fiber optic sensors 

Capable of detecting 0.2 mm opening cracks in steel girder of 

bridges, however high cost of installation and data acquisition 

systems makes the cost excessive for the majority of bridges 

Binary crack sensor 

Capable of detecting 0.2 mm opening cracks in steel girder of 

bridges. It can be installed easily at a fraction of the cost. The 

binary crack sensor is being field tested on large-scale bridge in 

Canada and the installation procedure is under consideration for 

optimization   

 

Table 5. 4. Comparison between three types of crack monitoring using distributed strain gauges, 

fiber optic sensor and binary crack sensor 
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5.6.  INSTALLATION ON LARGE-SCALE GIRDER OF A BRIDGE 

The Binary sensor was installed on a steel girder of a bridge in Canada in August 2017. The main 

purpose of installing the binary sensor was to evaluate its application under real loading and 

weather conditions. This includes investigation of the bond between the steel girder and the sensor 

under cyclic loading, studying the effect of temperature and weather condition on the sensor, 

optimizing the installation procedure according to real situation on the bridge and testing to see if 

the sensor can detect cracks if any available. The binary sensor was installed on a 30 meter length 

of a girder at 150 mm to 200 mm above the bottom flange. The sensor was installed in seven 

segments with approximately 4 and 5 meter lengths (Figure 5. 10). Each segment has one 

contiguous sensor terminated to a unique channel on the data acquisition unit. Any crack with 

opening of at least 0.2 mm can be detected at each segment. 

 

Figure 5. 10. Installation of binary crack sensor on a 30-meter span steel girder of a bridge in 7 

segments. 

In order to install and place the binary sensor on the steel girder, a frame work (groove) was formed 

using foam tape. The depth of the groove was 2.0 mm and the width was approximately 250 mm. 

Then, the wire was mounted on the girder. To hold the wire at its position on the girder, an adhesive 
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was used at few points (Figure 5. 11a). The ends of wire were connected to a terminal block (Figure 

5. 11b). Afterwards, the epoxy was applied on the wire into the groove using an applicator and its 

surface got leveled using a knife (Figure 5. 11c,d). The required time for the epoxy to cure is 24 

hour. After the epoxy was cured, the frame work was removed and the surface of the binary sensor 

was covered with the use of foil (Figure 5. 11e). The sensor was installed in August 2017 and the 

Data logger was programmed to synchronize two readings per day on the analytics server based in 

Structural Monitoring Technology (SMT) office in Vancouver. Readings are available since then 

and as soon as a crack opens up to approximately 0.2 mm, the change in the continuity of the wire 

will be monitored. 

 

Figure 5. 11. Installation procedure of the binary sensor on girder A. 

5.7.  CONCLUSION 

On steel girder of bridges, cracks may form as a result of cyclic traffic load, deficiency in material 

or welding or fabrication errors. To detect cracks, a binary crack sensor was developed and 
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introduced earlier. In this work, the optimal position for installing a binary sensor on typical 

medium-span simply supported steel girder of two bridges was studied (Girder A; 30m span, 1.7m 

depth and girder B; 22.7m span and 1.2m depth). The binary sensor is capable of detecting 0.2 mm 

opening cracks. It is important to install the sensor in a position which detects cracks before they 

reach an unstable length and fracture. The critical length of the crack was calculated by estimating 

the stress intensity factor at the tip of the crack. FEM of the steel girders were simulated by 

program ABAQUS to estimate the crack opening along the crack and finally finding the optimum 

position for installing a binary sensor. Results from analysis show that in order to detect 0.2 mm 

width cracks on girders A and B, binary sensor should be installed between 15 cm to 25 cm above 

flange for girder A and in girder B, it should be installed at 15 cm to 22 cm above the tension 

flange. Using FEM, the optimum position for discrete strain gauge and fiber optic sensor detection 

cracks were also considered. Calculations show that in order to detect cracks at the same position 

as a binary sensor, numerous units of strain gauges are required which will lead to a complicated 

wiring system. On the other hand, since the Brillouin-based FOS is capable of detecting cracks 

with 0.2 mm opening, the sensors should be installed at exact positions as a binary sensor. 

However, high installation cost and monitoring system cost makes the use of FOS impractical for 

most of the old bridges.  
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CHAPTER 6: CONCLUSION & FUTURE WORKS 

 

In this project, an innovative distributed binary crack sensor has been developed. The binary crack 

sensor is composed of thin wire (gauge 39- Diameter = 0.09 mm) which adheres to the steel girders 

using a carefully selected adhesive. The sensor has the capability to detect 0.2 mm crack openings 

on the web of steel girders of bridges.  

In chapter 3 of this work, the required experimental work for developing the sensor has been 

explained. In order to select proper material for the binary crack sensor, an experimental apparatus 

has been designed to simulate the crack opening on the web of steel girders. Different combination 

of materials has been tested on the experimental apparatus and the best combinations were tested 

on small scale steel girder in the lab. Results of experiments using copper wire (MW 79C) in 

combination with Loctite Epoxy E-20NS were consistent and in the desirable range. The binary 

crack sensor then has been tested in an environmental chamber - at two extreme temperature of    

(-30ºC) and (+40ºC) - to study the effect of temperature in crack width detection as well as the 

bonding between materials. Results of this part of the project proved that changes in temperature 

has minimum effect on the performance of the binary crack sensor.  
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Chapter 4 of this work discusses the effect of changes in different parameters such as final tensile 

strain of wire, bonding properties between wire and adhesive and position of wire in the epoxy on 

the performance of the binary crack sensor. Results of experiments show that by pre-straining the 

wire, the detected crack opening will decrease. Results were verified using the simulation. In this 

chapter, a Finite Element Model of the binary crack sensor and the experimental apparatus has 

been simulated in a finite element software- ABAQUS-. In order to complete the simulation, the 

mechanical properties of material were required. Experiments were carried out to estimate the 

tensile properties of the wire, tensile properties of the epoxy and bonding properties between the 

wire and the epoxy. As a result of simulation, the interfacial bonding stiffness between epoxy and 

wire is suggested to be 240 MPa/mm2 /mm. using this stiffness, in order to detect crack openings 

less than 0.2 mm, the maximum thickness of epoxy is suggested to be 2.0 mm.  

The next step in developing the distributed binary crack sensor is to find the optimum position of 

the sensor on steel girders of bridges. Chapter 5 of this work discusses the optimal placement of 

the binary sensor on two typical I-shaped steel girders of two medium span bridges. In this chapter, 

the maximum stable length of the crack on assumed girders has been estimated by estimating the 

stress intensity factor (SIF) at the tip of the crack. The girders were simulated in ABAQUS and 

were analysed under service loads. Calculations for simply supported girders of two typical 

medium span bridges show that a 0.2 mm detected crack opening is sufficient enough to prevent 

fracture and continuous propagation of the crack into the web of these girders. The crack opening 

along crack length for different lengths of the crack were estimated and a map of crack length 

versus crack opening for two typical girders were plotted. Using this map, the optimum placement 

of the binary crack sensor to detect cracks as soon as possible was suggested.  
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The sensor is now being field tested on a steel girder of a bridge in Canada for more than a year. 

The optimization of the installation procedure, behavior of the sensor under cyclic loading, 

application of the binary crack sensor on other materials and on other applications will be studied 

in future works.  
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Appendix A: Sensing Circuit  

Excerpted from supplementary material of “A Finite Element Model and Experimental 

Investigation of the Influence of Pre-Straining of Wire on the Sensitivity of Binary Crack 

Sensors”, Journal of Civil Structural Health Monitoring, June 2018 

The sensing circuit is shown in Figure A.1. Ends of wire are connected to a DAQ in series with a 

resistor to make a voltage divider sensing circuit. As it is shown in the Figure A. 1 and equations 

below, when the wire is not broken the voltage of the ends of the wire is expected to be near 

0.4mV.  

 

Figure A. 1. Sensing circuit of the binary crack sensor 

𝑉 = 𝑅𝐼    (1) 

The input voltage is equal to 5V, the resistance of the wire for 10m length at 0.08Ω/m is 0.8Ω 

which is in series with a 10KΩ resistor. In the series circuit the voltage electrical current is equal 

in both resistors and the voltage is divided between the two resistors. By measuring the voltage 

across the wire it can be determined if the wire is broken or not. Equation (2) shows the voltage 

across the wire before the break: 
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𝑉𝑤 = 𝑅𝑤 × 5.0 =
0.8

0.8 + 104
× 5.0 = 0.4𝑚𝑉    (2) 

After the wire breaks, the resistance of the broken wire will be more than 1MΩ. Therefore the 

voltage across the wire will increase to: 

𝑉𝑤 = 𝑅𝑤 × 5.0 =
106

106 + 104
× 5.0 = 4.95 𝑉    (3) 

 

 

Figure A. 2.  Typical output of the binary crack sensor 
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Appendix B: Experimental Results Using Loctite Quicktite & M-Bond Adhesives 

In this work, few adhesives from two categories of cyanoacrylate and epoxy have been tested. The 

first adhesive tested was Loctite QuickTite which is a gel adhesive and sets in 2 minutes. The crack 

width at which the binary sensor could detect was about 0.15 mm which is less than the desired 

crack width; but after curing there were few cracks forming on the surface of the adhesive (Figure 

B. 1) which made the results unpredictable and therefore not considered any further [58]. 

               

Figure B. 1. Loctite Quicktite was used to install the wire on the steel plates. Micro cracks on 

the surface of the adhesive after curing caused inconsistency in the detected crack openings. 

 

Figure B. 2. Typical detected crack opening. Although the detected crack opening was less than 

the desired opening, micro cracks on the surface of the adhesive resulted in inconsistent results.  

1mm 
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The other cyanoacrylate which was tested was M-Bond 200. This adhesive is commonly used for 

installing strain gauges on steel beams. Using this adhesive, the binary sensor broke at openings 

much more than 0.2 mm. There was extensive debonding between wire and adhesive (Figure B. 

3), which caused the wire to break at wider than the acceptable crack opening. 

 

Figure B. 3. Typical force-displacement diagram of binary sensor using M-Bond epoxy.  

 

  Figure B. 4. M-Bond was used to install the wire on the steel plates. The initial debonding 

between wire and adhesive resulted in wider effective crack opening. In order for wire to reach the 

final strain, wider crack opening was required.   
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Appendix C: Finite Element Simulation to Study Effect of Changes in Mechanical 

Properties of the Adhesive on the Detected Crack Opening 

The main purpose of the simulation of the binary sensor in chapter 4, was to use the model for 

other combinations of wire and adhesive. In this appendix, different mechanical properties have 

been assigned to the epoxy to study the effect of changes in adhesive on the detected crack opening. 

Thickness of the epoxy was assumed to be 1.0 mm and the ultimate tensile strain of the wire was 

assumed to be 18% (pre-strained by 5%). In the first and second try, the elasticity modulus of the 

epoxy has changed (increased/decreased) by factor of 2.0 and in the third and fourth try, the 

maximum tensile stress of epoxy has changed in the same order. The interfacial bonding stiffness 

between wire and adhesive was assumed to be 240 MPa/mm. Table C. 1 shows the detected crack 

opening for different mechanical properties of epoxy. 

 Elasticity Modulus (GPa) Maximum Tensile Stress (MPa) 

 (2E)1860 (E)930 (E/2)465 (3S)60 (2S)40 (S)20 (S/2)10 

Detected Crack 

Opening (mm) 

0.10 0.11 0.12 0.15 0.11 0.11 0.11 

Table C. 1. Effect of change in mechanical properties of epoxy on the detected crack opening 

As it is shown in the table, by using an epoxy which is twice stiffer than Loctite E20-NS, smaller 

widths of crack can be detected. On the other hand, using an epoxy with 3 times higher tensile 

stress will result in detecting the wider crack openings (0.15 mm crack opening). 
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Appendix D: Sensitivity analysis of binary sensor 

In order to better find the optimal placement of the binary sensor on the web of the girder, the 

cumulative probability of binary crack sensor detection at different locations on girder A were 

plotted. To plot the probability function, a normal cumulative distribution of crack width detection 

with average of 0.2 mm and standard deviation of ± 0.05 mm was used. Then the crack width 

detection for different lengths of crack (from 20 cm to 80 cm) at different positions along the crack 

(5 cm to 40 cm above the bottom flange in 5cm increments) was estimated using the FEM. the 

cumulative distribution curve for each position of the binary sensor were plotted. Results are 

shown in Figure D. 1. The detected crack width opening is plotted using the dash-dot line. For 

example if the sensor is being installed at 25cm above the bottom flange (the solid line), the 

probability to detect cracks with 25 cm long is zero and any crack as long as 40 cm has 60 % 

chance to be detected. Whereas by positioning the binary crack sensor at 5.0 cm above the bottom 

flange, cracks as long as 80 cm have less than 40% chance to be detected. Therefore, as mentioned 

earlier in Figure 5. 8a, the best position to install the binary sensor on girder A is somewhere 

between 15cm to 25cm above the bottom flange. At this positions, cracks with minimum 40cm 

length are expected to be detected. 
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Figure D. 1. Cumulative probability of the detected crack opening at each position of the crack. 

By placing the sensor at 15 cm to 25 cm above the tension flange in girder A, cracks with minimum 

40 cm length can be detected 

 

 

 



 

 

Appendix E: Placement of Sensor on Girders with Crack Extended Partially into the 

Bottom Flange 

As mentioned in earlier chapters of this work, cracks may start in steel girders of bridges due to 

initial deficiencies in material or welding of joints. The initial deficiency may grow in size and 

propagates into the web of the girder and arrested in the tension flange. The crack formed in the 

steel girder of Quinnipiac river bridge in Connecticut is an example of this kind of cracks [28].  

Earlier in chapter 5 of this work, the optimum placement of distributed binary crack sensor on 

girder A was estimated. In chapter 5, the crack was assumed to propagate into the web of the girder 

and be arrested before reaching the tension flange. The optimal placement of the distributed binary 

sensor in this case was estimated to be 15 cm to 25 cm above the tension flange. By positioning 

the binary crack sensor at these locations, cracks with minimum lengths of 35 cm to 40 cm could 

have been detected. 

 In this appendix, the crack is assumed to propagate into the web of the girder and continues into 

the tension flange as shown in Figure 2. 1 and be arrested in the tension flange. Therefore, a part 

of the tension flange is assumed to be cracked. Crack opening along the crack for different lengths 

of the crack has been plotted in Figure E. 1. As it is shown in this figure, the optimal placement of 

the distributed binary crack sensor will shift towards the tension flange to 10 cm to 15 cm above 

the bottom flange. By positioning the binary sensor at this positions, cracks with minimum length 

of 30 cm will be detected. 
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Figure E. 1. Crack opening vs distance from bottom flange for different crack length on girder A. 

Crack starts at deficiencies on the web of the girder and propagates into the web. Cracks will be 

arrested in the bottom flange. 
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Appendix F: Cost Estimation for Three Methods of Distributed Monitoring 

Table F.1 shows the breakdown of costs for three different distributed monitoring systems; Fibre 

optic sensor, Binary sensor and array of strain gauges on a 300 m steel girder of a bridge. 

System 
Sensor 

($/m) 

Installation 

($/m) 

DAQ 

($) 

Operation 

(Phone/Internet/Battery) 

($/year) 

Total for 

300 m 

($/year) 

Total for 

300 m 

($/5 year) 

FOS 20 500 150,000 40,000 346,000 506,000 

Binary 5 500 30,000 10,000 191,500 231,500 

Strain 

Gauges 
50 500 150,000 40,000 355,000 515,000 

Table F. 1. Cost analysis of three methods of distributed monitoring 

 


