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Abstract: Real-time dynamic displacement and acceleration responses of the main span section of the
Tianjin Fumin Bridge in China under ambient excitation were tested using a Global Navigation
Satellite System (GNSS) dynamic deformation monitoring system and an acceleration sensor
vibration test system. Considering the close relationship between the GNSS multipath errors and
measurement environment in combination with the noise reduction characteristics of different
filtering algorithms, the researchers proposed an AFEC mixed filtering algorithm, which is an
combination of autocorrelation function-based empirical mode decomposition (EMD) and Chebyshev
mixed filtering to extract the real vibration displacement of the bridge structure after system
error correction and filtering de-noising of signals collected by the GNSS. The proposed AFEC
mixed filtering algorithm had high accuracy (1 mm) of real displacement at the elevation direction.
Next, the traditional random decrement technique (used mainly for stationary random processes)
was expanded to non-stationary random processes. Combining the expanded random decrement
technique (RDT) and autoregressive moving average model (ARMA), the modal frequency of the
bridge structural system was extracted using an expanded ARMA_RDT modal identification method,
which was compared with the power spectrum analysis results of the acceleration signal and finite
element analysis results. Identification results demonstrated that the proposed algorithm is applicable
to analyze the dynamic displacement monitoring data of real bridge structures under ambient
excitation and could identify the first five orders of the inherent frequencies of the structural system
accurately. The identification error of the inherent frequency was smaller than 6%, indicating the high
identification accuracy of the proposed algorithm. Furthermore, the GNSS dynamic deformation
monitoring method can be used to monitor dynamic displacement and identify the modal parameters
of bridge structures. The GNSS can monitor the working state of bridges effectively and accurately.
Research results can provide references to evaluate the bearing capacity, safety performance, and
durability of bridge structures during operation.

Keywords: operational modal analysis; GNSS dynamic deformation monitoring; accelerometer;
AFEC mixed filtering; expanded ARMA_RDT

1. Introduction

Various types of damage and functional degradation are inevitable due to the ageing of materials
and the environmental erosion of bridges and increasing overload vehicles. Dynamic deformation
monitoring and real-time state evaluation of bridges in service are important to protect the carrying
capacity, durability, and safety of bridge structures; provide early warning against emergency; and
prevent huge economic loss and casualties under extreme conditions [1].
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Traditional monitoring methods of bridge structures requires sufficient test equipment, including
accelerometers, strain gauges, and inclination sensors. This test equipment brings a heavy workload
and suffers from immense environment-induced losses. Furthermore, this equipment can only measure
the high-frequency dynamic displacement of the structure and cannot test low-frequency quasi-static
displacement [2]. The GNSS receivers feature easy operation, high environmental adaptation, satellite
signal reception at any time, and long-term continuous monitoring. Additionally, the GNSS easily
identifies low-frequency signals of structural vibration and can offset the disadvantages of traditional
monitoring methods. The GNSS is increasingly appreciated in large-scale structural health monitoring
as all test equipment can be developed continuously when combined with traditional monitoring
equipment, such as an accelerometer [3-5]. Roberts et al. [6] designed a GNSS-accelerometer combined
device in which the GNSS receiver was overlaid with the vertical axis of the accelerometer. Li et al. [7]
and Moschas et al. [8] monitored the vibration responses of iron tower and steel bridge structures
by combining an accelerometer and a GNSS receiver. Yi et al. [9] presented an overview of research
and development activities in the field of bridge health monitoring using the global positioning
system (GPS).

Due to multiple errors, the GNSS has a high measurement accuracy to bridge with large
vibration displacement and good flexibility. Nevertheless, with the continuing perfection and
development of the GNSS hardware and software, the GNSS technology is being gradually used
in the experimental study of bridge structures with relatively small amplitudes. Li et al. [10,11]
designed an efficient multi-GNSS real-time precise positioning service system and presents a new
GPS data processing scheme for real-time kinematic precise point positioning in order to shorten the
convergence time and the observational time required for a reliable ambiguity-fixing. Li et al. [12]
presented an approach for tightly combing GPS and seismic sensor data where the accelerometer data
are integrated into the ambiguity-fixed PPP (precise point positioning) processing on the observation
level. Lee etal. [13] proposed a detection, identification, and adaptive technique to improve the
reliability of the GNSS positioning solution. Larocca et al. [14] monitored the dynamic features
of small concrete bridge structures using two GPS receivers with a 100 Hz sampling frequency.
Ogundipe et al. [15] performed GNSS monitoring of a viaduct with a steel box beam in Avonmouth,
Bristol, England. They measured the vertical deflection at the main span (approximately 50 mm) point
accurately and identified the natural frequency of vibration that conformed to finite element calculation
results. Moschas et al. [16] implemented a dynamic response monitoring test to a steel footbridge
with a 41.5 m main span range by using a GNSS receiver and an accelerometer. They measured the
millimeter-scale dynamic displacement of a bridge structure and identified the vertical and horizontal
frequencies of vibration. In this study, the real-time dynamic responses of the Tianjin Fumin Bridge in
China were tested by combining the GNSS-Real Time Kinematic (RTK) technique and acceleration
sensing. Real dynamic displacement of the bridge structure was extracted, and its vertical vibration
performance was analyzed.

In the past, the GNSS-based measurement method for bridge monitoring was mainly used for
real dynamic displacement extraction, which is infrequently used in modal parameter identification.
Identification of modal parameters is important in the theoretical research and engineering applications
of health monitoring, damage assessment, and the active control of bridge structures [17-19].
Given the increasing span and complexity of modern bridge structures, gaining effective excitation
signals through human motivation (such as shakers and drop weights) is difficult, and may cause
unnecessary damage to bridge structures [20]. Therefore, traditional theories and techniques
concerning the identification of structural modal parameters based on input and output signals
are not applicable. Identification methods of bridge structural modal parameters under ambient
excitation (e.g., wind-induced vibration, earth pulse, and stimulus of vehicles) requires no human
stimulus, only the mathematical and mechanical analyses of output signals as well as the identification
of modal parameters in the time or frequency domains. These methods are feasible and practical
in engineering applications. At present, the main modal parameter identification methods based
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on ambient excitation includes the random decrement technique (RDT) [21]; the natural excitation
technique (NExT) [22]; the Ibrahim time domain technique (ITD) [23]; the ARMA [24]; and the random
subspace method [25] in the time domain. In addition, some identification methods in the frequency
domain can be used to identify modal parameters under ambient excitation; these methods include
the peak-picking technique and the frequency-domain decomposition technique. In this study, the
time-domain modal parameters of the preprocessed GNSS monitoring data were identified, and the
traditional RDT for stationary random processes was expanded to non-stationary random processes.
An improved identification method of ARMA_RDT modal parameters was applied to analyze the
real-time dynamic monitoring data of the GNSS and extract the modal frequency of bridge structural
systems in service.

To increase the measurement accuracy of the GNSS dynamic monitoring and expand it for the
application of modal parameters identification, the dynamic responses of the Tianjin Fumin Bridge
were monitored and tested by combining the GNSS sensor technology and acceleration sensing.
An AFEC mixed filtering algorithm was proposed to extract the real vibration displacement of the
bridge structure. Modal parameters of the bridge structure were identified using the expanded
time-domain modal identification method (expanded ARMA_RDT) and then compared with the
results of traditional acceleration sensor testing and finite element analysis. In this paper, Section 2
introduces the principle of the GNSS dynamic deformation monitoring. Section 3 presents the AFEC
mixed filtering algorithm. Section 4 states the theory of the expanded ARMA_RDT modal identification
method. Section 5 discusses engineering applications, and Section 6 presents our conclusions.

2. Principle of GNSS Dynamic Deformation Monitoring

GNSS refers to all satellite navigation systems including American GPS; Russian Glonass;
European Galileo; China’s Beidou navigation systems; and related enhancement systems. According
to the characteristics of monitoring objects, GNSS deformation monitoring is divided into periodic
measurement; fixed continuous GPS station array; and real-time dynamic monitoring. The first two
types use static data calculation as the monitoring objects are generally viewed as static changes for
slow deformation and long periods. In general, RTK monitoring is used to reduce the influences of
different system errors and obtain real-time high-accuracy coordinates of measuring points. RTK
monitoring is a real-time differential GPS technique based on the observed quantity of carrier phase,
which is mainly applicable to long-term deformation with sudden changes and vibration deformation
under ambient excitation. The working principle of the RTK technique is to set one GPS receiver at
the reference station to observe all visible GPS satellites continuously and return real-time monitoring
data to mobile stations. GPS receivers on mobile stations receive the observed data from the reference
station through radio-receiving equipment while receiving GPS satellite signals. Subsequently, they
perform real-time calculations and display 3D coordinates and accuracy of the user stations according
to the principle of relative positioning [9]. The working mode is shown in Figure 1.

The GNSS-RTK system includes earth-circling satellites, a reference station, and mobile stations
(Figure 2a). The reference station is composed of a GPS receiver, a satellite earth antenna, a wireless
data link transceiver and transmitting antenna, and a direct-current power supply (Figure 2b). The
mobile station is composed of a GPS receiver, a satellite earth antenna, a wireless data link receiver
and antenna, and a data collector (Figure 2c).
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Figure 1. GNSS-RTK (Global Navigation Satellite System Real-time Kinematic Technology) working mode.
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3. AFEC Mixed Filtering

In general, the GNSS has a short baseline (<10 km) in structural dynamic monitoring, which can
reduce errors caused by the troposphere and the ionized layer to some extent but cannot decrease
multipath errors and random noise [26]. Therefore, the GNSS monitoring signals mainly cover real
structural vibration information, multipath errors, and random noise. Multipath errors are mainly
distributed in the 0-0.2 Hz frequency band [27], whereas random noise is distributed in a wide
frequency band and has low energies. Given that the GNSS monitoring data contain countless noises
and the vertical error is approximately 20 mm, the GNSS has difficulty in identifying millimeter-scale
real vibrations of medium-sized and small bridge structures. An AFEC mixed filtering algorithm
was proposed to solve these problems. Chebyshev filtering is applicable to ripple-like frequency
response amplitudes on the pass-band or stop-band and is often used to filter structural vibration
signals. The EMD technique decomposes signals from small to big according to the characteristic
scale of local time, obtaining limited intrinsic modal functions (IMFs) from large to small frequencies.
This technique has the advantages of multi-resolution and solution of the wavelet base selection
in wavelet transform. Moreover, the EMD technique decomposes signals from scale characteristics
of signals. It possesses good local adaptation and adaptability, and is convenient for filtering and
de-noising non-stationary signals.

Signal X; can be gained by preprocessing signal x; collected by the GNSS and neglecting the
minor constituent. In the dynamic deformation monitoring of the structure of GNSS, the measurement
error is caused by many factors. In GNSS short-baseline double-difference solution processing, errors
caused by tropospheric and ionospheric delays, satellite ephemeris errors, satellite clock errors, receiver
clock errors and receiver position errors can be weakened. Some errors can’t be weakened, such as
multi-path error and random noise. Ignoring minor components, such as the errors caused by earth
tides and load tide, the preprocessed signal X; can be expressed as

X; = Ri(n) + Di(n) + N;(n) 1

where X; is the GNSS test data at the test point i after preprocessing; n is the data length; R;(n) is the
real vibration information of the bridge structure; D;(n) is the multipath errors of signals; and Nj(n) is
the random noise of signals.

AFEC mixed filtering has two steps (Figure 3):

1) Multipath errors D;(n) are eliminated by Chebyshev high-pass filtering, and the fundamental
vibrational frequency of the test bridge structure was calculated as 0.83 Hz by using finite
element analysis. The pass-band frequency of an 8-order I-type Chebyshev high-pass filter
was designed at 0.4 Hz. This 8-order I-type Chebyshev high-pass filter was used to process
the GNSS monitoring data X;, obtaining the signal after the multipath error was eliminated:
Y; = Nj(n) + R;(n).

(2) The random noise N;(n) was weakened by the EMD filter based on the autocorrelation function.
First, the EMD of the signal Y; was implemented, obtaining m intrinsic modal functions
(IMF1, IMF2, ... , IMFm) and one residual component (R;). The autocorrelation function of
m IMFs was calculated, and whether these IMFs were noise components was determined.
The IMFs that were not noise components and the residual component were reconstructed,
obtaining the AFEC-filtered signal y; = R;(n).
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Figure 3. AFEC mixed filtering (an algorithm combing autocorrelation function-based empirical mode

decomposition and Chebyshev filter) flow chart.

4. Expanded ARMA_RDT

The program of the time-domain identification technique of modal parameters under ambient
excitation included the following steps: (1) the collection of vibration data under ambient excitation;
(2) the preprocessing of data samples to make them conform to the signal form necessary for
time-domain identification. In this paper, expanded RDT was used to extract free vibration signal
data from vibration response signals; (3) Identification of parameters by using free vibration signals
as the input data of the time series method of the ARMA model. One advantage of the time-domain
identification of modal parameters was that it only uses measured response signals and does not need
Fourier transform, thus avoiding truncation-induced signal missing and influences on identification
accuracy by side lobe and low resolution.

4.1. Expanded RDT

RDT is a method that extracts free attenuation vibration signals of the system through average and
mathematical statistical methods. The traditional RDT focuses mainly on stationary random processes.
For a single-degree-of-freedom structural system under excitation by zero-mean stationary Gaussian
signals, the traditional RDT chooses one threshold A and intercepts the response signal of the system
under random excitations, obtaining signals of # sections of time sequences starting att; (i=1,2,... ,n)
and having a length of s. Subsequently, the signals of these n sections are superposed and averaged,
thus obtaining the free vibration signal of the system. According to theoretical deduction, this vibration
signal is the free attenuation signal of the structural system under initial displacement [21]. When



Sensors 2017, 17, 436 7 of 20

the random excitation meets zero-mean Gaussian distribution, theoretical deduction reveals that this
vibration signal is the free attenuation signal of the structural system under initial displacement.

5(s) = x(ti +s) (2

S|
I

However, external excitations to bridge structures in service are mainly non-stationary
random loads. This requires the expansion of the traditional RDT to process zero-mean
non-stationary environmental response signals, thereby extracting the free attenuation signal of
the multi-degree-of-freedom (MDOF) linear bridge structural system. Under zero-mean non-stationary
random loads, the free vibration signal of the MDOF system is collected by RDT. The dynamic
differential equation of the MDOF construction structural system can be expressed as:

Mx(t) + Cx(t) + Kx(t) = f(¢) 3)

where M, C and K are the total mass, damping, and stiffness matrixes of the structure, respectively;
x(t), x(t) and x(t) are the displacement, velocity, and acceleration vectors, respectively; and f(t) is the
zero-mean non-stationary external load vector.

According to the basic principle of structural dynamics, the displacement response of the ith DOF
in the linear structural system can be expressed as the superposition of multiple modal displacement:

=Y ¢ir-qr(t) )
r=1

where ¢;, is the r-order mode of vibration; g, (t) is the displacement response of the r-order modal; and
m is number of order of the modal. g,(t) can be expressed as the sum of additional free vibration ¢, (t)
and forced vibration g,, () of the modal:
— 7,(0 rwrqr(0
3(1) = 4 () +dna(t) = =4 w ) coswart-+ A
+ fo P(t—T)dT

sin wy, ]

®)

where w; and ¢, are the inherent frequency and damping ratio of the r-order modal of the structural
system, respectively; wy, is the damped frequency of the r-order modal; i, (t — T) is the unit impulse
response function of the r-order modal; and g,(0) and 4,(0) are the initial modal displacement and
initial modal velocity of the r-order modal, respectively.

Given that the unit impulse response will attenuate, 11, (f — T) has a finite length. Considering the
unilateral properties of the modal load and modal impulse response function, the researchers obtain:

/(p,Tf t—TdT—/ ol () f(t — T)dt 6)
where p is the length of the modal impulse response function. Replacing t by t; + s yields:

qr(t; +5) = e~ Eror(tit)[g,(0) cos wqy (£ + 5) + 7577(0)%:;»%(0) :

sinwg, (t; +5)] + fop o h (T)f(t +5s — 1)dT (7)
= e 5 “r%( A cos wy,s + Bsinwy,s) + f @l (T)f(t +5 — T)dT

where A and B are:

— oGty 3, (0)+Erwrgr(0) .
A = e 5w (qr(O)coswdrtl—i— o smwdrtl; ®

B = efngrti (qr (O) Sin wd}’tl _|_ %’W cOS wd}’tl
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Displacement signals are intercepted and averaged by RDT. Then,

Z xi(ti +s) 2 2 Pirqr(t = 21 Pir <111k2 9, (t; + S)) )
r= =1

This condition indicates that the problem of calculating the free vibration signal on the ith DOF
(0i(s)) can be transformed into the problem of segmented superposition and averaging of different
orders of modal displacement responses through modal decomposition of linear structure.

m

(s = £ i (1 09

— g Pir (}1 i (e 6rrS (A cos wgys + Bsinwg,s) + [ Thy(T)f(ti +5— T)dT))

k= (10)
n
= le=Grwrs 2 @ir Z (Acoswg,s + Bsinwg,s)+1 Z §01r (fop f(ti +s—71)dT)
A= -
n n
= Ee*érwys 21 (Pirk):l (A coswy,s + Bsinwg,s)+ 21 §0irf0 L he(7) (}1 Y (f(t+s— T)))dT
r= = r= =
n
G = Lle=&rwrs ¥ (Acoswgy,s + Bsinwy,s)
; k=1 (11)
F=1% (fti+s—1))
k=1
2 9irG + 2 i / ¢oTh, (1) FdT (12)

Therefore, the signal gained by RDT under zero-mean non-stationary load can be divided into
two parts. The first part is related only to the initial modal displacement and initial modal velocity of
the structure, whereas the second part is related to non-stationary external excitation. Given that the
mean of F is zero and the variance tends to approach zero with the increase in average times (1) of
RDT, the second part of the signal gained by RDT approaches zero when # is large. The second part is
viewed as noise. In other words, the signal gained by RDT under non-stationary excitation is a free
vibration attenuation signal containing noises.

4.2. ARMA Model

The time series ARMA model is characterized by no energy leakage, strong noise resistance, and
high identification accuracy in identifying the modal parameters of structures [28]. The relationship
between N DOF linear system excitation and response can be described by the high-order
differential equation

MI{X} + [CI{ X} + [KI{X} = {F} (13)

where [M], [C], [K] are the mass, damping and stiffness matrix of the system respectively; { X}, {X },

{5( }, {F} are the displacement, velocity, acceleration response vector and excitation force vector of
each point of the system.

In the discrete time domain, this high-order differential equation changes into a series of
differential equations expressed by time series at different times. Therefore, the ARMA time series
model equation is:

2N 2N
Y aexi =Y befik (14)
k=0 k=0

where 2N is number of orders of the regression model and moving average model; a; and by, are the
auto-regression coefficient and moving average coefficient for identification, respectively; and f; is the
excitation of white noises. When k=0, ay = by = 1.
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Here f; is the white noise. Thus, the correlation function is:

c’k=1+1

Elfe-ifirei] = { oo 1)

where ¢ is the variance of white noise.
Given that the impulse response function (4;) of the linear system is the output response of the
system upon the excitation of impulse signal J, the expression defined by an ARMA process is:

2N 2N
Y aghi =) bby_i = by (16)
k=0 k=0
Therefore,
2N o 2N L&
Y aRi_k =) hi) aRiyx=0°) hibi (17)
k=0 i=0 k=0 i=0

For an ARMA process, by = 0 when k is larger than 2N. Hence, the above equation is equal to zero
constantly when [ > 2N. Then,

2N
Y @R,y = —R; 1 2N (18)
k=0

Assuming that the length of the correlation function is L and let M = 2N. Corresponding to
different [ values, substituting them into the above equation yields a set of equations:

a1Rp +a2Ry—1 + -+ - +amRy = Ry41
a1Rpy1 + @Ry + - +apmRe = Ry4

(19)
mRp1+ @Ry o+ +auRi_pm = Rp
The least square solution of the equation set can be gained by the pseudo-inverse method:
-1
{a} = (IRITRY) (IR7[RY) (20)

Therefore, the auto-regression coefficient ay(k = 1,2, - - ,2N) could be calculated.
The coefficient of the moving average model (by(k = 1,2,--- ,2N)) could be solved by using the
following nonlinear equation set:

B+bi+--b3 =co
bob1 + - - -+ bp—1bym = 1

' (21)
bobym = cum

2N 2N
Ck = Z Z alﬂ]Ck_l+],k = O/ 1/2/ e /ZN

i=0j=0

where Cy is the auto-covariance function of the response sequence x;.
After a; and by are gained, the modal parameters of the system can be calculated by the
transmission function of the ARMA model. The transmission function of the ARMA model is:

2N
Y bz 7k
k=0
2N

Y azk
k=0

H(z) = 22
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Roots of the denominator polynomial equation can be calculated by the high-order
algebraic equation:
2N a2V oy iz ay =0 (23)

The calculated roots are polar points of the transmission function. Their relationships with modal
frequency (wy) and damping ratio (i) of the system are:

z = exp(spAt) = exp[(—rwi + jwry/1 — &2 At (24)
zi* = exp(sp*At) = exp[(—Grwi — jwry/1 — Gi?)At]

Based on Equation (24), wy and ¢ can be calculated as follows:

R = Inz, = spAt
kw, = |Rg|/ At (25)

o 1
Ck = \/1+(Im(Rk)/Re(Rk))2

5. Engineering Applications and Discussions

5.1. Stability Test of Equipment

To ensure the accuracy and stability of the testing equipment, the stability of all equipment was
tested before the experiment. In the experiment, the Haixingda H32 receiver of Zhonghaida Company
was used as the GNSS-RTK receiver, and the sampling frequency was adjusted from 1 Hz to 20 Hz
through internal upgrading. The positioning accuracy of RTK was (10 mm + 1 ppm) on plane and
£(20 mm + 1 ppm) on elevation.

The experiment was conducted with three GPS receivers on an open site. One was used as
the reference station, while the remaining two were used as mobile stations for mutual verification
(Figure 4). Data were collected for three continuous hours. Elevation data in 3 h were used, and
the original data are shown in Figure 5. Figure 5 shows that the vertical accuracy of two pieces of
equipment is within 20 mm, indicating the accuracy reliability and stability of the test equipment.

#2
Monitoring

#l
Monitoring

Figure 4. Stability test site.
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Figure 5. Stability test data: (a) #1 monitoring point elevation data; and (b) #2 monitoring point
elevation data.

5.2. Engineering Background and Measuring Point Arrangement

The Tianjin Fumin Bridge is in a central urban area. The main bridge is a self-anchored suspension
bridge with a single tower and spatial cables. The tower is supported by one column. The main span
cable is anchored at two sides of the girder, and the side span cable is anchored onto the ground,
forming a stable structural system. The main span cable uses a 3D spatial line, which is a parabola on
the vertical and horizontal surfaces. The side span cables use a group (two parallel lines) of cables
without vertical sling (Figure 6). The total length of the bridge is 340.6 m, including 157.081 m main
span and 86.4 m side span. The approach bridge at the east of the river is (19 + 20 + 19.6) m (three-span
ordinary reinforced concrete continuous beams), and the approach bridge at the west of the river
(single-span concrete framework with cantilevers) is 38.219 m.

14100
14X9000=12600

I s

#1

i monitoring point

monitoring point

Figure 6. The elevation view of Fumin Bridge and the test point arrangement.
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The standard width of the main bridge is 38.6 m. The transversal arrangement is 0.8 m
(cable anchorage region) + 0.5 m (crash barrier) + 14.5 m (3.75 m non-motorized vehicle lane +
(3.75 + 2 x 3.5) m motorway) + 0.5 m (marginal strip) + 0.5 m (crash barrier) + 5.0 m (main tower
region) +0.5 m (crash barrier) + 0.5 m (marginal strip) + 14.5 m ((2 x 3.5 + 3.75 m) non-motorized
vehicle lane + 3.75 m motorway) + 0.5 m (crash barrier) + 0.8 m (cable anchorage region).

In consideration of the characteristics of the Fumin bridge structure and experimental goal, only
the main-span bridge was monitored. Two monitoring points were set at 1/4 and 1/2 of the main-span
bridge. One GNSS-RTK receiver and one acceleration sensor were set at each monitoring point.
A GNSS-RTK receiver—acceleration sensor combined monitoring device was designed. The reference
station is shown in Figure 7a. The #1 and #2 moving stations are shown in Figure 7b,c. The installation
acceleration sensor is shown in Figure 7d. The longitudinal, horizontal, and vertical acceleration data
of the bridge structure were tested.

Figure 7. Instruments layout where (a) is the reference station; (b) is the #1 mobile station; (c) is the #2
mobile station and (d) is the arrangement of accelerometers.
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5.3. Identification of Dynamic Displacement from AFEC Mixed Filtering

Dynamic responses of the Fumin Bridge under ambient excitations were monitored for
10 successive hours from 10:00 a.m. to 8:00 p.m. on 9 November 2016. The GNSS sensor collected
the vibration displacement signal of the structure, while the accelerometer collected the vibration
acceleration signal of the structure. Four groups of data were collected. The effective number of
satellite signals that has been used in the measurements is 14-16, and it was constant throughout the
test. The GNSS sensor and accelerometer recorded original data at the sampling frequencies of 20 Hz
and 100 Hz, respectively. The calculated results of RTK were transmitted and stored in laptops through
USB cables. The original data x; were preprocessed by deleting abnormal values according to the
principle of triple standard deviation (99.7% confidence interval) and repairing missed data by cubic
spline interpolation and data smoothing by the moving average method, thus obtaining the signal after
preprocessing (X;). The original vertical displacement sequence (x1) and signal after preprocessing
(X1) at the #1 measuring point are shown in Figure 8.

40
£ 2 -
=
& M‘\ il
g 0 !
(5]
ks
% 20 :
a
_40 1 1 | | |
0 100 200 300 400 500 600
Time (sec)
(a)
20 \

10

Displacement (mm)
(=)

-10
_20 | 1 1 1 1
0 100 200 300 400 500 600
Time (sec)
(b)

Figure 8. GNSS-RTK elevation signal: (a) original signal-x;; and (b) signal after pretreatment-Xj.

The real vibration data of the structure in the GNSS data were covered by noises due to the
interferences caused by multipath errors and random noises. According to Section 3, the AFEC mixed
filtering algorithm was applied to process the polluted GNSS data. First, an 8-order I-type Chebyshev
high-pass filter was used to eliminate multipath errors (Figure 9). Second, the random noise error
was reduced by the EMD based on autocorrelation function. The autocorrelation function of the
signal reflects correlations at different times because of the statistical characteristics of the random
signal. The autocorrelation function of random noise is characterized by a maximum at zero, a rapid
decay to very little at other points. There is no such rule for the ordinary signal because the ordinary
signal has a correlation between different moments. It is possible to distinguish whether the IMF
component is a noise component by determining whether the autocorrelation function characteristic
of the IMF component complies with the autocorrelation function characteristic of the random noise
signal. Therefore, the random noise and ordinary signal can be distinguished by the autocorrelation
function of signals. The autocorrelation function between the random noises and ordinary signal is
presented in Figure 10.
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(b) Common signal; (d) Normalized autocorrelation and (d) Normalized autocorrelation.

The EMD of the signal was conducted first (Figure 11), which provided 12 IMF components and
one residual component. Subsequently, the normalized autocorrelation functions of 12 IMFs were
solved (Figure 12). In Figure 12, the first seven IMFs conformed to the characteristics of random noise.
The AFEC-filtered signal were reconstructed with the five remaining IMFs and R1. The real vibration
amplitude of the bridge structure that was extracted by the AFEC de-noising was less than 1 mm,
showing high accuracy. The comparison between the real vibration signals before and after AFEC
de-noising is shown in Figure 13. Given that the vibration frequency of the bridge structure generally
ranges between 0.1-10 Hz, only the 0-10 Hz frequency spectrum was analyzed by power spectral
analysis. Acceleration signals within 0-10 Hz were collected using the Chebyshev band-pass filter
method. Signals before and after filtering were compared (Figure 14).

Next, the power spectra of the de-noised displacement sequence and the acceleration signal
sequence were analyzed (Figures 15 and 16). The AFEC-filtered GNSS-RTK displacement sequence
identified the frequency of the bridge structure (0.82 Hz), and the filtered acceleration signal sequence
identified the first five orders of frequency of the bridge structure, valued at 0.84 Hz, 1.82 Hz,
2.59 Hz, 2.91 Hz, and 4.18 Hz, respectively. The identification results were close to the finite element
analysis results (Figure 17). The MIDAS Civil 2012 was used to establish the 3-dimensional finite
element theoretic calculation model for the Tianjin Fumin Bridge to calculate the self-vibration modal
parameters of the structure. In the calculation and analysis model, cable and suspender are simulated
by cable element. Moreover, girder and tower are simulated by beam element. The model contains
625 nodes, 62 cable units and 882 beam elements.
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Figure 11. EMD (Empirical Mode Decomposition) decomposition of GNSS-RTK signal.
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Figure 14. Comparison of acceleration signal before and after AFEC filtering.
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Figure 15. GNSS-RTK signal after AFEC (an combination algorithm of autocorrelation function-based
empirical mode decomposition (EMD) and Chebyshev mixed filtering) and power spectrum analysis:

(a) GNSS-RTK signal after AFEC; (b) Power spectrum analysis of GNSS-RTK signal after AFEC.
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Figure 16. Acceleration signal after AFEC and power spectrum analysis: (a) acceleration signal after
AFEC; (b) Power spectrum analysis of acceleration signal after AFEC.

(e) five-order frequency = 4.18 Hz.

Figure 17. Finite element modal analysis: (a) First order mode; (b) second-order mode; (c) third-order
mode; (d) fourth-order mode; (e) five-order mode.
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5.4. Modal Analysis

The GNSS-RTK signals filtered by the AFEC mixed filtering algorithm were analyzed using
the expanded ARMA_RDT modal identification method. First, the free attenuation signals of the
bridge structure were collected by the expanded RDT (Figure 18). Second, the modal parameters were
identified using the free attenuation signals as the input signal of the ARMA method. The frequency
identification results are listed in Table 1. Table 1 shows that the expanded ARMA_RDT modal
identification method can effectively extract the first five orders of frequencies of the bridge structure in
the GNSS-RTK data and that the maximum relative error is 5.4%, showing high identification accuracy.
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=
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Figure 18. Free-damped vibration signal obtained from RDT.
Table 1. Comparison study of the first five frequency data sets.
Frequency (Hz) First-Order = Second-Order  Third-Order Fourth-Order Five-Order
Theoretical value 0.84 1.82 2.59 291 4.18
Result from Accelerometer 0.82 1.71 2.57 2.82 3.98
Relative difference (%) 2.38 6.04 0.77 3.09 4.78
Result from GNSS-RTK 0.81 1.77 2.45 2.78 4.03
Relative difference (%) 3.57 2.75 54 447 3.59

6. Conclusions

The real-time dynamic responses of the Tianjin Fumin Bridge were monitored by combining
the GNSS-RTK dynamic displacement measurement technique and the acceleration sensor system.
Multipath errors and random noise in the GNSS monitoring data were eliminated by the AFEC mixed
filtering algorithm, thus extracting real dynamic displacement sequences of the bridge structure.
Next, the modal parameters of the bridge structure during operation were identified by the expanded
ARMA_RTD modal identification method, which identified the first five orders of the natural frequency
of vibration. The identification results were close to the test results of the accelerator sensor and the
theoretical calculation results of the finite element analysis. The maximum error of the natural
frequency of vibration was within 6%. Some conclusions were reached in this paper:

(1) The GNSS technique possesses a certain engineering application value in vibration displacement
monitoring and modal parameter identification of large engineering structures.
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(2) The proposed AFEC mixed filtering algorithm can not only eliminate multipath errors and
random noise in the GNSS-RTK data effectively but can also increase the vertical vibration
displacement accuracy of the bridge structure to less than 1 mm.

(3) The expanded ARMA_RTD modal identification method can be used to process the GNSS
monitoring data of real bridge structures and can identify the modal parameters of the structure
quickly and effectively. It can provide key data for online monitoring or active control and the
earthquake resistance evaluation of structures.

With the further development of the GNSS technique, sampling frequency increases. On the
basis of data testing and analysis, the GNSS-based dynamic deformation monitoring technique is not
only flexible and easy to operate but can also be feasibly used in the dynamic weighing and damage
identification of bridge structures. It possesses promising application prospects.

Acknowledgments: This work reported here was supported by the National Science Fund of China (51178305
and 51578370) and the Tianjin Research Program of Application Foundation and Advanced Technology
(14JCYBJC21500).

Author Contributions: The contributions of the author Huali Lu focused on the design and implementation of the
dynamic deformation monitoring test and writing the paper. Chunbao Xiong and Jinsong Zhu are the supervisors
of this project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jain, H,; Rawat, A.; Sachan, A K. A Review on Advancement in Sensor Technology in Structural Health
Monitoring System. J. Struct. Eng. Manag. 2015, 2, 1-7.

2. Afifi, A.; El-Rabbany, A. Precise Point Positioning Using Triple GNSS Constellations in Various Modes.
Sensors 2016, 16, 779. [CrossRef] [PubMed]

3. Che, Y,; Wang, Q.; Gao, W,; Yu, F,; Feng, J. Krein Space Approach to Robust Hoo Filtering for GNSS/SINS
Integrated Navigation System with Missing Measurements. J. Comput. Theoret. Nanosci. 2015, 12, 5906-5915.
[CrossRef]

4. Yu,];Meng, X,; Shao, X.; Yan, B.; Yang, L. Identification of dynamic displacements and modal frequencies
of a medium-span suspension bridge using multimode GNSS processing. Eng. Struct. 2014, 81, 432-443.
[CrossRef]

5. Yu, J.; Yan, B.; Meng, X.; Shao, X.; Ye, H. Measurement of Bridge Dynamic Responses Using Network-Based
Real-Time Kinematic GNSS Technique. J. Surv. Eng. 2016, 142, 04015013. [CrossRef]

6. Roberts, G.W.; Meng, X.; Dodson, A.H. Integrating a Global Positioning System and Accelerometers to
Monitor the Deflection of Bridges. J. Surv. Eng. 2004, 130, 65-72. [CrossRef]

7. Li, X;; Ge, L.; Ambikairajah, E.; Rizos, C.; Tamura, Y.; Yoshida, A. Full-scale structural monitoring using an
integrated GPS and accelerometer system. GPS Solut. 2006, 10, 233-247. [CrossRef]

8. Moschas, F; Stiros, S. Measurement of the dynamic displacements and of the modal frequencies of a
short-span pedestrian bridge using GPS and an accelerometer. Eng. Struct. 2011, 33, 10-17. [CrossRef]

9. Yi, T; Li, H; Gu, M. Recent research and applications of GPS based technology for bridge health monitoring.
Sci. China Technol. Sci. 2010, 53, 2597-2610. [CrossRef]

10. Li, X.; Ge, M;; Dai, X.; Ren, X.; Fritsche, M.; Wickert, J.; Schuh, H. Accuracy and reliability of multi-GNSS
real-time precise positioning: GPS, GLONASS, BeiDou, and Galileo. J. Geod. 2015, 89, 607-635. [CrossRef]

11. Li, X,; Ge, M.; Zhang, H.; Zhang, H.; Wickert, ]. A method for improving uncalibrated phase delay estimation
and ambiguity-fixing in real-time precise point positioning. J. Geod. 2013, 87, 405-416. [CrossRef]

12.  Li, X.; Ge,M,; Zhang, Y.; Wang, R.; Guo, B.; Klotz, J.; Wickert, J.; Schuh, H. High-rate coseismic displacements
from tightly integrated processing of raw GPS and accelerometer data. Geophys. J. Int. 2013, 195, 612-624.
[CrossRef]

13. Lee, J.K,; Lee, J.O.; Kim, J.O. New Quality Control Algorithm Based on GNSS Sensing Data for a Bridge
Health Monitoring System. Sensors 2016, 16, 774. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/s16060779
http://www.ncbi.nlm.nih.gov/pubmed/27240376
http://dx.doi.org/10.1166/jctn.2015.4735
http://dx.doi.org/10.1016/j.engstruct.2014.10.010
http://dx.doi.org/10.1061/(ASCE)SU.1943-5428.0000167
http://dx.doi.org/10.1061/(ASCE)0733-9453(2004)130:2(65)
http://dx.doi.org/10.1007/s10291-006-0023-y
http://dx.doi.org/10.1016/j.engstruct.2010.09.013
http://dx.doi.org/10.1007/s11431-010-4076-3
http://dx.doi.org/10.1007/s00190-015-0802-8
http://dx.doi.org/10.1007/s00190-013-0611-x
http://dx.doi.org/10.1093/gji/ggt249
http://dx.doi.org/10.3390/s16060774
http://www.ncbi.nlm.nih.gov/pubmed/27240375

Sensors 2017, 17, 436 20 of 20

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Larocca, A.P.C.; de Aradjo Neto, ].O.; Trabanco, ].L.A.; dos Santos, M.C.; Barbosa, A.C.B. First Steps Using
Two GPS Satellites for Monitoring the Dynamic Behavior of a Small Concrete Highway Bridge. J. Surv. Eng.
2016, 142, 04016008. [CrossRef]

Ogundipe, O.; Roberts, G.W.; Brown, C.J. GPS monitoring of a steel box girder viaduct. Struct. Infrastruct. Eng.
2014, 10, 25-40. [CrossRef]

Moschas, F.; Stiros, S.C. Three-dimensional dynamic deflections and natural frequencies of a stiff footbridge
based on measurements of collocated sensors. Struct. Control Health Monit. 2014, 21, 23-42. [CrossRef]
Garcia-Palencia, A.J.; Santini-Bell, E. A Two-Step Model Updating Algorithm for Parameter Identification of
Linear Elastic Damped Structures. Comput. Aided Civ. Infrastruct. Eng. 2013, 28, 509-521. [CrossRef]
Boscato, G.; Russo, S.; Ceravolo, R.; Fragonara, L.Z. Global Sensitivity-Based Model Updating for Heritage
Structures. Comput. Aided Civ. Infrastruct. Eng. 2015, 30, 620-635. [CrossRef]

Jiang, X.; Adeli, H. Pseudospectra, MUSIC, and dynamic wavelet neural network for damage detection of
highrise buildings. Int. ]. Numer. Methods Eng. 2007, 71, 606-629. [CrossRef]

He, X.H.; Hua, X.G.; Chen, Z.Q.; Huang, FL. EMD-based random decrement technique for modal parameter
identification of an existing railway bridge. Eng. Struct. 2011, 33, 1348-1356. [CrossRef]

Zhang, Y.; Lian, J.J.; Liu, F. Modal parameter identification for a roof overflow powerhouse under ambient
excitation. Water Sci. Eng. 2016, 9, 67-80. [CrossRef]

Xu, Z.D.; Wu, K.Y. Damage detection for space truss structures based on strain mode under ambient
excitation. J. Eng. Mech. 2012, 138, 1215-1223. [CrossRef]

Zhang, P.; Teng, Y.; Wang, X.; Wang, X. Estimation of interarea electromechanical modes during ambient
operation of the power systems using the RDT-ITD method. Int. . Electr. Power Energy Syst. 2015, 71,
285-296. [CrossRef]

He, C; Xing, ].C.; Zhang, X. A New Method for Modal Parameter Identification Based on Natural Excitation
Technique and ARMA Model in Ambient Excitation. Adv. Mater. Res. 2015, 1065, 1016-1019. [CrossRef]
Xie, Y,; Liu, P; Cai, G.P. Modal parameter identification of flexible spacecraft using the covariance-driven
stochastic subspace identification (SSI-COV) method. Acta Mech. Sin. 2016, 32, 710-719. [CrossRef]

Zheng, D.W.; Zhong, P; Ding, X.L.; Chen, W. Filtering GPS time-series using a Vondrak filter and
cross-validation. J. Geod. 2005, 79, 363-369. [CrossRef]

Moschas, E,; Stiros, S. Noise characteristics of high-frequency, short-duration GPS records from analysis of
identical, collocated instruments. Measurement 2013, 46, 1488-1506. [CrossRef]

SoDerstroM, T.; Mahata, K.; Soverini, U. Identification of dynamic errors-in-variables models: Approaches
based on two-dimensional ARMA modeling of the data. Automatica 2003, 39, 929-935. [CrossRef]

@ © 2017 by the authors. Licensee MDP]I, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1061/(ASCE)SU.1943-5428.0000170
http://dx.doi.org/10.1080/15732479.2012.692387
http://dx.doi.org/10.1002/stc.1547
http://dx.doi.org/10.1111/mice.12012
http://dx.doi.org/10.1111/mice.12138
http://dx.doi.org/10.1002/nme.1964
http://dx.doi.org/10.1016/j.engstruct.2011.01.012
http://dx.doi.org/10.1016/j.wse.2015.12.004
http://dx.doi.org/10.1061/(ASCE)EM.1943-7889.0000426
http://dx.doi.org/10.1016/j.ijepes.2015.03.015
http://dx.doi.org/10.4028/www.scientific.net/AMR.1065-1069.1016
http://dx.doi.org/10.1007/s10409-016-0579-x
http://dx.doi.org/10.1007/s00190-005-0474-x
http://dx.doi.org/10.1016/j.measurement.2012.12.015
http://dx.doi.org/10.1016/S0005-1098(03)00033-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principle of GNSS Dynamic Deformation Monitoring 
	AFEC Mixed Filtering 
	Expanded ARMA_RDT 
	Expanded RDT 
	ARMA Model 

	Engineering Applications and Discussions 
	Stability Test of Equipment 
	Engineering Background and Measuring Point Arrangement 
	Identification of Dynamic Displacement from AFEC Mixed Filtering 
	Modal Analysis 

	Conclusions 

