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Abstract: Various kinds of deflection characteristics on the steel cable-stayed bridge (Nanjing No. 3 Yangtze River
Bridge) are investigated by different mathematical statistical methods. Firstly, via Pearson correlation coefficient
calculation, it shows good consistency between the adjacent measuring point of side span or middle span. Secondly,
taking mid-span deflection as an example, the correlation analysis of deflection and temperature is conducted. They
are synchronous via cross correlation coefficient calculation but not completely linear and a “hysteresis loop” phe-
nomenon of three stages is formed. The fitting result on the monitoring data at day time is consistent with the nu-
merical value through the application of unit temperature difference between the cable and girder and the positive
temperature gradient of girder in the finite element model. And the temperature effect is considerable. Vehicle
loads effect is obtained from wavelet analysis. The extracted curve can indirectly reflect the change of traffic loads.
Finally, the structural damage is analyzed through the trend fusion on the deflection, cable force and visual inspec-

tion from 2006 to 2015. Relevant conclusions can provide a basis for management departments to carry out special

Vol. 35 No. 5

detection.
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0 Introduction

Girder deflection in long-span bridges is a di-
rect and structurally significant index in bridge
health monitoring systems. Changes in deflection
reflect the overall response of the bridge span,
which provides a reliable basis for damage locali-
zation™™, Vertical displacement is one of the pa-
rameters that most often requires assessment.

There are many factors that cause changes in
the deflection, among which temperature is the
most significant™, In 2005, Barr et al.™ ob-
served temperature variations and evaluated the
accuracy of calculated strains and cambers on a
precast, prestressed girder bridge during the fab-
rication and service. Temperature and vehicle
effects have been investigated for several other
types of bridges as well"*®, however, few re-
searchers have focused on the steel cable-stayed

bridge. This paper discusses the girder deflection
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characteristics of Nanjing No. 3 Yangtze River
Bridge.

1 Deflection Monitoring

Bridge deflection monitoring methods include
the connecting pipes method, GPS method, incli-
nometer method, laser projection method, robot

monitoring method, and so on"*.

Connecting
pipes are installed on the bridge discussed in this
paper; pipes are valuable monitoring tools as they
have large monitoring range, low cost, and rela-
tively small environmental footprint'™.

Here, we take the upstream measurement
points as an example. There were initially 43
points in total, some of which varied considerably
due to the wide range of longitudinal elevation
across the bridge and some of which failed during
the observation period. There are 29 effective
measurement points remaining, as shown in

Fig. 1.
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Fig. 1 Girder deflection points

2 Deflection Characteristics Analysis
2.1 Correlation among measurement points

We first investigated the correlation among
adjacent measurement points. Monitoring data
from 24 January 2008 to 7 February 2008 were se-
lected for correlation analysis among adjacent
points. The resulting Pearson correlation coeffi-

cients (Eq. (1)) are shown in Fig. 2.
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where r is the Pearson correlation coefficient be-
tween the measurement points X and Y; and N
the number of single measurement point samples.

X., Y, are the ith monitoring values of points X

and Y, respectively; X, Y the average monitoring
values of points X and Y, respectively; and sy . sy
the standard deviation of monitoring data for
points X and Y. The correlation is stronger when

the absolute value of r is closer to 1.
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Fig. 2 Pearson correlation coefficients among adjacent

measurement points

As shown in Fig. 2, the correlation coeffi-
cients between adjacent points are all greater than
0. 98 apart from two instances. The demarcation

lines represent the south pylon and north pylon.

There is close consistency between the measure-
ment points of the side span and middle span, and
the mid-span deflection is an appropriate reference
point. The deflection characteristics of the mid-

span girder were further investigated accordingly.

2.2 Deflection characteristics under temperature

effects

Under typical operating conditions, an array
of factors cause changes in deflection across the
cable-stayed bridge. The main factors are temper-
ature and vehicle load. Previous studies have ex-
tensively investigated temperature effects on de-
flection in other types of bridge'®, but there has
been few studies on the deflection characteristics
of steel cable-stayed bridges.

We conducted correlation analysis of mid-
span deflection and temperature based on monito-
ring data from 26 March 2008 to 30 March 2008
(Fig.3). We observed a strong correlation be-
tween temperature and mid-span deflection.

The synchronization of mid-span deflection
and temperature was determined according to the
cross-correlation coefficient R (n), which is ex-
pressed as a measure of similarity of two series as
a function of the lag in one relative to the other.

The cross-correlation coefficient of a discrete sig-

nal is
1 N—1
R(n) - E (Dm ° Tm+n)
Nm:()
ne€[—(N—1,N—1] (2)

where D,, is the mth monitoring value of mid-span
deflection and T,,., the (mm—+n)th monitoring val-
ue of mid-span deflection. m, n are the integer

variables. Other parameters are the same as listed
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Fig. 3 Five-day monitoring data of mid-span deflection

and temperature

above.
The cross-correlation relationship between

deflection and temperature is shown in Fig. 4.
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Fig. 4  Cross-correlation coefficient of deflection and

temperature

The maximum cross-correlation coefficient
value we calculated is 0. 85, which appears at the
time “0”; this indicates that deflection and tem-
perature are synchronous. Deflection and temper-
ature are on about a two-hour delay for concrete
cable-stayed bridges in the literature. There is no
hysteresis in the steel cable-stayed bridge as its
materials are heat-sensitive.

Fig. 5 shows the variations in mid-span de-
flection with temperature over a single day,

where deflection and temperature are not com-

pletely linear. A “hysteresis loop” phenomenon

instead formed.
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Fig. 5 Mid-span deflection with temperature over one day

The temperature changes in a day are divided
into three stages: temperature falls, temperature
rises, and temperature falls again. The mid-span
deflection changes are divisible into three stages
accordingly, which we define here as “A” “B” and
“C” (Fig.5). The structure is in a dark environ-
ment and the temperature field is stable through-
out Stage A, so the mid-span deflection values are
basically unchanged. Temperature rises continu-
ally during Stage B and the change rate of mid-
span deflection remains essentially stable; the fit-
ting result on the monitoring data is approximate-
ly 5.6 mm/°C. During Stage C, the temperature
falls continually and the change rate is the same
as in Stage B.

To further investigate the effects of tempera-
ture on deflection, we established a finite element
model for the cable-stayed bridge, as shown in
Fig. 6. We adopted a spatial beam element for the
steel box girder, main pylon, and pier; we used a
tension-only truss element to model the stay ca-
ble. Cable sag effect was only considered during
nonlinear analysis. The mass of the diaphragm
plate and deck pavement was imposed through
nodal loads. We also modified the bridge with a
combined static and dynamic model.

The mid-span deflection variations under dif-

L) are shown in Table

ferent temperature actions
1. The greatest contributions to deflection are the
temperature difference between the cable and
girder and the positive temperature gradient of

the girder. The change rates in Stages B and C
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Fig. 6 Finite element model

are controlled mainly by the relative deformation
between girder and stay cables. The mid-span de-
flection variation under these two temperature ac-
tions is 14. 27 —8. 98=05. 3 (mm/°C) ., which is
consistent with the monitoring fitting results dis-
cussed above. The deflection value under temper-
ature effects is about 56 mm with a 10 °C temper-
In other words, temperature

ature difference.

effects are a significant aspect of any accurate as-

sessment.
Table 1 Mid-span deflection variation under different tem-
perature
Value applied Mid-span
Temperature action to the model/ deflection
°C variation/mm
Temperature rise of th
emperature rise e ] —1.60
whole structure
T t diff be-
emperature di erence be 0.5 4. 98
tween cable and girder
Positive temperature gradi-
stitve femperature gra 0.5 14. 27
ent of girder
Positive temperat adi-
sitive temperature gra ] v

ent of pylon

2.3 Deflection characteristics under vehicle load

effects

Temperature effects cannot be eliminated by
linear fitting due to the hysteresis loop. Wavelet
analysis can separate the temperature effect
trends from the amplitude information of vehicle
load-induced deflection changes. We conducted a
wavelet analysis based on the Fourier analysis
technique, which has multi-resolution character-
istics. Multi-resolution properties of the wavelet
transform can temporarily support lower frequen-
cies while maintain short temporal widths for
higher frequencies by the scaling properties of the
wavelet transform. The wavelet basis function

and decomposition level are two major influencing

parameters of this type of analysis. After multi-
ple trials, we applied the decomposition of five
levels by Db8 wavelet function™®'*! to the data
from 26 to 30 March 2008 (Fig. 7).
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Fig. 7 Fluctuation amplitude of mid-span deflection

under vehicle load over five days

As shown in Fig. 7, the fluctuation ampli-
tude of mid-span deflection under five days of ve-
hicle loads is about 20 mm. Vehicle load informa-
tion can be readily inferred from the monitoring

curve.
2.4 Damage analysis

Data from January 2007 to December 2010
(one day per month) were extracted to determine
the effects of integrated temperature. We collect-
ed the average mid-span deflection and tempera-
ture from 0:00 to 1:00 per day and plugged the
data into a linear simulation. Fig. 8 shows the
changes in mid-span deflection with temperature,
which were in strongly negative correlation with a
Pearson coefficient of —0. 92.
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Fig. 8 Fitting of mid-span deflection and temperature

The monitoring structural parameters inclu-
ding girder deflection and cable forces can be uni-

fied to the same temperature during the comple-



894 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 35

tion of bridge (24 °C) through linear fitting™*.
The data will accumulate and the damage will ap-
pear to be checked easily. By the information fu-
sion on the trend of monitoring data and inspec-
tion data, the damage can be identified.

Firstly, the change values of girder deflec-
tion from March 2006 to January 2015 were

" According to the

marked, as shown in Fig. 9"
trend modes obtained in FEM, it was inferred the
reason was north pylon deviation. The fitting val-
ue of the deviation to the middle span was 40 mm
and the calculated values were similar to the mo-

nitored values.
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Fig. 9 Monitored and calculated change values of gird-

er deflection in 2015

Secondly, the change values of cable forces
from March 2006 to January 2015 were marked,
as shown in Fig. 10. The fitting value of the devi-
ation to the middle span was 30 mm. The reason

was consistent with deflection’s result.
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Fig. 10 Monitored and calculated change values of up-

stream cable forces in 2015

Finally, the cracks conditions in box girder
from 2015
checked"!,

room were recorded and their distributions are

regular inspection report were

Crack lengths in each box girder

presented in Fig.11. As shown in Fig. 11, the
cracks mainly occurred around the mid-span part

and auxiliary piers. Moreover, the cracks around

north auxiliary pier were more serious than south
one. In addition, defects such as broken wire, ca-
ble corrosion or loose anchorage were not found
from the visual inspection of stay cable system.
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Fig. 11 Crack distributions in box girder

Our results indicate that the cause of damage
to the bridge is a deviation in the north pylon.
The maintenance department is recommended to
conduct inspection and safety assessments specif-

ically tailored to north pylon deformation.

3 Conclusions

We obtained several conclusions based on a-
nalysis of steel cable-stayed bridge deflection
characteristics.

(1) Adjacent measurement points are con-
sistent in the side span and middle span. The
mid-span deflection is an appropriate reference for
investigation.

(2) Mid-span deflection and temperature are
synchronous but not completely linear. The fit-
ting change rate during Stages B and C was ap-
proximately 5. 6 mm/°C, which was very close to
finite element model calculation results. That
means temperature effects are significant.

(3) We obtained amplitude information of
vehicle load-induced deflection changes via analy-
sis of the decomposition of five levels by Db8
wavelet function. When the vehicle loads change,
relevant information can be extracted from the re-
sulting monitoring curve.

(4) Through trend fusion analysis of deflec-
tion, cable force, and visual inspection data from
2006 to 2015, we identified significant damage to
the bridge in the form of north pylon deviation.

The maintenance department was recommended
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to focus on the north pylon accordingly.
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