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Abstract: This study aims to enhance the understanding of the state of large-scale bridge structures by accurately
analyzing the structural changes of bridges through extensive real-time monitoring data. By conducting a comparative
analysis of field load test data and simulation calculations of linear models, this research seeks to provide a precise as-
sessment of structural indices, identify potential risks, and develop appropriate preventive measures. Using a domest-
ic long-span suspension bridge as a case study, the bridge beam is conceptualized as a multi-degree-of-freedom
structure, allowing for the application of linear structural vibration mode decomposition methods. During the on-site
load testing, a structural health monitoring system is employed to collect real-time data, which facilitates the calcula-
tion of deflection and strain values for each control section under static load conditions. Additionally, the frequency re-
sponse function, unit pulse response function, and covariance-related functions are utilized to derive the modal para-
meters of the structure during dynamic load testing. The health monitoring system’s measurements of strain, deflec-
tion, and modal parameters are then compared with the analytical results from the tests, while also verifying the opera-
tional integrity of the monitoring system. By referencing the assessment methodology for site load tests, this research
analyzes the data mining from health monitoring systems to evaluate the bridge’s load-bearing capacity during testing,
as well as for subsequent evaluations of the bridge’s structural health and operational status. The experimental find-
ings demonstrate that the load testing equipment and health monitoring system effectively capture significant vehicle
loading and unloading events. Furthermore, the analysis of the acquired vibration data yields reliable modal paramet-
ers, with deflection calibration coefficients and relative residual coefficients meeting established criteria. The calcu-
lated frequencies are found to exceed the theoretically predicted values, indicating that the global stiffness of the struc-
ture aligns with design specifications and that the mechanical properties comply with regulatory standards. This re-
flects the feasibility and effectiveness of the monitoring-based evaluation index system and methodology employed in
this study.

Keywords: bridge engineering; large-scale bridge; structural health monitoring system; massive real-time data; load
test; status assessment.

1 Introduction the rapid growth of vehicle ownership and overloading

phenomenon, making some of the bridges in service dur-

In recent decades, with the rapid development of eco- ing the vehicle load has exceeded its design load. Such a

nomic level, more and more large-span bridges have g1 inevitably leads to major safety accidents during

been built in China, such as the Hong Kong-Zhuhai-Ma-
cao Bridge (HZMB), which is the longest cross-sea
bridge in the world, has been completed and opened to
traffic. The stability of bridge structure is the safety

guarantee for people’s life and property, however, due to

the service period of the bridge, such as the Wuxi via-
duct rollover accident that occurred in 2019. Sudden col-
lapses, ruptures and other major accidents of various
types of bridges are bound to cause major casualties and

social impact, which requires that we must pay attention
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to the safety of all types of transportation facilities in real
time and prevent them in a timely manner. Therefore, it
is of great significance to carry out real-time monitoring,
analysis and evaluation for the structural state of major
transportation facilities, timely discover the structural
diseases, and assess the degree of its impact on the main
body of the structure, predict the degradation rate and re-
maining life of the structure and timely repair to ensure
the safety of transportation facilities!").

Structural health monitoring of bridge can sense, mon-
itor, identify, evaluate and warn the structural load and
environmental action, structural correspondence, struc-
tural performance, structural condition and safety level
in real time, which is an effective method and techno-
logy to guarantee the safety of the structure in whole-life
service!?. The health monitoring system of bridge mainly
includes the installation and deployment of sensors on
the main girder and other structures, real-time data ac-
quisition system, and system analysis of bridge deforma-
tion and load response”™. At present, a number of schol-
ars have carried out related research. As early as 2012,

Chao Wang et al./

conducted fatigue assessment of steel
box girders using the measured stress of health monitor-
ing system, based on the linear cumulative damage cri-
terion and the fatigue strength curves of each connecting
part of the steel box girders, fatigue damage assessment
of the main girders, and real-time updating of the assess-
ment results based on the change of the traffic condition.
2016 Xu et al.l”) For the first time, a distributed fiber-op-
tic sensing system was deployed on the main girder of a
large-span suspension bridge, and the deformation char-
acteristics of the main girder of the bridge were meas-
ured in a fully distributed manner during the load test of
the suspension bridge, and the condition of the bridge
was assessed. 2017 Wei et al.”®! A quasi-distributed fiber-
optic grating sensing technology was used to construct an
identification system for the cracks of the main girders of
the suspension bridge, which was able to identify the
cracks of the main girders efficiently by identifying the
dynamic vehicular loads on the bridge. 2019 Chuanxi Li
et al.”! In order to study the fatigue characteristics of the
parent material at the curved cutout of the steel box
girder diaphragm under the effect of vehicular load, the
Foshan Pingsheng Bridge is taken as the background
project, and the service state of the bridge is effectively

evaluated based on the monitoring data of the dynamic
weighing system (WIM).

The combination of bridge load test and bridge struc-
tural health monitoring system can effectively under-
stand the performance of the bridge structure during ser-
vice and its working condition under load, which is sub-
stantial to know for the reconstruction or overhaul and
19121 Load test of
bridge structure generally consists of static load test and

reinforcement of important bridges[

dynamic load test. Static load test test bridge structure in
the test load under the action of control cut-off and the
strain, displacement. The dynamic load test tests the re-
sponse of the bridge under dynamic loading and ana-
lyzes the modal parameters such as frequency and vibra-

114 Evaluation of bridge load

tion pattern of the bridge!
carrying capacity based on strain, displacement, and
modal parameters''”. Currently, the design and imple-
mentation of bridge load tests have a very complete sys-
tem, and the test results have been fully verified.

This paper firstly analyzes the damage identification
method of the bridge structural health monitoring sys-
tem, and establishes a health monitoring system for the
main girder structural system of a suspension bridge,
which includes quasi-distributed fiber-optic grating dy-
namic strain sensing, monitoring of bridge deflection and
deformation based on the GPS technology, and identific-
ation of structural modes. The structural health monitor-
ing system data during the on-site load test and the de-
formation characteristics of the main girder under the
corresponding load position are analyzed. The health
monitoring data were analyzed and mined to evaluate the
load carrying capacity of the bridge during the load test
with reference to the evaluation method of the field load
test. The research method can be used as a reference for
subsequent evaluation of the structural health monitor-
ing system and the operation of the bridge.

2 Principles of bridge structural damage identifica-

tion

Damage identification and modal modification in stru-
ctural health monitoring are often based on structural
parameters, therefore, the analysis of structural modes is
an important part of structural health diagnosis. The the-
ory of structural health diagnosis is to analyze the monit-
oring data, firstly get the covariance of the frequency re-
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sponse function or unit impulse response function or cor-
relation function of the structure, and then identify the
modal state of the structure through the relationship
between the frequency response function and the modal
parameters of the structure, and ultimately identify the
damage of the structure!'®.

For the large-span suspension bridge girders can be re-
garded as a structure with multiple degrees of freedom,

and its differential equations of motion are:
Mi+Cx+Kx=f )

where, M is the mass of the mechanism; C is the damp-
ing of the structure; K is the stiffness matrix of the struc-
ture; x is the displacement vector of the structure; f'is the
load vector of the structure.

Applying Rasch and Fourier transforms to Equation
(1) yields

(Ms*+Cs+K)x(s) = £ (s), 2)

(K-w’M+jwC)x(w) = f (). 3)

From the structural dynamics, it can be obtained that
the response of the linear structure can be solved by the
vibration mode decomposition method, then the i point

response can be eXpressed as:
N
%) = ) ¢irdr (@), 4
r=1

where, ¢;, are the vibration coefficients of the 7 points at
the 7th order modes; ¢, (w) are the generalized coordin-
ates of the » order modes.

The r order modal vector or mode vector is

s SDNr}T (5)

The matrix consisting of the modal vectors of each or-

$r = {‘Plr’ Doyt

der is

®={p1, 2., on)' (6)
The displacement vector of the structure is obtained
from Equations (4) and (6) as
x(w) = Pq (7
Bringing Equation (7) into Equation (2) yields
(K- w*M+jwC) g = f (w) ®)
For multi-degree-of-freedom structure, when the str-

ucture is undamped or the damping ratio is proportional
damping, each degree of freedom of the structure are vi-

brating in the same phase or anti-phase, the vibration
form of the structure remains unchanged and is expre-
ssed in the form of standing wave!'”); when the structure
is damped by non-proportional damping, the modal para-
meters of the structure are generally complex, and the
structure is vibrating in different phases at this time, and
the vibration shape of the structure can not be main-
tained and is expressed in the form of traveling wave.
The shape of structural vibration cannot be maintained,
and it is in the form of traveling wave. Assuming that the
damping ratio of the beams of this large-span suspen-
sion bridge is proportional damping, the generalized
modal coordinates of the  order are as follows

‘f'r*
K —w’M; +jwC;:’

qr = )

The r order generalized modal loads are

fr* = ‘Pprfp (w). (10)
Bringing Equations (9) and (10) into Equation (4), the
displacement response at point i of the structure is ob-

tained as

- irfprfp (W)
=Yt
r=1 r r Ja) r
The frequency response function between the res-
ponse of the structure at the measurement point / and the
load p is

N
xi (w) LirPpr
Hyy () = - .
(@) 7> (@) ; K — M +jwC:

(12)

The frequency response function Hj,(w) refers to the
complex response at point / produced by applying one
unit load at point p of load. From Equation (12), it can be
obtained that the frequency response function is not re-
lated to the magnitude and type of load. And the fre-
quency response function of the structure is the super-
position of the frequency response function of each indi-
vidual mode, but in most of the actual structures, the
main modes involved in structural vibration are the first
few or a dozen modes, and other higher-order modes
contribute less to the structural vibration or even don’t
appear, so the higher-order modes can be truncated in the
analysis. In order to minimize the effect of truncated
modes, the residual flexibility is often used to replace
these truncated modal responses. At this point the fre-
quency response function can be written as
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Nec
Hlp(w)—;Ker[(l +H,.  (13)
where, N.(<N) is the number of truncated modes, which
should be greater than twice the analyzed modes, and H,
is the residual softness, which can be regarded as a fre-
quency-independent constant or a linear function of the
frequency '™

The Fourier transform of Equation (12) yields the im-
pulse response function as

N

PirPpr _ .
Hp, (1) = Z ﬁe 490l gin (w,1).
r=1 r r

(14)

Through the above theoretical analysis, the structural
modal parameters can be solved, so that the damage of
the bridge can be effectively identified.

3 Overview of load test

3.1 Overview of the bridge

This type of bridge is a large-span double-tower
double-span suspension bridge with a main span length
of 1688 m and a span arrangement of (658 + 1 688 +
522) m, of which the length of steel box girder is 548 m+
1 688 m (Figure 1). The vector span ratio is 1:9.5, the
center spacing of main cable is 42.1 m in transverse dir-
ection, and the standard spacing of sling is 12.8 m in
downward direction. The bridge cross-section arrange-
ment is as follows: 0.5 m guardrail +18.75 m carriage-

way +0.75 m guardrail +0.5 m central median +18.75 m

carriageway +0.5 m guardrail, the detailed dimensions
are shown in the bridge layout plan and standard cross-
section plan.
3.2 Static load test

Field load test mainly includes static load test and dy-
namic load test. The dynamic load test is divided into
pulsation test and running and jumping test. The static
load test tests the strain and displacement of the control
section of the bridge structure under the test load. Based
on the strain and displacement, the load carrying capa-
city of the bridge is evaluated!'”).
3.2.1
load test

Control section and test conditions for static

The static load test control section is shown in Figure 2.
The main beam is divided into 10 test sections in the fig-
ure. They are defined as A-A, B-B, C-C, D-D, E-E, F-F,
G-G, H-H, I-1, and J-J, respectively. The specific part of
A-A test section is the middle of the side span, and the
key indexes of the test are the bending moment and de-
flection of the side span; the specific part of B-B test sec-
tion is the tower-beam junction position on the A side,
and the key indexes of the test are the bending moment
of the main beam; the specific part of C-C test section is
the top of the tower on the A side, and the key indexes of
the test are the tower top deviation; the specific part of
D-D test section is the distance of the main tower from
the deck of the A side to above 2 m. The key indexes of
the test are the cable-stayed tower, and the key indexes

110+548 N 1688 N 522
o
;¥
M 7 [} % 110 HH H H H H
Fig. 1 Sling numbering diagram (unit: m)
—— C

| 844 |

-

Fig.2 Location of main test sections (unit: m)
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of the test are the cable-stayed tower and the cable-
stayed tower. The specific part of D-D test section is 2 m
above the bridge deck from the main tower on the A
side, and the key index of the test is the bending mo-
ment of the tower; E-E test section is the specific part of
the longest sling of the tower on the A side, and the key
index of the test is the increment of the cable force; F-F
test section is the specific part of the tower close to the
L/4 position on the A side, and the key index of the test
is the vertical displacement of the main girder; G-G test
section is the specific part of the span, and the key index
of the test is the bending moment of the span, and deflec-
tion of the main girder; H The specific part of H test sec-
tion is the beam end of B side, and the key index of the
test is the longitudinal displacement of the beam end; the
specific part of I-I test section is the anchor position of
the main cable of B side, and the key index of the test is
the tension of the cable strand across the anchor; the spe-
cific part of J-J test section is the limiting sling of B side,
and the key index of the test is the increment of the cable
force.

The static load test is divided into five loading test
conditions, and the specific information of each test con-
dition is shown in Table 1.

3.2.2 Arrangement of measuring points for static
load test

The deflection measurement of static load test mainly
uses total station and electronic level, of which the ar-
rangement of total station in the longitudinal direction on
the bridge is shown in Figure 3. The layout in the cross-
section is shown in Figure 4 and Figure 5, and the layout
of the electronic level is shown in Figure 6.

Electronic level measuring point of key section of
main girder: the main object is 2 measuring points in the
middle of cross section of key section (side span center,
middle span L/4, middle span center), aiming at using
electronic level measurement in the case that connecting
pipe can not detect the relative deformation of the key
section in transverse direction.

The main tower, the main cable deformation measure-
ment points mainly include: the main cable deformation

using 4" station (set up in the middle of the span of the

Table 1 List of test conditions

Working condition Control section

Control item

Loading mode

Mid-span bending moment and deflection, A-side tower top deflection, tower

Working condition 1 C-C, D-D, G-G, I-1, J-J

Bias load, symmetrical loading

root bending moment, main cable anchor span tension, limit sling tension

Bias load, symmetric loading

Bias load, symmetrical loading

Bias load, symmetrical loading

Working condition 2 F-F Maximum deflection and bending moment of A-side L/4 position section
. » Maximum negative bending moment and maximum sling force
Working condition 3 B-B, E-E L .
at the tower-beam junction on A-side
Working condition 4 H-H Maximum longitudinal drift of A-side beam end
Working condition 5 A-A Maximum deflection and bending moment at mid-span section of side span

Bias load, symmetric loading

A

:zr/ﬁ/\. N

[

Fig. 3 Longitudinal arrangement of deflection measurement points on the bridge (unit: m)
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Fig. 5 Horizontal layout of deflection measurement points of control section (side span center,

middle span L/4, middle span center) (unit: cm)
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Fig. 6 Arrangement of measuring

left width of the bridge deck L/2) for detection, the de-
tection object for the left and right width of the L/4, 3L/4,
4 points, the main tower tower top of the A side of the
tower 3%, 4" point as a transfer point (from 3" station led
to the top of the tower) The main cable measurement
points on the left and right sides of the span are meas-
ured by infrared rangefinder (because the main cable
measurement points in the span will be blocked by
vehicles during the loading process of condition 1), and
the specific measurement method is as follows: use a
plumb line (hanging weight) to lower the main cable
from the middle of the span (point A) to determine the

points of electronic level meter

corresponding plumb point on the main girder (point B),
and measure the distance between the two points of each
loaded position AB during the test of condition 1 to ob-
tain the relative displacement of the main cable and the
main girder for each loaded position. Relative displace-
ment of the main cable and the main beam. The longitud-
inal deviation of the tower top is detected by station 3",
which is set up on the left side of bank A (at the waste
harbor about 100 m from the bridge), and the longitudin-
al deviation measurement points of the tower top are 1*
and 2" (for condition 1 test). Layout of loading vehicles

for condition 1 is shown in Figure 7.
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(b) Symmetrical loading vehicle lateral layout diagram

Fig. 7 Lateral layout of loading vehicles (unit: cm)

3.2.3 Loading method of static load test

Case 1-Case 5 symmetrical loading were used 120, 80,
112, 88, 56 vehicles weighing about 350 kN load; Case 1-
Case 5 partial load were used 60, 40, 56, 44, 28 vehicles
weighing about 350 kN load, are divided into 2 levels of

loading and 1 level of unloading. In order to save vehicle

classes and facilitate the implementation of the program
on-site, the partial load conditions for the symmetri-
cal loading of the first level and the second level of load-

21 that is, the symmetrical loading of the second

ing!
level of loading for the partial load of the full load. The

lateral layout of vehicle loading position for each condi-
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tion is shown in Figure 8. The loading process is based
on 8 loading vehicles as a batch, and the spacing of load-
ing vehicles in traveling is not less than 50 m. After 8
loading vehicles are parked in place, then the waiting
loading area is notified to start the loading vehicles.

3.2.4 Specific loading time of static load test

The specific loading time of static load test is shown

94

92) {90 187 74

72

70

v
K

=i

- ——] D

- Ltz

in Table 2.

3.3 Dynamic load test

The dynamic load test tests the response of the bridge
under dynamic loading and analyzes the modal para-
meters such as frequency and vibration pattern of the
bridge!"!. Based on the modal parameters, the load car-
rying capacity of the bridge is evaluated. According to

61 59 44 417 139

37

- - —

(a) Longitudinal layout diagram of unbalanced loading vehicle

74

720 170

=i

- [ et

611 139

[EE— = Sy

(b) Longitudinal layout diagram of symmetrical loading vehicle

(c) Actual situation of load test site

Fig. 8 Layout of loading vehicles for condition 1

Table 2 Specific loading time nodes for static load test

Date  Before loading Primary loading Secondary loading Third-stage loading Fourth level loading  First level unloading Secondary offloading
March 5 21:22 21:57 23:08 1:10+1 day 1:55 3:00 4:55
March 6 21:35 22:14 23:30 0:25+1 day 0:45 2:00 2:45
March 7 20:57 21:58 22:50 23:50 0:51+1 day 1:53 2:39
March 8 21:08 21:57 22:40 23:20 0:12+1 day 1:46 2:53
March 9 22:43 23:41 0:27+1 day 1:40 2:32 4:04 5:00
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the specification, the suspension bridge needs to meas-
ure the first nine orders of the formation, and the results
of the theoretical calculation of the first nine orders of
the vibration mode of the Nizhou Waterway Bridge are

shown in Table 3.

Table 3 The first nine orders of vibration pattern of Nizhou
waterway bridge

. L Self-oscillation
No. Description of vibration pattern
frequency (Hz)

1 Main beam transverse bending 0.0502

First-order anti-symmetric vertical
2 ) ) 0.076 6
bending of main beam

First-order symmetric vertical bending
3 0.1015
of main girder

Second-order anti-symmetric vertical
4 ) ) 0.1187
bending of main beam

5 Second-order transverse bending of main beam 0.1228

Second-order symmetric vertical bending
6 0.1325
of main girder

Third-order anti-symmetric vertical bending
7 . 0.174 4
of main beam

Third-order symmetric vertical bending
8 0.176 7
of main girder

9 Main cable transverse bending 0.2009

The main girder measurement points are arranged in
the side span 4 points and the middle span 16 points, the
main cable measurement points are arranged in the
middle span 4 points above the main cable, the main
tower measurement points are arranged in the A-side,

Dongguan side of the main tower on the crossbeam plat-

form, the use of 8 sets of 3 062 T data acquisition instru-
ment + 14 vertical 991B (2 standby, a total of 16, you
need to borrow 4 from the ChengAn inspection) + 8 ho-
rizontal 991B (2 standby, a total of 10, you need to bor-
row 2 from ChengAn inspection), during the inspection
process using GPS time synchronization measurement
(do not use WiFi), the inspection process using GPS time
synchronization measurement (do not use WiFi). (2
spare, a total of 10, need to borrow 2 from the Chengan
test), the detection process using GPS time synchroniza-
tion measurements (do not use WiFi). The specific meas-
urement point arrangement is shown in Figure 9.

In the absence of any obstacles on the bridge deck,
two loaded vehicles weighing about 400 kN were util-
ized to drive in parallel on the bridge deck at different
speeds ranging from about 10 to 60 km/h in order to test
the dynamic response of the structure under the action of
travelling loads. By measuring the dynamic strain of the
main girder mid-span L/4 and mid-span cross-section,
the corresponding dynamic coefficients are obtained
from the analysis. The specific arrangement of measure-
ment points is shown in Figure 10. Two dynamic strain
testing systems (EDX-100A-1H) and four dynamic strain
transducers (KM-100B) were used, and the vehicles
were two 400 kN loading trucks and two 3.5 m long,
30.0 cm wide and 5.0 cm high bow plates. First do the
middle span L/4 section, and then do the middle span
running jump car test.

3.4 Measuring point arrangement of structural
health monitoring system

This paper mainly analyzes the monitoring data of

the structural health monitoring system during the load-
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Fig. 10 Layout of measurement points for running test
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ing test and compares them with the results of the on-
site loading test””. The structural health monitoring sys-
tem lists the arrangement diagrams of displacement,
strain and vibration measurement points at the response
location.

4 Data analysis

4.1 Strain data analysis of main girder under load test
The field static load test involved five working con-
ditions. Among them, Case 1 (March 9) and Case 2

®
=2
.£ —60
g
ﬁ \
80| |
\
-100 i
|
[l
120 é v L O O
S NP NS NS
AN T P
F I IFIF D

(March 6) were applied at the mid-span and L/4 of the
Guangzhou side. The structural health monitoring sys-
tem was arranged with strain gauges at these two control
sections. Therefore these two working conditions are
most favorable for testing whether the arranged strain
gauges are normal or not, the variation of strain time his-
tory is shown in Figuer 11.

The specific values of the test results are shown in
Table 4.

Strain data analysis results are: (1) sensor data ob-
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Fig. 11 Time course of strain at some measurement points

Table 4 Test result values

Strain Gauge No.

Initial value before loading Fully loaded value Residual value after unloading Relative amount of residual deformation

1 -37.9 —62.7 —46.4 0.34

2 —40.4 —65.4 -50.4 0.40

3 -32.8 —58.2 —41.7 0.35

6 0 —66.4 -15 0.23

Working condition I 7 —26.4 -118.2 -32.7 0.07
11 —41.5 —-70.5 -53 0.40

14 -23.1 -161.3 -36.4 0.10

15-40.8 —40.8 —74.4 0.10 15-40.8 0.39

16 —40.1 0.39 16 —40.1 —54.2 0.36

1 —62.1 -76.8 —66.6 0.31

2 —60.5 —81.3 0.312-60.5-81.3 0.20

0.20 —55.2 —87.9 —61.2 0.18

Working Condition 1T 4 -53.6 —87.7 —66.6 0.38
10 —58.6 —82.2 —64.2 0.24

15 -50.4 —84.7 -59.1 0.25

16 -16.3 -78.9 -30.8 0.23

Note: Residual deformation = (unloaded value-initial value) / (full load value-initial value)?*>
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tained during the load test to monitor the obvious graded
loading and unloading situation; (2) strain data graded
loading and unloading situation is obvious, unloaded re-
sidual deformation is small; (3) observation of the strain
gauge monitoring data, monitoring data, local burrs are
particularly large, for the burr amplitude of a small point,
may be the vehicle loaded and unloaded through the loc-
ation near the resulting local deformation, may also be
the interference signal (noise); (4) the strain gauge mon-
itoring data, monitoring data local burrs especially much,
for burrs amplitude small points, may be the vehicle
loaded and unloaded through the location near the gener-
ated For the point with small burr amplitude, it may be
the local deformation generated near the position when
the vehicle was loaded and unloaded, or it may be the in-
terference signal (noise); (5) For the point with large burr
amplitude, the reason may be the local large deforma-
tion generated near the position when the vehicle was
loaded and unloaded.
4.2 Analysis of load test main beam deflection data
The deflection time history of some measuring points

is shown in Figure 12, the monitoring results are shown

in Tables 5 and 6, and the results show that: (1) the res-
ults of on-site testing and monitoring system GPS are ba-
sically the same, and the reason for a little error is that
there is a difference between the GPS measurement
points and the deployment points of the total station dur-
ing the on-site testing; (2) when the most unfavorable
loads (vehicular load) are arranged in the middle of the
side spans and in the middle of the main span cross-sec-
tion respectively, the corresponding deformation of the
side spans and middle of the main spans are the largest,
and the deformation at this position of the main cable is
also the largest, and the main cable has the largest de-
formation. The deformation at the location is also the
largest, and the vertical deformation of the main cable is
basically the same as that of the corresponding bridge
deck. This shows that the elastic deformation produced
by the corresponding cables is particularly small; (3)
GPS monitoring results can accurately reflect the load-
ing and unloading of the load test, the overall operation
ofthe GPS system is good; (4) the bridge main spanis 1 688
m, the monitoring results show that the maximum de-

formation of the cross-section is 1.487 7 m, which is less
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Fig. 12 Deflection at some measurement points program
Table 5 Relative value of GPS data ( unit: m )
Working condition I (maximum
) ) ) Case I (tower top Case II (maximum vertical Case V (maximum vertical
Item vertical displacement of main . . . o . .
. deflection) displacement of side span main girder) displacement of side span mid-span)
beam at mid-span)
On-site Inspection
-1.02 0.34 —-1.43 -0.89
Measurement
Monitoring system GPS —0.998 7 0.3562 —1.4877 -0.9396
Difference 0.0213 0.0162 —0.0577 —0.049 6
Relative Error 0.71% 4.76% 1.68% 2.62%
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Table 6 Analysis of GPS results of the monitoring system (unit: m)

Condition 1 (Maximum vertical

Working condition I

Case II (Maximum vertical ) )
Case V (Maximum vertical

Item displacement of main girder at displacement of main girder at
mid-span) (tower top deflection) side span) displacement at mid-span)

Monitoring system GPS full load value —0.998 7 0.3562 —1.4877 -0.9396
Residual value —0.01 —0.01 —0.021 —0.05

Elasticity value —0.998 7 0.3562 —1.4877 -0.9396
Theoretical model calculated value -1.36 0.36 36 —1.81 —1.01
Calibration coefficient 0.898 0.98 0.92 0.96
Residual deformation coefficient 0.003 0.03 0.006 0.026

than the limit value of the deflection L/400, and it meets
the specification design requirements; (5) analyzing GPS
monitoring results, the calibration coefficient and the re-
sidual value are the same as those of the bridge deck.
monitoring results, the calibration coefficient and resid-
ual deformation are within a reasonable range, indicat-
ing that the structural performance is better, the bearing
capacity has a certain affluence, and the relative residual
variance of the main control points are less than 0.2, in-
dicating that the structure is closer to the elastic working
state.

Due to the possibility of external interference during
the measurement of deflection and strain by system in-
struments, noise may be generated, which can affect the
accuracy of relevant data. In this paper, data processing
techniques such as sliding average filtering and elimina-
tion of outliers are used to improve data quality and ac-
curacy before data use.

4.3 Data analysis of modal parameters of main beam
in load test

The spectral method was used to identify the modal
parameters, using the finite element analysis software
Midas®”. The 3D model of the bridge is shown in
Figure 13, the peak picking point as shown in Figure 14,

and the first five orders of vibration shapes and frequen-

Fig. 13 Three-dimensional model of the bridge

cies identified based on each day’s load test monitoring
data are are shown in Tables 7 and 8 (only the main
bridge tower and bridge deck are plotted in the simpli-
fied model).
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Fig. 14 Peak pickup points

Table 7 Frequency identification results

First Second Third Fourth Fifth

order order order order order

Monitoring Result 0.015 0.096 0.1046 0.132 0.178

Load test result 0.056 0.095 0.104 0.119 0.140
Theoretical calculation

0.05 0.077 0.102 0.119 0.123

results

Table 8 Comparison of results

First Second Third Fourth Fifth

order order order order order

Monitoring Result 0.015 0.096 0.1046  0.132 0.178

Load test result 0.056 0.095 0.104 0.119 0.140
Theoretical calculation

0.05 0.077 0.102 0.119 0.123

results
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5 Conclusion

In this paper, for a large-span suspension bridge girder
field loading static load and dynamic load test, and com-
bined with the existing health monitoring system data on
the bridge for comparative analysis, specifically analyz-
ed the strain value of the main girder loaded case, GPS
deflection value and the vibration data of the bridge, and
obtained the following main conclusions:

(1) The strain gauge and GPS results can observe the
obvious loading and unloading situation, and the collec-
ted vibration data can also effectively analyze the modal
parameters of the structure, which indicates that the
whole health monitoring system works well and the col-
lected data are reliable.

(2) The deflection calibration coefficient and relative
residual coefficient meet the Load Test Regulations, and
the reliable measured frequencies obtained from the ana-
lysis and calculation are greater than the theoretical cal-
culated frequencies, indicating that the overall stiffness
of the structure meets the design requirements, and the
structural mechanical performance meets the regulations
and design requirements.

(3) By comparing the evaluation methods of the field
load test, the health monitoring data are analyzed and ex-
cavated to evaluate the bearing capacity of the bridge
during the load test, and the test results can be used as a
reference for the subsequent evaluation of the structural
health monitoring system of the bridge as well as the op-

eration of the bridge.
6 Research shortcomings and prospects

This article proves through relevant examples that
both the load testing equipment and the health monitor-
ing system can meet the specifications and design re-
quirements, demonstrating the feasibility and effective-
ness of the monitoring based state evaluation index sys-
tem and evaluation method. Further exploration is need-
ed to explore the connections between different monitor-
ing data, comprehensively consider different monitoring
data, and propose more comprehensive and complete
evaluation indicators. The specific shortcomings and
prospects are as follows:

(1) This article mainly focuses on the comparison

between on-site load tests and health monitoring data of

bridges, evaluating whether the health monitoring sys-
tem is operating normally, and conducting preliminary
mining and analysis of monitoring data. Further in-depth
data mining can be carried out in the future.

(2) From the perspective of bridge force analysis, con-
sidering the relationship between strain monitoring data,
GPS monitoring data, inclined cable monitoring acceler-
ation data, and bridge deck acceleration sensor monitor-
ing data, a comprehensive damage evaluation index is
proposed based on various monitoring data.

(3) From the perspective of data analysis, consider
data-driven methods such as deep learning algorithms to
deeply mine various monitoring data and identify more

meaningful evaluation indicators.
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