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Abstract 16 

 17 

System identification in structural health monitoring (SHM) typically entails extracting 18 

information on the dynamic behavior of monitored structures. In this context, operational modal 19 

analysis (OMA) methods are frequently applied for obtaining information on structural dynamic 20 

parameters, such as natural frequencies and mode shapes. Synchronization discrepancies are 21 

predominantly associated with wireless SHM systems, where each wireless sensor node 22 

functions as a separate data acquisition unit (DAQ), and clock synchronization is therefore not 23 

intrinsic. However, synchronization discrepancies may also occur in cable-based systems, 24 

particularly when more than one DAQ is used. In this paper, a synchronization diagnosis method 25 

for detecting and accommodating synchronization-induced errors in OMA is proposed. Unlike 26 

existing approaches on removing synchronization-induced errors in OMA at the output stage, the 27 

method proposed herein yields synchronized structural response data at an intermediate stage of 28 

OMA. Specifically, the time lags between sets of acceleration response data are detected based 29 

on estimates of the mode shapes obtained either from preliminary structural analysis or from 30 

engineering judgment. The applicability of the proposed method is verified through simulations 31 
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of a multi-degree-of-freedom oscillator and validated through ambient vibration field tests on a 32 

pedestrian overpass bridge. 33 

 34 
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 37 

1. Introduction 38 

 39 

Over the past decades, structural health monitoring (SHM) has been increasingly applied for 40 

gaining insights into the structural condition of civil infrastructure (Smarsly et al., 2012, 2013). 41 

To describe the actual condition of monitored structures through estimating values for key 42 

structural parameters, system identification is frequently employed (Peeters, 2000). Moreover, 43 

since collecting acceleration response data from oscillating structures is common practice in 44 

SHM, several system identification methods focus on investigating the dynamic behavior of 45 

structures (Dragos and Smarsly, 2016a). In this direction, operational modal analysis (OMA) 46 

methods have been drawing increasing attention, owing to the relatively low implementation cost 47 

and the negligible disturbance in the operation of structures (Zhang et al., 2005). OMA methods 48 

yield estimates for structural dynamic properties, such as natural frequencies, mode shapes, and 49 

damping ratios. To extract structural dynamic parameter values, OMA methods are applied either 50 

directly to the raw acceleration response data (time domain methods) or to acceleration response 51 

data transformed into the frequency domain (frequency domain methods) via the fast Fourier 52 

transform (FFT). 53 

 54 
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The accuracy of structural dynamic parameter values extracted with OMA depends on the 55 

quality of acceleration response data and on the pre-processing performed to remove spurious 56 

components attributed to external measurement factors, such as ambient noise. In addition, for 57 

obtaining accurate estimates of mode shapes, all sets of acceleration response data must be 58 

synchronized. Discrepancies in the synchronization between sets of acceleration response data 59 

result in phase differences between them, which, in turn, lead to erroneous mode shapes 60 

(Krishnamutry et al., 2008; García-Palacios et al., 2015). Synchronization discrepancies 61 

primarily affect wireless SHM systems (Rainieri and Fabbrocino, 2014). In particular, wireless 62 

sensor nodes operate essentially as autonomous data acquisition units with no centralized server 63 

imposing global clock synchronization over the entire wireless sensor network (Smarsly et al., 64 

2011). Furthermore, while in cable-based systems a centralized data acquisition unit (DAQ) 65 

usually ensures absolute synchronization, it is not uncommon that multiple data acquisition units 66 

are installed in a structure, operating independently from each other. Thus, cable-based SHM 67 

systems may also be prone to synchronization discrepancies. For ensuring the highest possible 68 

accuracy in structural dynamic parameter values extracted by OMA methods, synchronization-69 

induced errors must be detected and subsequently accommodated. 70 

 71 

The synchronization among sets of data, such as acceleration response data, and the impact of 72 

synchronization discrepancies on OMA results, have been the focus of extensive research in the 73 

fields of computer science and experimental structural dynamics. Particularly for wireless sensor 74 

networks, most synchronization schemes proposed are based on clock offset and clock drifting. 75 

Thorough reviews on network synchronization schemes from a computer science perspective can 76 

be found in Youn (2013), Sundararaman et al. (2005), and Ranganathan and Nygard (2010). A 77 
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popular approach for achieving high-precision synchronization in both wireless and cable-based 78 

SHM systems is incorporating GPS transceivers into the data acquisition units. For example, 79 

Bojko et al. (2009) have presented a wireless sensor node prototype equipped with a GPS 80 

transceiver for absolute synchronization with other sensor nodes, resulting in accurate OMA 81 

results. A similar approach has been presented by Dinçer et al. (2014) for monitoring bridges. In 82 

terms of cable-based systems, GPS synchronization between separate data acquisition units has 83 

also been implemented. For example, case studies involving bridges, viaducts and monumental 84 

structures in Italy (Peeters et al., 2011), a high-rise building in France (Fernández-Lorenzo et al., 85 

2015), and a sports stadium in Portugal (Magalhães et al., 2006) have been reported. However, as 86 

argued by Sundararaman et al. (2005), using GPS transceivers has proven to be particularly 87 

power consuming, and GPS operation might be adversely affected by weather conditions and 88 

poor satellite coverage (Wang and Xu, 2010). Other synchronization approaches, associated 89 

solely with wireless sensor networks, are based on transmitting “beacon signals” by one sensor 90 

node, typically depicted as “master node”, so as to synchronize the clocks of the rest of the 91 

wireless sensor nodes (Whelan et al., 2009; Van Greunen and Rabaey, 2003; Severino et al., 92 

2010).  93 

 94 

Further research efforts on removing synchronization-induced errors from OMA results can also 95 

be found in literature. For example, Maes et al. (2016) have presented an optimization method 96 

for synchronizing sets of acceleration response data offline by detecting potential time lags 97 

through minimizing the phase differences between the sets of acceleration response data. In their 98 

investigation of spectral characteristics of asynchronous acceleration response data, Zhu and Au 99 

(2016) have introduced a method for extracting mode shapes from the asynchronous data. 100 
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Specifically, Zhu and Au (2016) suggested extracting local mode shapes using the non-101 

synchronized sets of acceleration response data and imposing a common scaling to the modal 102 

force power spectral density derived from all sets. Finally, Brincker and Brandt (2011) have 103 

proposed utilizing the cross-correlation between sets of acceleration response data for 104 

synchronization, provided one vibration mode is dominant. 105 

 106 

The aforementioned approaches either tackle synchronization problems during initializing SHM 107 

systems, assuming adequate networking technologies are implemented, or focus on removing 108 

synchronization-induced errors at the output stage by performing relatively computationally 109 

expensive post-processing. This paper presents a synchronization diagnosis method for detecting 110 

and accommodating synchronization-induced errors in OMA at an intermediate stage of the 111 

analysis. Specifically, time lags between sets of acceleration response data are detected based on 112 

the expected relationships between phase angles of FFT peaks corresponding to vibration modes. 113 

Subsequently, the sets of acceleration response data are shifted according to the time lags 114 

detected. The applicability of the synchronization diagnosis method is verified through 115 

simulations of a multi-degree-of-freedom (DOF) oscillator and validated through field tests on a 116 

pedestrian overpass bridge. The results of the analyses demonstrate the ability of the proposed 117 

method to detect and accommodate synchronization-induced errors in OMA. 118 

 119 

The paper is organized as follows: First, the mathematical background for detecting time lags 120 

through the phase difference between two sets of acceleration response data is presented. Next, 121 

the steps of the synchronization diagnosis method are explained. Then, a series of numerical 122 

simulations using a discrete parameter model are performed for verifying the synchronization 123 
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diagnosis method, followed by validation tests on the pedestrian overpass bridge. Finally, the 124 

paper concludes with a summary and a discussion on future research. 125 

 126 

2. Detection of time lags between acceleration response data sets 127 

 128 

The mathematical background for detecting time lags between different sets of acceleration 129 

response data (i.e. discretized signals) draws from the theory of signal processing. Assume two 130 

sets of acceleration response data, set i and set j, representing the responses of a single-DOF 131 

harmonic oscillator under sinusoidal excitation measured with different data acquisition units. 132 

The mathematical expressions governing the two sets over time t are given in Eq. 1 and Eq. 2: 133 

 134 
      ,Δsin tttAtf iii                                         (1) 135 

 136 
      ,Δsin tttAtf jjj                                         (2) 137 

 138 
In the above equations, f is the function representing a set of acceleration response data, A is the 139 

amplitude of vibration, θ is the actual phase angle, and ω is the natural frequency. If the two sets 140 

are synchronized, θi is equal to θj. If set j is delayed with respect to set i by a time lag τ (see Fig. 141 

1), the time lag is related to the phase difference between functions fi(t)and fj(t) as follows: 142 
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 148 
Figure 1: Time lag between sets i and j of acceleration response data. 149 

 150 
Therefore, to compute the time lag τ, the phase angles from both sets of acceleration response 151 

data are necessary. For obtaining estimates of the actual phase angles, functions fi(t) and fj(t) are 152 

discretized into two time series (fn,i and fn,j) and the FFT is applied, as shown below: 153 

 154 
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 156 
In Eq. 5, F is the κth-element of the FFT of an N-point time series, while f is the time series of 157 

each set of acceleration response data, i.e., the discrete values fi and fj for n inputs of time t, at 158 

time step Δt. The argument of each complex FFT value, calculated in Eq. 6 below, corresponds 159 

to an estimate δ of the phase angle θ (i.e., the expected phase angle) of each harmonic function, 160 

namely the functions fi and fj of the structural response. 161 

 162 
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The phase angle estimates derived from applying Eq. 6 with conventional computing processors 165 

lie within the interval [0, 2π). Therefore, the maximum time lag that can be computed from Eq. 6 166 

in a straightforward manner is: 167 

 168 
    

Tij 









  2max oo                                           (7) 169 

 170 
where T is the natural period of the oscillator. To extend Eq. 7 to account for time lags exceeding 171 

the natural period of the oscillator, the general trigonometric solution of Eq. 6 needs to be 172 

considered as follows: 173 

 174 
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 176 
By using Eq. 8, the general expression for estimating the time lag between two sets of 177 

acceleration response data is finally derived as:  178 

 179 
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 181 
Eq. 9 can now be used as a basis for developing the time lag detection part of the proposed 182 

method, as described in the next section. 183 

 184 

3. Detection and accommodation of synchronization-induced errors in OMA 185 

 186 

In this section, the steps towards detecting time lags between sets of acceleration response data 187 

and accommodating synchronization-induced errors in the OMA results are explained. First, the 188 
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basic principle governing the dynamic behavior of structures in terms of phase differences 189 

between different sets of acceleration response data is analyzed. Then, the steps of the 190 

synchronization diagnosis method are discussed. 191 

 192 

3.1 Relationships of phase angles between different sets of acceleration response data 193 

 194 

The dynamic behavior of civil engineering structures can be described by the superposition of 195 

vibration modes of a multi-DOF numerical representation of the structures. Each vibration mode 196 

is essentially a vector of physical oscillation functions yr of r degrees of freedom with amplitudes 197 

Ar and phase angles θr. It has been proven that physical oscillation functions corresponding to a 198 

vibration mode are fully correlated (Dragos and Smarsly, 2016b). Moreover, depending on the 199 

position of each DOF in the mode shape with respect to the equilibrium position of the structure, 200 

the oscillation functions within yr are either positively or negatively correlated. For example, 201 

between two degrees of freedom g and h, the correlation ρ for mode p is related to the phase 202 

difference Δθ, as shown below: 203 

 204 
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 206 
Furthermore, the structural response to dynamic actions is primarily described by the vibration 207 

mode with the lowest natural frequency ω1 (i.e., the fundamental mode). Hence, for calculating 208 

the time lag between the physical oscillation functions yg and yh using Eq. 9, the respective phase 209 

angles at the fundamental mode need to be retrieved. However, as the value for parameter b in 210 

Eq. 9 is generally unknown, the calculation of the time lag is performed by trial and error. More 211 

specifically, a predefined set of values for b are considered, and for each value one “candidate” 212 
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time lag is calculated. To determine whether a candidate time lag is the actual time lag, Eq. 10 213 

must be satisfied for additional vibration modes as well. Therefore, by considering m vibration 214 

modes, the expression for deriving the time lag is modified as follows: 215 

 216 
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 218 
In Eq. 11, T1 is the fundamental period of the structure. Extending Eq. 11 to account for all 219 

degrees of freedom, requires setting one DOF as reference. By calculating the difference 220 

between the phase angle estimates of each DOF with respect to the reference DOF, as well as the 221 

corresponding differences of the expected phase angles, Εq. 11 is extended to read as:  222 

 223 

   0
1

2

1
11

1
1  ΘDθδbτ 


T                                      (12) 224 

 225 
In Eq. 12, τ is the r-1 vector of estimated time lags with respect to the reference DOF, δ(ω1) is 226 

the corresponding r-1 vector of the differences between phase angle estimates at the fundamental 227 

mode, and θ1 is the r-1 vector of the differences between the expected phase angles at the 228 

fundamental mode. Also, D is the (r-1) × (m-1) matrix of the differences between phase angle 229 

estimates at vibration modes higher than the fundamental mode, while Θ is the matrix of the 230 

corresponding differences of the expected phase angles. Finally, vector b holds the b values for 231 

each DOF considered. Eq. 12, hereinafter termed “phase shift condition”, will be used as a basis 232 

for the method proposed in this paper, the steps of which are explained in the following 233 

subsection. 234 

 235 

 236 
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3.2 Description of the synchronization diagnosis method 237 

 238 

Assuming a structure instrumented with a SHM system measuring the structural response at r 239 

degrees of freedom, the steps followed towards detecting and accommodating synchronization-240 

induced errors in the OMA results are outlined in the flowchart of Fig. 2. The application of the 241 

synchronization diagnosis method is divided into two parts: (a) preliminary analysis, in case of 242 

either first application of the synchronization diagnosis method or if changes in the structural 243 

state have occurred, and (b) main analysis if the structural state, and, by extension, vector θ1 and 244 

matrix Θ are known.  245 

The preliminary analysis includes the following steps: 246 

 247 

1. A numerical model of the structure is created for obtaining estimates of the expected 248 

natural frequencies ωe = {ωe1, ωe2, …, ωem}and of the expected mode shapes Φe = {φe1, 249 

φe2, … ,  φem}, focusing on the degrees of freedom actually measured. 250 

2. Sets of acceleration response data are collected to obtain m peaks in the Fourier 251 

amplitude spectrum corresponding to vibration modes (modal peaks). From the modal 252 

peaks, m experimental values of the natural frequencies ω = {ω1, ω2, … , ωm} are 253 

derived. 254 

3. If there are discrepancies between the experimental natural frequencies and the expected 255 

natural frequencies, the numerical model is updated accordingly. 256 

4. Vector θ1 and matrix Θ are obtained using the expected mode shapes for all 257 

experimental natural frequencies. 258 

 259 
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The main analysis is performed as follows: 260 

 261 

1. Acceleration response data is derived from all measured degrees of freedom and 262 

transformed into the frequency domain via FFT. 263 

2. Vector δ(ω1) and matrix D are formulated. 264 

3. The phase shift condition (Eq. 12) is applied for a predefined set of k values for vector 265 

b. 266 

4. Upon deriving the estimates of the time lags, the sets of structural response data are 267 

accordingly shifted. 268 

5. Modal identification is conducted for extracting the mode shapes from the synchronized 269 

sets of acceleration response data, which are then compared to the expected mode 270 

shapes. 271 

 272 



13 
 

 273 
 274 

Figure 2: Flowchart with the steps of the synchronization diagnosis method. 275 
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 276 

4. Verification through simulations using a multi-degree-of-freedom oscillator 277 

 278 

In this section, the proposed synchronization diagnosis method is tested through simulations of a 279 

multi-DOF oscillator, which is essentially a discrete parameter numerical model of a steel 280 

cantilever. The purpose of the verification tests is to investigate the applicability of the 281 

synchronization diagnosis method in cases where the time lags are artificially inserted and are 282 

therefore known a priori. First, the numerical model is mathematically described and then results 283 

from applying the method are presented. 284 

 285 

4.1 Description of the multi-degree-of-freedom oscillator numerical model 286 

 287 

The numerical model of the oscillator comprises five lumped masses, as depicted in Fig. 3. The 288 

structural response to vibrations is assumed to follow the “stick model” paradigm, i.e., only 289 

translational degrees of freedom in the horizontal (X) direction are taken into account.  290 

 291 

 292 
 293 

Figure 3: Five-DOF oscillator simulated for the verification tests. 294 
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 295 
The numerical model is analyzed under broadband Gaussian (white noise) excitation, using a 296 

load distribution profile in compliance with wind-induced excitations as specified in Eurocode1, 297 

assuming terrain category I, basic wind speed vb = 25 m/s, air density ρa = 1.25 kg/m3, and 298 

orography factor co = 1 (STN EN-1991, 2010). The sets of simulated acceleration response data 299 

from the oscillator are derived through a time-history analysis. A total of 16,384 data points is 300 

collected for each set at a sampling rate of 100 Hz. To perform the time history analysis, the 301 

Newmark-β algorithm is applied (Newmark, 1959), with the expansions for the velocities and 302 

accelerations given in Eq. 13 below, by setting the values of the algorithm parameters to γ = 0.5 303 

and β = 0.25. 304 

 305 
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 307 
In Eq. 13, ẍ, ẋ, and x are the nth acceleration, velocity, and displacement response data point, 308 

respectively. The modal identification method employed in this study is the frequency domain 309 

decomposition (Brincker and Zhang, 2001). 310 

 311 

4.2 Results from the verification tests 312 

 313 

Three verification tests are conducted on the simulated acceleration response data from the five-314 

DOF oscillator. In each test, a different DOF is selected as reference, while arbitrary time lags 315 

are inserted into all sets of acceleration response data, except for the set of the reference DOF. 316 

Values of the time lags are selected so as to exceed the experimentally obtained fundamental 317 

period of the oscillator, which is T1 = 0.52 s; this ensures a correct determination of the b values 318 



16 
 

and, by extension, a correct calculation of the time lags. To calculate the time lags, the first four 319 

modes of the oscillator are considered (m = 4), while the maximum number of b values for each 320 

set of acceleration response data is set equal to k = 4. The results from all tests are summarized in 321 

Table 1. The mode shapes before and after applying the proposed method for test No. 3 are 322 

plotted in Fig. 4-8. The expected mode shapes obtained from performing modal analysis of the 323 

numerical model are also plotted for comparison purposes. 324 

 325 
Table 1: Detection of time lags in the structural response. 326 

 Test 1 Test 2 Test 3 
Story Inserted 

time lag (s) 
Detected 

time lag (s) 
Inserted 

time lag (s) 
Detected 

time lag (s) 
Inserted 

time lag (s) 
Detected 

time lag (s) 
1 -1.670 -1.670 0.730 0.729 -1.010 -1.011 
2 0.030 0.030 -1.840 -1.840 -0.630 -0.630 
3 Ref. N/A 0.310 0.310 1.130 1.129 
4 0.880 0.880 Ref. N/A -0.770 -0.770 
5 1.030 1.030 0.160 0.160 Ref. N/A 

 327 

Mode 1 (f1 = 1.929 Hz) 
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Figure 4: Mode shape of the first vibration mode. 328 
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Mode 2 (f2 = 4.419 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 5: Mode shape of the second vibration mode. 330 

 331 
The results of the verification tests clearly prove the ability of the proposed method to detect and 332 

to accommodate synchronization-induced errors in the OMA results. The agreement between the 333 

corrected mode shapes and the expected mode shapes is more prominent in the first three 334 

vibration modes. In the higher vibration modes, the results of the corrected mode shapes deviate 335 

from the expected mode shapes. These deviations are attributed to the low level of contribution 336 

from the corresponding vibration modes to the total structural response, which is reflected in the 337 

modes not being excited. While the verification tests prove the applicability of the 338 

synchronization diagnosis method, further tests using real acceleration response data from a field 339 

case study are necessary for validating the method. 340 
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Mode 3 (f3 = 6.616 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 6: Mode shape of the third vibration mode. 342 

 343 

Mode 4 (f4 = 8.984 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 7: Mode shape of the fourth vibration mode. 344 
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Mode 5 (f5 = 11.200 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 8: Mode shape of the fifth vibration mode. 346 

 347 

5. Validation tests on a pedestrian overpass bridge 348 

 349 

To validate the synchronization diagnosis method using measured acceleration response data, a 350 

case study on a pedestrian overpass bridge instrumented with two independently operating, and 351 

thus unsynchronized, cable-based SHM systems, is conducted. First, the pedestrian bridge is 352 

described, followed by an outline of the instrumentation scheme with the two SHM systems. 353 

Then, numerical simulations of the bridge are performed for recovering the expected natural 354 

frequencies and the corresponding mode shapes required for validating the proposed 355 

synchronization diagnosis method. The numerical simulations are calibrated according to the 356 

experimental natural frequencies obtained from a preliminary set of measured acceleration 357 

response data. Finally, the results from applying the proposed method are discussed. 358 

 359 

5.1 Description of the bridge and of the SHM instrumentation 360 

 361 
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The pedestrian overpass bridge, shown in Fig. 9, facilitates pedestrian traffic over the Inner Ring 362 

Road in Thessaloniki, Greece, and is one of two overpass bridges located in the municipality of 363 

Evosmos, to the west of Thessaloniki. The bridge spans 40.80 m in length and its deck width is 364 

5.35 m, resting on two 80 cm diameter cylindrical reinforced concrete columns at each end, as 365 

can be seen in Fig. 10. The main column reinforcement is 20Ø28 steel bars with a 5 cm cover, 366 

supplemented by a spiral reinforcement of Ø12/10.	The deck is a composite structure comprising 367 

a corrugated steel trough filled with concrete. In the longitudinal direction, the deck is supported 368 

by two steel girders running along its edges. The deck girders rest on the column heads, which 369 

have spherical base isolation bearings acting as load transferring interfaces.  370 

 371 

 372 
Figure 9: Panoramic view of the pedestrian overpass bridge. 373 

 374 
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 375 
Figure 10: Plan view of the pedestrian bridge with two stairways at the ends. 376 

 377 
In the transverse direction, the deck rests on 20 equidistant beams, which are welded to the main 378 

girders. There are 10 x-braces, each spanning two consecutive beam openings, for a total of 20 379 

brace elements with an overlap at the center. Past the column supports, the deck continues and 380 

abuts two lateral stairways, one at each end. The bracing system also continues past the column 381 

supports with one additional x-brace at each end. The x-braces add to the lateral stiffness of the 382 

bridge, see Fig. 11. Furthermore, the vertical support of the bridge provided by the main girders 383 

is complemented by two skewed steel arches, from which the deck is suspended through 16 steel 384 

twisted strand cables along each longitudinal edge of the deck. The arches are connected to each 385 

other in the transverse direction at three points, namely the mid-span and the quarter-length 386 

points from each end.  387 

 388 

As can be seen from Fig. 11, each arch end rests directly on top of one column. The structural 389 

blueprints show that at one of the two arch ends, support is provided by a spherical base isolator 390 

that can sustain a 675 kN vertical force and a 350 kN force in the horizontal plane. At the other 391 

arch end, the situation is different; the spherical base isolator is still capable of sustaining a 675 392 

kN vertical force, but allows for 265 mm sliding in the longitudinal direction, while in the 393 
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transverse direction is constrained to sustain a 200 kN horizontal force. This structural detail is 394 

confirmed by visual inspection and implies that the bridge deck support conditions on one end 395 

can be modelled as hinges, while at the other end as rollers. 396 

 397 

 398 
Figure 11: View of the support system of the deck comprising girders, beams, x-braces, and 399 

columns. 400 
 401 

The bridge is instrumented with two structural health monitoring systems, labeled as S1 and S2. 402 

Each SHM system consists of two accelerometers, a DAQ, and a portable computer. The sensors 403 

are equally spaced at 8.16 m locations from each other, i.e., at the 1/5 points along the total span 404 

length. The data acquisition units of both SHM systems are placed on the deck at mid-span. The 405 

bridge instrumentation is shown in Fig 12. The bridge is newly constructed at the time the 406 

measurements are conducted and is, therefore, closed to pedestrian traffic. Thus, the acceleration 407 

response data is collected from ambient vibrations caused by the heavy traffic moving under the 408 

bridge, including a large number of trucks, and by the crew of eight graduate students and two 409 

faculty members conducting the measurements. 410 
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 411 

 412 
Figure 12. Bridge instrumentation layout. 413 

 414 
5.2 Numerical modeling of the pedestrian bridge 415 

 416 

The entire bridge, except the two stairways at the ends of the bridge deck that are practically self-417 

standing and with minimal lateral support from the bridge itself, are modeled using the FEM 418 

commercial package SAP 2000 (Computers and Structures Inc., 2013). Two-point linear (beam) 419 

elements combining bending, axial and torsion behavior are used for modeling the bridge 420 

structural elements. Table 2 lists the five sub-groups of structural elements, along with their 421 

geometrical properties. The elasticity modulus for the steel elements, save for the cables, is Es = 422 

210,000,000 kN/m2, and the elasticity modulus of the twisted strand cables is Ecab = 165,300,000 423 

kN/m2. The mass density of steel is taken as equal to 7.85·103 kg/m3. Furthermore, the deck and 424 

the railings are also taken into account as adding to the overall bridge stiffness and mass.  425 

 426 
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Table 2: List of structural elements comprising the pedestrian overpass bridge. 427 

Section Shape 
Width  
(mm) 

Height  
(mm) 

Web  
thickness  

(mm) 

Top flange  
thickness 

 (mm) 

Bottom 
flange  

thickness 
 (mm) 

Girders 
 

350 400 15 15 15 

Beam 
 

280 264 10 10 10 

X-
braces  

114 114 6.3 - - 

Cables 
 

16 16 - - - 

Arch 
 

350 650 20 12 12 

 428 
A 3D view of the numerical model is shown in Fig. 13. The results of the eigenvalue analysis 429 

from the model are used for determining the expected phase differences and the expected mode 430 

shapes for comparison purposes in the tests described in the next sub-section. Minor calibrations 431 

of the FEM model are performed to assure adequate convergence between the expected natural 432 

frequencies and the experimental natural frequencies, which are derived from the “preliminary 433 

analysis” part. These calibrations primarily focus on approximating the deck-to-column 434 

connections, whose fixity, as previously mentioned, ranges from a hinge to a roller due to the 435 

presence of the interface bearings. In general, the FEM model is fine-tuned according to the 436 

experimental natural frequencies obtained from the preliminary analysis to give an accurate 437 

representation of the current structural state of the overpass bridge. 438 

 439 
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 440 
(a) 441 

 442 
(b) 443 

Figure 13. (a) A 3D view of the FEM model of the overpass pedestrian bridge and (b) a detailed 444 
view of the bottom side of the deck. 445 

 446 

5.3 Description of the ambient vibration tests 447 

 448 

In applying the synchronization diagnosis method developed in this paper, four sets of 449 

acceleration response data, corresponding to the four instrumented locations on the bridge deck 450 

X

Y

XZ

Y

Z
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are collected, each set containing 32,768 data points sampled at 512 Hz under operational 451 

conditions (i.e., vehicular traffic under the bridge and simulated pedestrian traffic by the crew 452 

conducting the measurements). In this case study, the data acquisition units of SHM system S1 453 

and SHM system S2 operate independently from each other resulting in synchronization-induced 454 

errors. Therefore, no synchronization discrepancies between the two sets of acceleration 455 

response data collected from each SHM system are expected. Instead, an overall time lag 456 

between the SHM systems should be observed, due to the non-simultaneous initialization of the 457 

SHM systems. First, the modal peaks identified from the preliminary analysis, the Fourier 458 

amplitude spectrum of which is plotted in Fig. 14, and the modal analysis results of the FEM 459 

model are used for computing vector θ1 and matrix Θ. Given that the spatial distribution of the 460 

measurements, shown in Fig. 15, involves four stations, it is not certain if peaks past the first 461 

four peaks in the Fourier amplitude spectrum can be construed as representing natural 462 

frequencies of the bridge, because the corresponding mode shapes cannot be reproduced 463 

experimentally. This point needs to be ascertained from the results of the FEM model. 464 

 465 

Modal identification in this case study is performed using the frequency domain decomposition 466 

method. For identifying the mode shape estimates, a beam model of the bridge deck is created 467 

with four degrees of freedom corresponding to the instrumented locations of the deck. All 468 

degrees of freedom are in the vertical (Z) direction, as illustrated in Fig. 15. DOF uz1 is set as 469 

reference and the sets of acceleration response data at degrees of freedom uz2, uz3, and uz4 are 470 

synchronized according to the reference. The first four vibration modes are considered (m = 4) as 471 

being the modes with the highest contribution to the overall bridge dynamic response, and the 472 

maximum value for the b parameter is set to k = 4 for each set of acceleration response data. The 473 
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estimated time lags are summarized in Table 3, and the first five mode shapes before and after 474 

applying the synchronization algorithm are plotted in Fig. 16-20.  475 

 476 

 477 
Figure 14: Fourier amplitude spectrum from the preliminary analysis (SHM system S2). 478 

 479 

 480 
Figure 15: Four-DOF beam model of the bridge deck for modal identification. 481 
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Table 3: Time lags detected in the validation test. 483 
DOF→ uz1 uz2 uz3 uz4 

Time lag (s) N/A 0.000 1.350 1.351 
 484 

Mode 1 (f1 = 2.42 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 16: Mode shape of the first vibration mode. 485 

 486 

Mode 2 (f2 = 4.28 Hz) 

Unsynchronized Synchronized Expected 

 

Figure 17: Mode shape of the second vibration mode. 487 
 488 

Mode 3 (f3 = 5.78 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 18: Mode shape of the third vibration mode. 489 

 490 

Mode 4 (f4 = 7.58 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 19: Mode shape of the fourth vibration mode. 491 
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Mode 5 (f5 = 9.67 Hz) 

Unsynchronized Synchronized Expected 

 
Figure 20: Mode shape of the fifth vibration mode. 493 

 494 
From the results of the validation tests, it is clear that the synchronization diagnosis method 495 

yields accurate estimates of mode shapes. Moreover, the effect of synchronization-induced errors 496 

appears to be stronger in the first few modes, which is expected since these modes have the 497 

highest contribution to the overall structural dynamic response. Finally, due to the periodicity of 498 

the physical oscillation functions describing the vibration modes, Eq. 12 may not have a unique 499 

solution, with more than one value of b satisfying the phase shift condition. To avoid detecting 500 

erroneous time lags or even obtaining false positives, it is recommended performing multiple 501 

analyses using acceleration response data under variable excitations. The time lags can then be 502 

detected through the statistical processing of the results from these multiple analyses. 503 

 504 

6. Summary and conclusions 505 

 506 

Structural health monitoring is being widely applied nowadays for maintaining civil 507 

infrastructure. In this context, system identification serves as a methodology for extracting 508 

information on important structural parameters. In system identification, operational modal 509 

analysis for deriving the structural dynamic parameters of monitored structures, such as natural 510 

frequencies and mode shapes, has been gaining increasing popularity. The key advantage of 511 

OMA is low implementation cost (i.e., no excitation devices are required) and the minimal 512 
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disturbance of the operation of structures. In OMA, synchronization discrepancies between sets 513 

of acceleration response data compromise the accuracy of the structural dynamic parameters. 514 

More specifically, the phase differences between the sets of acceleration response data, as a 515 

result of synchronization discrepancies, lead to erroneous mode shapes. While synchronization 516 

discrepancies predominantly affect wireless SHM systems, cable-based systems with more than 517 

one data acquisition units may also be prone to synchronization-induced errors. Research efforts 518 

for removing synchronization-induced errors from OMA results focus on implementing clock 519 

synchronization technologies or on using computationally intensive optimization methods at the 520 

output stage of OMA. In this work, a synchronization diagnosis method for detecting and 521 

accommodating synchronization-induced errors in OMA at an intermediate stage of the analysis 522 

has been presented. In the proposed method, acceleration response data is first transformed into 523 

the frequency domain via FFT. Using the expected relationships between phase angles of 524 

frequency components corresponding to vibration modes, the time lags between sets of 525 

acceleration response data are detected. Finally, the sets of acceleration response data are 526 

synchronized according to the detected time lags. 527 

 528 

The applicability of the synchronization diagnosis method has been verified through numerical 529 

simulations of the response of a multi degree-of-freedom oscillator. The results of the 530 

verification tests have demonstrated the ability of the synchronization diagnosis method to detect 531 

accurate time lags and yield correct mode shapes. It has also been observed that the effect of 532 

synchronization discrepancies is stronger in the first few vibration modes, which typically 533 

dominate the structural response of conventional civil engineering structures. Next, a validation 534 

field test has been conducted on a pedestrian overpass bridge to further demonstrate that the 535 
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synchronization diagnosis method can accurately reproduce mode shapes using acceleration 536 

response data from actual SHM systems. Good quality results have been obtained from both the 537 

validation and the verification tests. Time lags between the sets of acceleration response data 538 

have been successfully detected, and the mode shapes extracted using OMA have been corrected. 539 

When applying the proposed method, special attention should be paid to non-unique solutions of 540 

the equation for calculating the time lags, due to the periodicity of harmonic oscillation functions 541 

describing vibration modes. To avoid erroneous estimates of time lags, it is recommended to 542 

conduct multiple analyses using the proposed method and calculate the time lags through 543 

statistical processing. Future work may be directed towards implementing the proposed method 544 

in wireless SHM systems, where synchronization discrepancies are more frequent. Furthermore, 545 

the usage of the proposed method may be further investigated and quantified on a statistical 546 

basis. 547 
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