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Abstract: Fatigue cracks are critical structural concerns for steel highway bridges, and fatigue 22 

initiation and propagation activity continues undetected between physical bridge inspections. 23 

Monitoring fatigue crack activity between physical inspections can provide far greater reliability 24 

in structural performance and can be used to prevent excessive damage and repair costs.  In this 25 

paper, a thin-film strain sensor, termed a soft elastomeric capacitor sensor (SEC), is evaluated for 26 

sensing and monitoring fatigue cracks in steel bridges. The SEC is a flexible and mechanically-27 

robust strain sensor, capable of monitoring strain over large structural surfaces. By deploying 28 

multiple SECs in the form of dense sensor arrays, it is possible to detect fatigue cracks over large 29 

regions of a structural member such as a bridge girder. Previous studies verified the SEC’s 30 
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capability to monitor fatigue crack under idealized harmonic load cycles with a constant crack 31 

propagation rate. Here, an investigation is performed under more complex and realistic situations 32 

to translate the SEC technology from laboratory testing to field applications, specifically, as 33 

cracking propagates under 1) a decreasing crack propagation rate, and 2) random traffic load cycles 34 

with stochastic peak-to-peak amplitudes and periods. An experimental program was developed 35 

which includes an efficient data collection strategy, new loading protocols, and crack sensing 36 

algorithms. The experimental results showed an increasing trend of the fatigue damage feature, 37 

termed as crack growth index (CGI), under crack initiation and propagation, despite the decreasing 38 

crack propagation rate or random traffic load cycles. In addition, the results also showed that the 39 

SEC does not produce false-positive results when the crack stopped growing. Findings of this 40 

study significantly enhance the SEC’s fatigue sensing and monitoring capability under more 41 

realistic loading conditions, which is a critical step towards field applications of the technology. 42 

Keywords: Fatigue crack sensing and monitoring, Steel highway bridges, Structural health 43 

monitoring, Thin-film sensors, Compact specimen, Power spectrum density, Traffic load, 44 

Capacitive strain sensor 45 

Introduction 46 

Monitoring of fatigue cracks is critical for detecting and preventing excessive damage that 47 

can lead to bridge failure (Haghani et al. 2012). Visual inspection is the most commonly-used 48 

approach for detecting crack activity; however, it is labor-intensive, potentially dangerous, and 49 

allows the potential for crack propagation over long periods of time between inspections (Zhao 50 

and Haldar 1996). Nondestructive testing (NDT) and other advanced approaches such as acoustic 51 

emission (Roberts and Talebzadeh 2003), piezoelectric sensors (Ihn and Chang 2014), vibration 52 

analysis (Blunt and Keller 2006), and computer vision-based methods (Kong and Li 2018) have 53 
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shown various levels of success for detecting and/or monitoring fatigue cracks. Nevertheless, these 54 

techniques usually rely on extensive human involvement and/or complex data processing 55 

algorithms, which may limit their success and level of applicability.  56 

Strain-based methods coupled with thin-film sensors have shown potential for continuous 57 

detection and monitoring of fatigue cracks over large-scale structural surfaces. The methodology 58 

is aimed at capturing abrupt strain change induced by cracking in the local region by deploying 59 

large-area strain sensors over fatigue-susceptible regions of structural components. The concept of 60 

using thin-film sensors is an appealing one, since this approach provides the opportunity to detect 61 

crack activity over an entire fatigue-susceptible region, rather than only gathering data at discrete 62 

points.  Several types of thin-film sensors have been developed for the purpose of crack detection 63 

in civil infrastructure applications, using various sensing principles. Examples include: resistance 64 

sensing sheets (Tung et al. 2014), patch antenna sensors (Yi et al. 2013), carbon nanotube sensors 65 

(Kang et al. 2006), and soft elastomeric capacitor (SEC) sensors (Laflamme et al. 2012). One 66 

particular advantage of the SEC is its ability to measure a wide range of strain (up to 20%) 67 

(Laflamme el al. 2013) over a large sensing area, typically 63.5 mm × 63.5 mm (2.5 in. × 2.5 in.).  68 

The features of large-area sensing and wide strain range make the SEC a suitable candidate 69 

for fatigue crack sensing and monitoring. By deploying multiple SECs in the form of dense sensor 70 

arrays over fatigue-susceptible regions, the SEC technology greatly increases the chance of 71 

capturing fatigue crack initiation and propagation over large structural surfaces without accurate 72 

prior knowledge about crack locations. In addition, because of the large measurement range, the 73 

SEC would remain functional as cracks propagate beneath it, providing continuous monitoring 74 

over long term.  75 

Previous investigations have experimentally evaluated the SEC’s performance for crack 76 
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detection using compact, C(T), specimens (Kharroub et al. 2015; Kong et al. 2016). Results 77 

indicated that the SEC was capable of detecting and monitoring low-cycle fatigue cracks. Later 78 

research (Kong et al. 2017a; Kong el al. 2017b) established a robust data processing strategy and 79 

greatly enhanced the SEC’s ability to monitor high-cycle fatigue cracks, which represent cracks 80 

commonly occurring in steel highway bridges.  81 

Before the SEC-based crack sensing technology can be translated from laboratory to field 82 

applications, two research questions need to be addressed. The first research question was whether 83 

the SEC can be expected to produce false-positive results during long-term monitoring. Crack 84 

propagation in the field is likely to be driven by more complex loadings than the simple scenarios 85 

previously studied (Kong et al. 2017a). The stress intensity factor range at the crack tip, ∆K, which 86 

is the driving force behind crack growth, can be expected to fluctuate due to changing loading and 87 

structural conditions in the field. As a result, the crack propagation rate may fluctuate, and in some 88 

cases, the crack may stop growing when ∆K approaches its threshold for crack growth. Previous 89 

experimental investigations (Kong et al. 2017a) applied loading protocols that resulted in constant 90 

crack propagation rate. To ensure that the SEC is capable of consistently monitoring crack growth 91 

over the long-term without false-positive results, it is critical to evaluate the SEC-based crack 92 

sensing technology under varying crack propagation rates. 93 

The second research question is whether the SEC is still functional as a fatigue crack sensing 94 

device under more realistic loading cycles occurring in steel highway bridges. In field applications, 95 

traffic loads are composed of a series of load cycles due to passing vehicles. These load cycles can 96 

be expected to have different peak-to-peak amplitudes and periods. The load cycles used in 97 

previous tests (Kong et al. 2017a) were based on a harmonic time series with a single period and 98 

a constant peak-to-peak amplitude, which does not fully capture realistic traffic load cycles in steel 99 
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highway bridges. 100 

In this study, we examined these two research questions through fatigue test of a steel C(T) 101 

specimen. First, a new loading protocol was created to generate and propagate a fatigue crack 102 

under a decreasing ∆K, eventually diminishing all the way to the material threshold for crack 103 

growth. As a result, the crack propagation rate continued to decrease until crack growth arrested. 104 

Measurements of the SEC under harmonic load cycles were collected, from which crack growth 105 

features were extracted using the previously-established crack sensing algorithm (Kong et al. 106 

2017a). The SEC’s crack monitoring performance under the decreasing crack propagation rate was 107 

then assessed. The result was also investigated when the crack stopped growing (i.e. when ∆K 108 

approached the threshold for crack growth). Second, new stochastic traffic load was established 109 

using random peak-to-peak amplitudes and periods, designed to simulate realistic features of 110 

traffic loads of steel bridges. An updated crack sensing algorithm was established for extracting 111 

crack growth features to investigate the SEC performance under the simulated random traffic load 112 

cycles. 113 

Background 114 

In this section, the fundamental sensing principle of the SEC is first introduced. It is then 115 

extended for fatigue crack sensing of steel bridge structures. 116 

SEC Technology 117 

The SEC is a large-area flexible capacitor comprising a dielectric sandwiched between two 118 

conductive layers (electrodes), as illustrated in Figure 1a. The dielectric (i.e. electrical insulator) 119 

is fabricated by a styrene-ethylene/butylene-styrene (SEBS) block co-polymer filled with titania, 120 

while the conductive layers are fabricated from the same SEBS, but filled with carbon black. Two 121 

copper tapes are attached on the top and bottom conductive layers to connect to the data acquisition 122 
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(DAQ) system for capacitance measurement. 123 

The SEC can be used as a large-area strain gauge by deploying it on a structural surface using 124 

off-the-shelf bi-component epoxy (Figure 1a). Equation 1 describes the sensing principle of the 125 

SEC. A change in strain on the monitored structure induces changes in the SEC geometry, i.e. 126 

changes in length l, width w, and thickness h (Figure 1a and 1b). These changes then cause a 127 

capacitance change C of the SEC, where ε0 and εr in Equation 1 are the permittivity of air and the 128 

dielectric, respectively. 129 

0 rC
h

lwε ε
=      (1) 130 

The SEC is a highly-scalable technology and can be fabricated into different sizes. A typical 131 

size of 3 in. × 3 in. was adopted in this study. Figure 1c shows a picture of the SEC. The effective 132 

sensing area (i.e. the area of the conductive layer) was approximately 63.5 mm × 63.5 mm (2.5 in. 133 

× 2.5 in.). A detailed description regarding the fabrication procedure of the SEC is provided in 134 

(Laflamme el al. 2012). 135 

 136 

 

  
(a) (b) (c) 

 137 

Figure 1. (a) Schematic of the SEC; (b) dimensions of the SEC; and (c) photograph of the SEC. 138 

 139 
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SEC-based Fatigue Crack Sensing in Steel Bridges 140 

The strain sensing principle of the SEC can be adapted to fulfil the purpose of fatigue crack 141 

detection and monitoring in steel bridges. Figure 2 illustrates this concept using dense SEC arrays. 142 

Suppose a large-scale structural surface of a steel girder bridge (Figure 2a) is subjected to fatigue 143 

damage under repetitive traffic loads F. To enable fatigue damage sensing over the large structural 144 

area, an SEC array is deployed over the fatigue-susceptible region (Figure 2b). If fatigue crack 145 

initiates within the sensing area, the tiny crack opening driven by the external load would 146 

periodically stretch the material of the SEC (SEC #6 in this case), leading to a higher capacitance 147 

response C occurring in this particular SEC. By monitoring the increasing trend of capacitance C 148 

in SEC #6, the initiation of the fatigue crack can be successfully identified.  149 

 150 
 151 

Figure 2. SEC for crack sensing under fatigue load. 152 

The SEC arrays can also monitor crack propagation. As the crack propagates longer, the crack 153 

opening would become larger under the same load due to the local stiffness reduction. This will 154 

result in additional increments of capacitance response C in SEC #6, which can be used as a robust 155 

indicator of fatigue crack propagation. Once the crack grows beyond SEC #6, other SECs in the 156 
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arrays (e.g. SEC #5 and #1) will capture and continuously monitor the fatigue crack propagation 157 

using the similar principle, as illustrated in Figure 2c and 2d. Hence, the SEC array as a whole 158 

offers a continuous fatigue crack detection and monitoring solution over a large structural surface 159 

without accurate prior knowledge about crack locations. 160 

Our previous studies (Kong et al. 2015, Kong et al. 2016) demonstrated that both the mean 161 

and peak-to-peak amplitude of capacitance C of the SEC (denoted in Figure 2e) increase during 162 

crack propagation. However, the later investigation performed in (Kong et al. 2017a) verified that, 163 

compared with mean capacitance, the peak-to-peak capacitance is more robust and less sensitive 164 

to capacitance drift over long term. Therefore, the peak-to-peak capacitance was adopted as the 165 

means for sensing fatigue crack in this study. 166 

Experimental Methodology 167 

Test Setup 168 

A C(T) specimen was used for investigating the capability of the SEC to detect and monitor a 169 

fatigue crack under variable-amplitude loading. The specimen was fabricated from a 6.4 mm (1/4 170 

in.) thick A36 steel plate. The dimensions of the C(T) specimen are shown in Figure 3d, which are 171 

adopted form ASTM E647 (ASTM, 2015a). A notch was fabricated in the specimen to initiate a 172 

fatigue crack. To apply the fatigue load, the specimen was mounted in a uniaxial load frame 173 

(Instron model 1334) through two clevises (Figure 3b). On the front face of the specimen, two 174 

adhesive measuring tapes with 1.6 mm (1/16 in.) marks were attached next to the crack path to 175 

visually measure crack length during the test. On the reverse side, an SEC was attached to the 176 

specimen using JB-Weld bi-component epoxy (Figure 3c). An off-the-shelf DAQ system (ACAM 177 

PCAP02) was used to measure capacitance (Figure 3a).  178 

 179 
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(a) (b) (c) (d) 

 180 
Figure 3. (a) Test setup; (b) front side of the specimen; (c) back side of the specimen; and (d) 181 

dimensions of the specimen. 182 

Data Collection Strategy 183 

Because fatigue cracks in steel highway bridges may take years to initiate and propagate 184 

before they reach critical sizes (Zhao and Haldar 1996), continuously collecting data throughout 185 

the entire life of the structure is impractical. An effective data collection strategy in the field would 186 

be based on multiple timescales (Gupta and Ray 2007): a fast timescale for data collection when 187 

the SEC is exposed to different crack lengths and a slow timescale for tracking crack growth over 188 

long-term. In the fast timescale data collection, short-time measurements of the SEC and applied 189 

load are obtained, during which the fatigue crack length is assumed unchanged. The damage 190 

feature related with crack length can be extracted from this particular dataset. By continuously 191 

extracting damage features through multiple fast timescale datasets, the fatigue crack growth can 192 

be monitored along the slow timescale.  193 

 194 
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   195 

Figure 4. Data collection strategy. 196 

For the laboratory test in this study, we adopted a similar strategy through a multi-rate loading 197 

protocol, illustrated in Figure 4. The specimen was initially loaded harmonically with a 10 Hz 198 

loading rate to accelerate the process of crack propagation between data collection intervals. No 199 

data was collected while the test was expressly focused on crack propagation. Each time the crack 200 

length l i grew an additional 1.6 mm (1/16 in.), two types of load cycles, a harmonic load FH(t) and 201 

a traffic load FT(t), were applied to the specimen. The harmonic load cycle FH(t) was applied at 202 

0.5 Hz, while the traffic load FT(t) contained cycles with different peak-to-peak amplitudes and 203 

periods, further explained later in this section. Under these two types of load cycles, two sets of 204 

measurements of SEC capacitance, CH(t) and CT(t), were collected for extracting crack growth 205 

features using the proposed algorithm. After SEC data collection was complete, loading resumed 206 

at the 10 Hz rate until the crack propagated another 1/16 in. By repeating this procedure, two 207 

datasets were collected for different crack lengths l i under both harmonic and traffic loading. 208 

Loading Protocol Design 209 

Load Range 210 

Load range is a critical parameter that governs fatigue crack propagation. Given that one of 211 

the research questions being investigated was whether the SEC would produce “false-positive” 212 
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readings at low load ranges, our objective in selecting a loading protocol was to determine the 213 

upper and lower bounds of a load cycle (Fmax and Fmin denoted in Figure 4), and to adjust those 214 

bounds during crack propagation to achieve a decreasing crack propagation rate throughout the 215 

test. To accomplish this, the stress intensity factor range, ∆K, was chosen as the design criteria. ∆K 216 

represents the change of stress state in one load cycle around the crack tip, hence governs the crack 217 

propagation rate (Klingerman and Fisher 1973).  218 

 219 
 220 

Figure 5. Loading protocol. 221 

As shown in Figure 5, an initial ∆K = 22.0 MPa√m (20 ksi√in.) was assigned at the beginning 222 

of the test. Each time the crack propagated an additional 4.8 mm (3/16 in.), as visually identified 223 

by the measuring tape in Figure 3b, ∆K was decreased by 2.2 MPa√m (2 ksi√in.). As a result, ∆K 224 

was incrementally decreased while the crack propagated, generating a decreasing crack 225 

propagation rate. Ultimately, the crack was expected to stop growing when ∆K dropped to 4.4 226 

MPa√m (4 ksi√in.), which is below the crack growth threshold of the A36 steel. 227 

Once the relation of ∆K versus crack length was determined, the corresponding Fmax and Fmin 228 

of the load cycles was calculated using the recommended method in the ASTM E1820 (ASTM 229 

2015b). The stress intensity ratio R = Fmin / Fmax was also induced in this calculation, and its initial 230 

value was set as 0.6. The resulting Fmax and Fmin were equal to 29 kN (6.52 kip) and 17.3 kN (3.88 231 

kip), respectively at the beginning of the test. The mean load, Fmean = 0.5 × (Fmax + Fmin), was 232 
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maintained as 23.1 kN (5.2 kip) throughout the fatigue test. A detailed explanation on calculating 233 

Fmax and Fmin using ∆K and the R ratio can be found in (Kong et al. 2017a).  The crack length in 234 

Figure 5 was measured from the notch of the C(T) specimen as denoted in Figure 3d. 235 

Traffic Load Cycles 236 

When designing the traffic loading protocol for the laboratory test, the goal was to mimic 237 

features of realistic traffic loads in steel highway bridges. The stochastic nature of the peak-to-238 

peak amplitude and period are two important characteristics of traffic load cycles. In steel highway 239 

bridges, the peak-to-peak amplitude is governed by vehicle weight. Lu et al. (2012) found that 240 

among all type of vehicles, only fully-loaded heavy trucks were critical for fatigue crack 241 

propagation, while excitation forces from lighter-weight vehicles were below the threshold of 242 

fatigue crack growth. Vrouwenvelder and Waarts (1993) measured 16,000 vehicles in the 243 

Netherlands in the 1970s and found the weights of fully-loaded heavy trucks followed normal 244 

distributions with coefficients of variation (COVs) from 0.12 to 0.22, depending on specific truck 245 

types. To simplify the laboratory loading, only one type of fully-loaded truck was considered in 246 

this study, and the peak-to-peak amplitude of load cycles was taken to have a normal distribution 247 

with a COV = 0.13. 248 

The period of traffic load cycles, on the other hand, is governed by bridge geometric 249 

configuration such as span length, and vehicle speed. For a specific steel highway bridge with 250 

known geometric configurations, vehicle speed becomes the only factor that affects the loading 251 

period. Different statistical distributions have been reported for highway vehicle speed, including 252 

bimodal distribution (Dey et al. 2006), normal distribution (McLean 1978), and gamma 253 

distribution (Haight and Mosher 1962). In this study, the period of traffic load cycles was assigned 254 

a normal distribution. The mean period was taken as 2.49 sec, while the COV of the period was 255 

taken as 0.20. 256 
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(a)  

 257 
Figure 6. (a) Generated traffic load cycles with stochastic amplitude and period; and (b) PSD of 258 

traffic load cycles. 259 

Figure 6 shows the generated traffic load cycles for the beginning of the test. In total 20 cycles 260 

were generated following the previously-determined statistical distributions of peak-to-peak 261 

amplitude and period. The generated waveform was combined with the load range, Fmax and Fmin 262 

shown in Figure 5, to produce the final traffic load for the whole test. The corresponding power 263 

spectral density (PSD) of the generated load cycles is illustrated in Figure 6b. Instead of a single 264 

dominant peak at the loading frequency, which was the case for the previous harmonic load cycles, 265 

a wide plateau can be observed around 0.5 Hz due to the variation of frequency content in the time 266 

series of loading signal. 267 

Crack Sensing Algorithm 268 

Once the C(T) specimen was tested under the above loading protocol and measurements were 269 

collected using the proposed data collection method, the fatigue crack growth was monitored using 270 

the crack sensing algorithms illustrated in Figure 7.  271 

Figure 7a illustrates the algorithm for fatigue crack sensing under harmonic load cycles. As 272 

mentioned previously, compared with the mean capacitance, the peak-to-peak capacitance is a 273 

robust indicator of crack growth. However, accurately identifying the peak-to-peak capacitance in 274 

the time domain could be challenging due to the noise content in the measurement. To address this, 275 

frequency analysis is proposed to convert CH(t) to the frequency domain by computing its power 276 
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spectral density (PSD). Since CH(t) is a harmonic signal, the peak of the PSD curve PeakC robustly 277 

indicates the magnitude of the peak-to-peak capacitance in the time series signal. In addition, the 278 

PSD of the applied load FH(t) is also needed to normalize PeakC, because the amplitude of the 279 

applied load governs the peak-to-peak capacitance. For example, the SEC would produce a larger 280 

peak-to-peak capacitance under a higher load range even if the crack does not grow. The applied 281 

load is directly obtained from the actuator in the test of this study, while it could be indirectly 282 

inferred by deploying strain gauges on steel bridges (e.g. at cross frames) in field test. Finally, the 283 

normalized peak-to-peak capacitance is termed as the crack growth index (CGI), which can be 284 

correlated with crack length l for sensing fatigue crack growth. 285 

The crack sensing algorithm for harmonic load cycles was modified for the case of traffic load 286 

cycles. A moving-average filter (i.e. low-pass filter) was applied to smooth the PSD curves as 287 

shown in Figure 7b. The PSD curves of the applied load FT(t) and capacitance measurement CT(t) 288 

both exhibited a broad-band feature due to multiple frequency contents in the traffic load cycles. 289 

To obtain robust results, the moving-average filter is necessary to smooth the PSD curves. With 290 

adequate order of the filter, flat plateaus can be achieved and the magnitudes of the flat plateaus 291 

(PeakC and PeakF) are adopted for computing the CGI.  292 
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  293 
 294 

Figure 7. Crack sensing algorithms: (a) under harmonic load cycles, and (b) under traffic load 295 

cycles. 296 

Results and Discussions 297 

Crack Growth Characteristics 298 

Under the aforementioned test setup with the newly-designed loading protocol, the 299 

experimental test was conducted in the Fatigue and Fracture Laboratory at the University of 300 

Kansas. During the test, the number of cycles for propagating the crack each additional 1.6 mm 301 

(1/16 in.) was recorded. This information was converted to the crack propagation rate in terms of 302 

da/dN (increment of crack length per load cycle). Table 1 summarizes typical crack propagation 303 

rates and number of cycles under each ∆K throughout the test.  304 

The crack propagation rate, da/dN, was found to be 8.0×10-5 mm/cycle (3.13x10-6 in./cycle) 305 

at the beginning of the test when ∆K = 22.0 MPa√m (20 ksi√in.), after which it decreased as the 306 
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crack propagated. Then the crack length reached 38.1 mm (1-1/2 in.) when ∆K = 6.6 MPa√m (6 307 

ksi√in.), da/dN became 2.0×10-6 mm/cycle (7.81x10-8 in./cycle), which was significantly lower 308 

than the initial crack propagation rate. A total of 4.73 million cycles had been applied to the 309 

specimen at this point. ∆K was then further reduced to 4.4 MPa√m (4 ksi√in.), and the crack 310 

propagation rate was found to be extremely low, after which the crack stopped growing. These 311 

observations indicate that the newly designed loading protocol successfully generated a varying 312 

crack propagation rate in the fatigue test.  313 

Table 1. Crack Growth Characteristics 314 

∆K 
 

Number of 
cycles 
(million) 

Crack length da/dN Remark 

22.0 MPa√m 
(20 ksi√in.) 

0.08 
3.2 mm  
(1/8 in.) 

8.0×10-5 mm/cycle 
(3.13×10-6 
in./cycle) 

Decreasing crack 
propagation rate 

15.4 MPa√m 
(14 ksi√in.) 

0.27 
15.9mm  
(5/8 in.) 

3.2×10-5 mm/cycle 
(1.25×10-6 
in./cycle) 

11.0 MPa√m 
(10 ksi√in.) 

0.79 
27.0 mm  
(1-1/16 in.) 

1.6×10-5 mm/cycle 
(6.25×10-7 
in./cycle) 

6.6 MPa√m 
(6 ksi√in.) 

4.73 
38.1 mm  
(1-1/2 in.) 

2.0×10-6 mm/cycle 
(7.81×10-8 
in./cycle) 

4.4 MPa√m 
(4 ksi√in.) 

6.37 
38.1 mm  
(1-1/2 in.) 

0 
Crack propagation 
stopped 

 315 
To evaluate whether the SEC would produce a false-positive result, five additional 316 

measurements, taken at increments of 0.2 million load cycles, were recorded under harmonic load 317 

cycles. Figure 8 shows a photograph when the crack reached 38.1 mm. Despite the visible crack 318 

opening shown in the photograph, the crack propagation rate was extremely slow at this point 319 

because ∆K had decreased below the crack growth threshold for A36 steel.  320 

 321 
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 322 
 323 

Figure 8. The fatigue crack developed in the specimen 324 

Typical Measurements 325 

During the test, short-time measurements were collected for both SEC and applied load once 326 

the crack propagated each additional 1.6 mm (1/16 in.). All measurements were sampled at 50 Hz. 327 

Measurements under harmonic load cycles contained about 100 cycles, while measurements under 328 

traffic load cycles  contained 20 cycles as previously determined in Figure 6a. For demonstration 329 

purpose, only measurements at three typical stages of the test are illustrated in this section 330 

including: 1) the beginning of the test where the crack length was 0 mm; 2) the crack reached 19.1 331 

mm (3/4 in.) in length; and 3) the end of the test when the crack reached 38.1 mm (1-1/2 in.). 332 

Frequency spectra of the above measurements in terms of PSDs are also illustrated. For the time 333 

series measurements under harmonic load cycles (Figure 9a and b), instead of showing the full-334 

length measurements containing 100 cycles, only 5 representative cycles are presented. Finally, 335 

the procedure for applying a moving-average filter to smooth the PSD curves under the traffic load 336 

cycles are demonstrated. 337 

Measurements under harmonic load cycles 338 

Figure 9 shows responses of the SEC and the applied load in time series as well as their PSDs 339 

in frequency domain. The designed load intended to limit the size of the crack opening, leading to 340 

small capacitance change of the SEC. As a result, noise content in the SEC’s raw measurements 341 

makes it difficult to visualize the 0.5 Hz harmonic signal (Figure 9a) and identify the accurate 342 
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peak-to-peak amplitudes. Meanwhile, the mean capacitance experienced drift during the crack 343 

propagation: it started around 918 pF at the beginning of the test, drifted to 916 pF when the crack 344 

reached 19.1 mm (3/4 in.), and moved back to 918 pF when the crack propagated to 38.1 mm (1-345 

1/2 in.). The drift may be attributed to environmental factors such as temperature and humidity 346 

change over long term, or the intrinsic electrical behavior of the SEC which can be found in thin-347 

film sensors fabricated from smart materials (Cai et al. 2013; Kang et al. 2006). 348 

 
(a) 

 
(b) 

(c) 

(d) 
 

Figure 9. Typical measurements under harmonic load cycles under different crack lengths: (a) 349 

SEC’s measurements; (b) applied load measurements; (c) PSDs of the SEC signals; and (d) PSDs 350 

of the applied loads. The crack lengths are indicated in the legends. 351 
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Figure 9b shows the driving force of the corresponding SEC’s measurement. A decreasing 352 

load range can be found in the figures, following the pre-defined loading protocol in Figure 5. 353 

Figure 9c and 9d show the PSDs of the SEC signals and the applied load, respectively. Dominant 354 

peaks can be found in the PSD curves around the loading rate (0.5 Hz). These peaks are a robust 355 

indicator of the peak-to-peak amplitudes of the time series measurements. As the crack grows, the 356 

increase of the dominant peak amplitudes in Figure 9c indicates larger peak-to-peak capacitance 357 

of the SEC in Figure 9a, while the decrease of the dominant peak amplitude in Figure 9d indicates 358 

the load range reduces in Figure 9b. 359 

Measurements under traffic load cycles 360 

Figure 10 shows similar measurements of the SEC and applied load under traffic load cycles. 361 

Full-length time series measurements containing 20 traffic load cycles are shown in Figure 10a 362 

and 10b. Compared with measurements under harmonic load cycles, extracting damage features is 363 

more challenging for measurements under random traffic load cycles due to the varying amplitude 364 

and period as shown in Figure 10b.  365 

As shown in Figure 10d, unlike the harmonic load case, the PSDs of the applied loads show 366 

broad-band feature. As explained previously, this is because multiple frequency contents exist in 367 

the traffic load cycles. The decreasing magnitude of the PSD indicates the applied load range 368 

reduces when the crack grows longer (Figure 10b). On the other hand, the PSDs of the SEC signals 369 

in Figure 10c are noisy due to noise contents in the time series signals as well as the small number 370 

of load cycles (Figure 10a). Instead of showing smooth broad-band PSD curves, scattered peaks 371 

are located around the loading rate (0.5 Hz), making it challenging for direct extraction of the PSD 372 

magnitudes. Additional data processing is therefore necessary to ensure robust computation of 373 

CGIs, which will be discussed in the next paragraph. 374 
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(a) 

(b) 

(c) 

(d) 
 375 

Figure 10. Typical measurements under traffic load cycles under different crack lengths: (a) 376 

SEC’s measurements; (b) applied load measurements; (c) PSDs of the SEC signals; and (d) PSDs 377 

of the applied loads. The crack lengths are annotated in the legends. 378 

Figure 11 illustrates the additional smoothing process for the noisy PSD curves. A frequency 379 

band of interest is first defined based on the traffic load characteristic. The raw PSD data of the 380 

SEC (square-dotted lines in Figure 11a) is then truncated to remove the frequency contents outside 381 

of the defined frequency band of interest. For this test, the PSD data between 0.21 Hz and 0.60 Hz 382 

is preserved as they reflect the SEC’s response under traffic load excitation. The PSD data outside 383 
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of this range is removed because it is induced by noise contents in the time series signals. The 384 

truncated PSD curves are shown as diamond-dotted lines in Figure 11a. Next, a moving-average 385 

filter is applied to the truncated PSDs to smooth out the scattered peaks to achieve flat plateaus, 386 

shown as triangle-dotted lines in Figure 11a. Similar processing method is applied to the PSDs of 387 

the measured load (Figure 11b). However, the raw PSD curves are smoothed using the same 388 

moving-average filter without truncation due to less noise content in the load measurements. 389 

Similar flat plateaus can be achieved as shown in the triangle-dotted lines in Figure 11b. 390 

 391 

   
(a) 

   
(b) 

 392 
Figure 11. A moving-average filter is applied to PSDs for smoothing the curves. Typical results 393 

of (a) SEC’s PSD and (b) applied load’s PSD are represented under different crack lengths. The 394 

crack lengths are annotated in the legends. 395 

Determination of the frequency band of interest is a critical step to ensure the success of the 396 

above data processing method. Essentially, the frequency range should cover the frequencies of 397 

most load cycles. For this test, 0.21 Hz to 0.60 Hz is selected based on the raw PSDs of the applied 398 
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loads in Figure 11b. In field deployments where the direct traffic loads are difficult to obtain, the 399 

frequency range could be estimated based on vehicle speeds and the bridge span length, or inferred 400 

through the indirect load indicators such as the strain measurements of the structural member under 401 

the load path. 402 

CGI Extraction and Crack Sensing Results 403 

By following the proposed crack sensing algorithm shown in Figure 7, the CGIs can be 404 

extracted from the measurements taken at different crack lengths. Figure 12 shows the CGIs under 405 

both harmonic and traffic load cycles. 406 

  
(a) (b) 

 
(c) 

 407 
Figure 12. (a) CGI vs. crack length; (b) CGI vs. number of cycles; and (c) CGI when the crack 408 

stops growing 409 

Figure 12a illustrates CGI versus crack length. The crack length was measured from the notch 410 

of the C(T) specimen (denoted in Figure 3d). In general, the CGIs under both harmonic and traffic 411 

load cycles have a similar increasing trend. The lowest CGI occurred at the beginning of the test 412 
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when the crack length was 0 mm, after which CGI gradually increased as the crack grew longer. 413 

This result validates the SEC’s ability to detect fatigue crack initiation and monitoring crack 414 

propagation, regardless the loading scenarios. In particular, the SEC and its data processing 415 

algorithm remained effective under 20 traffic load cycles with random peak-to-peak amplitudes 416 

and periods.  417 

Figure 12b shows CGI versus the number of load cycles, in which the number of cycles is 418 

shown in log scale. As described previously, the crack propagation rate continuously decreased 419 

during crack propagation. The same behavior was also observed in the CGI, which increased 420 

rapidly at the beginning of the test but slowed after approximately 1 million cycles. Importantly, 421 

the CGI continued exhibiting an increasing trend toward the end of the test during the period of 422 

extremely low crack propagation rate. This result demonstrates the crack monitoring capability of 423 

the SEC under a varying crack propagation rate. 424 

Finally, CGIs of the five measurements taken under harmonic load cycles after the crack 425 

growth had stopped at 38.1 mm (1-1/2 in.) are marked in Figure 12b, with the details shown in 426 

Figure 12c. The CGI remained stable during the additional 1.8 million load cycles applied to the 427 

specimen, indicating that the SEC does not produce false-positive results when the crack is not 428 

growing.  429 

Conclusions 430 

This study evaluated the SEC, a flexible thin-film strain sensor, for sensing and monitoring 431 

fatigue cracks in steel highway bridges by simulating realistic loading conditions in a steel compact, 432 

C(T), specimen. Emphasis was placed on performance evaluation of the SEC applied over a fatigue 433 

crack with varying propagation rates and random traffic load cycles. To facilitate the investigation, 434 

we developed an experimental methodology including three components:  435 



Statement of Provenance: This is an author-created, un-copyedited version of an article accepted for publication/published in ASCE Journal of 
Aerospace Engineering. 

 

Page 24 of 28 
 

• An efficient data collection strategy was developed by taking multiple short-time 436 

measurements during crack propagation, and then extracting crack growth features, the CGIs, to 437 

monitor fatigue crack growth in a long-term fashion; 438 

• A new loading protocol was developed for generating a fatigue crack with decreasing crack 439 

propagation rates, and random load cycles that can reflect realistic stochastic features of traffic 440 

load of steel highway bridges; 441 

• Crack sensing algorithms based on frequency analysis was developed to extract CGIs under 442 

harmonic and traffic load cycles. 443 

Experimental results showed an increasing trend of CGI during the process of crack initiation 444 

and propagation, despite continuously decreasing crack propagation rate or random traffic load 445 

cycles. Furthermore, the SEC produced constant CGIs after the crack stopped growing, indicating 446 

no false-positive results.  Results of this study verified the capability of the SEC to detect and 447 

monitor fatigue cracks under more complex and realistic loading conditions, which is a critical 448 

step towards field applications of the technology. 449 

By integrating the SEC-based fatigue sensing methodology demonstrated in this study with 450 

the concept of dense sensor arrays, it would be possible to achieve a fatigue crack sensing solution 451 

over large structural surfaces in steel bridges without accurate prior knowledge about crack 452 

locations. Our future work will focus on deploying dense SEC arrays on large-scale structures for 453 

monitoring distortion-induced fatigue cracks in steel bridges. 454 
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