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Abstract: The present work is aimed at studying the structural health status of Hunan Road Bridge,
which is currently the widest concrete self-anchored suspension bridge in China. The monitoring data
included the structural deformations, internal forces, and vibration characteristics from April 2015
to April 2016 were analyzed to evaluate the structural changes and safety. The influences brought
by the ambient temperature changes and the dual effects composed of concrete shrinkage & creep
(5&C) and seasonal temperature changes were analyzed based on the measured data. The long-time
effects of concrete S&C were predicted using the CEB-FIP 90 model and the age-adjusted effective
modulus method based on the ANSYS beam finite element model. The measured data showed that
the transverse displacements of towers were more significant than the longitudinal ones. The spatial
effect of the extra-wide girder is significant, which performs as the longitudinal stresses change
unevenly along the transverse direction. The seasonal ambient warming caused overall increases in
girder compressive stresses, and the cooling resulted in decreases along with significant temperature
gradient effects. The prediction results show that the cable anchoring positions at girder ends and
tower tops will move towards the mid-span affected by concrete S&C. In terms of the middle region
of mid-span girder, significant increases in longitudinal stresses of top plate and decreases in the ones
of bottom plate will be caused by the significant deflection. Comprehensively, the increases in the
girder compressive stresses of side-span bottom plate and mid-span top plate are worthy of attention
when confronted with extreme high temperature during the bridge service life cycle.

Keywords: self-anchored suspension bridge; extra-wide concrete girder; concrete shrinkage & creep;
ambient temperature; safety evaluation

1. Introduction

It has become a trend to put equal emphasis on bridge’s attractiveness and practicability.
The concrete self-anchored suspension bridge is becoming competitive among the numerous bridge
types, because of its economy, elegant appearance, and reasonable force transmission form [1-3].
Since most of the self-anchored suspension bridges are built in the thoroughfare of city transportation,
the growth of traffic volume prompts the girder width to increase to 50 m or even more to meet
the increasing lane requirements. The reliability of bridge is related to the lives of thousands of
people and significant social impacts. The inevitable structural damages that are caused by the human
factors, vehicle loads, and time-dependent effects will affect the bearing capacity and the durability of
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bridge [4]. The structural health monitoring (SHM) and safety evaluation are very necessary during
the bridge service period.

The research methods to grasp the bridge’s mechanical properties mainly include the numerical
simulation [5], lab experiment using reduced scale model [6], and field measurement [7]. The numerical
simulation is difficult to obtain the stress states of structure details exactly. The lab experiment is limited
by lab condition and model’s fine level and it is difficult to reflect the actual bridge state. The way of
integrating the numeric simulation predictions and field measured data is more appropriate. Kim [8]
presented a prediction model using the artificial neural network to assess the performance of Yonjung
high-speed bridge. A short-term health monitoring system is used to collect the bridge behavior
with different high-speed train’s speeds. The statistical analysis is adopted to evaluate the girder
displacement under speeds 165 to 403 Km/h. Kaloop [9] investigated the prediction efficiency of
two nonlinear system-identification models, in assessing the behavior of a coupled structure-passive
vibration controller. The behavior of an experimentally scaled three-story building incorporated with
a tuned mass damper (TMD) subjected to seismic loads was studied.

The development of SHM tools is showing a trend of diversification. The wireless smart
sensor network has been used widely because of its high flexibility and robust data management
ability [10-12]. Alavi [13-15] presented a smart self-powered wireless sensor system and a data
interpretation algorithm to detect the structural damages. Kaloop [16] compared three common
nonlinear methods that are used in the adjustment of Global Positioning System (GPS) positioning to
improve the quality of GPS time series observations. Kumberg [17] presented a novel SHM system
based on the global navigation satellite system receivers to determine the modal properties of the
Neckartal Bridge. Kong [18] utilized the piezoceramic-based smart aggregates to perform the SHM
for a reinforced concrete bridge column subjected to pseudo-dynamic loading. Jiao [19] developed
a novel device consist of a bilaterally constrained beam and a piezoelectric polyvinylidene fluoride
transducer to measure the thermal response of prestressed concrete bridge girders. Hu [20] presented
a fiber Bragg grating (FBG) vibration sensor for online monitoring of the cable vibration characteristics
of Tongwamen bridge. Raeisi [21] developed a new low-cost and accurate binary sensor comprised
of wire bonded onto the girder using an adhesive to detect cracks in steel girders. A connected pipe
system was used in the vertical deflection monitoring for a suspension bridge in China [22]. The fiber
optic sensor [23,24], acoustic emission technique [25], and ultrasonic monitoring technique [26] are
also important tools in SHM field.

The structural deformations and vibration properties of the already completed bridges can be
monitored utilizing the nondestructive measurement tools. However, the stable and exact measurement
of the stress values of structure details may then only be obtained by the durable and sensitive strain
gauges embedded in the structure during the construction phase [27-29]. In addition, the influences
on the bridge safety brought by the vehicle loads [30,31], seismic loads [32,33], environmental
corrosions [34,35], and thermal effects [36] had be investigated widely, and the concrete shrinkage &
creep (S&C) effects of the laboratory specimens [37] and simple bridge types [38,39] were also widely
reported. However, the field measurement for the complicated self-anchored suspension bridge,
including the detailed stress and geometry evolution associated with time-dependent effects were
rarely reported, especially for the one having such an extra-wide concrete girder [40,41]. Moreover,
the concrete S&C effects during the construction phase and the prestress relaxation during long-time
service life should also be taken into account in the prediction of time-dependent effects.

In this paper, the health monitoring data and finite element simulation predictions were integrated
to study the stress and geometry evolution associated with time-dependent effects of the self-anchored
suspension bridge, Hunan Road Bridge, which was opened to traffic in 1 May 2015. The prestressed
concrete girder of Hunan Road Bridge is currently the widest among similar bridges in China.
The changes of alignments, detailed stresses, and vibration characteristics were monitored utilizing the
SHM system established during the construction phase. The single and dual effects on the stress and
geometry brought by the concrete S&C and ambient temperature changes were analyzed based on the
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measured data from April 2015 to April 2016. The long-time concrete S&C effects were predicted using
the CEB-FIP 90 model [42,43] and age-adjusted effective modulus method [44] based on the ANSYS
beam finite element model. In addition, the prestress relaxation during the long-time service life was
considered in the prediction analysis through the sequential calculation and gradual accumulation.
Moreover, the structural changes that are caused by the concrete S&C during the construction phases
were considered in the bridge completion state based on the field construction time from the cast of
concrete to the completion state of the bridge.

2. Hunan Road Bridge

The layout of Hunan Road Bridge and girder geometry are shown in Figures 1 and 2, respectively.
The span arrangement is 53 m + 112 m + 53 m = 218 m. The prestressed concrete girder is composed
of two box beams having three cells. The main girder with a width of 52 m is currently the widest
among similar bridges in China. The longitudinal and transverse slopes of main girder are 2.5%
and 1.5%, respectively. The rise-span ratio of the mid-span and side-span are 1/5.276 and 1/12.965,
respectively. The towers are transversely connected by the crossbeams. The lateral distance between
the two cable planes is 31.7 m. Crossbeams are densely arranged with an interval of 5 m in the main
girder corresponding to the hangers. The numbers beginning with CS in Figure 1 represent the girder
cross section located at the towers, girder endpoints, sidespan midpoints, and the quarter points of
mid-span, respectively. The hangers on the north and south side are numbered as DS1-N-DS37-N and
DS1-5-DS37-S, respectively, which will be used in the following analysis.

‘ 218
| 53 ‘ 112

|
w
DS1~DS8

DS9~DS29

Figure 1. Global layout of the Hunan Road Bridge (Unit: m).
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Figure 2. Cable system and extra-wide girder (Unit: m).

The detailed cross sections of the key components are shown in Figure 3, including the main
girder, tower, hanger, and cable. The standard cube compressive strengths of the concrete materials
used in the main girder and tower are 50 MPa and 40 MPa, respectively. The tensile strengths of the
steel wires used in the prestressed tendon and cable system are 1860 MPa and 1670 MPa, respectively.
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Figure 3. Cross section of key component: (a) Main girder; (b) Tower; (¢) Hanger; and, (d) Cable (Unit: cm).

3. Health Monitoring System

This section introduces the health monitoring system for the Hunan Road Bridge. The measured data
obtained from this system will be analyzed in the following sections. The sensing variables contained
the ambient temperature, structural temperature field, and structural responses. The structural
responses included the deformations, stresses, and vibration characteristics of key components.
The sensing variables were measured periodically every three months using the devices deployed
during the construction control period. The layouts of measuring points are shown as Figure 4.
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Figure 4. Cont.
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Figure 4. Layout of the structural health monitoring (SHM) system: (a) Deformation; (b) Internal force;
and (c) Vibration characteristic (Unit: m).

4. Simulation and Prediction Methods

4.1. Finite Element Model

The finite element (FE) model of Hunan Road Bridge was established using the ANSYS program
as shown in Figure 5. The hanger forces and cable alignments were set based on the field measured
data in the bridge completion state [45,46].

(b)

Figure 5. Finite element model: (a) Global model; and (b) Girder finite element of Beam 188.

The Timoshenko beam element (No. 188) in ANSYS was adopted to simulate the tower, crossbeam,
and girder. The link element (No. 10) that only considers the tension deformation was used to simulate
the cable, hanger, and prestressed tendon. The mass element (No. 21) was adopted to simulate the
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weights of the deck pavement, saddle, clip, approach bridge, and the decorative segment of tower.
The beam 188 element with no mass was used to establish the rigid arms connecting the girder and
cable, and the tower” top and cable. The compression amounts of the girder and tower were simulated
through changing the material temperatures of the rigid arms. The internal forces of the cable, hanger,
and prestressed tendon were exerted by defining the initial strains. The bottom sections of towers were
completely consolidated. The DOF between the girder, tower, and approach bridge were constrained
according to the actual bearing types. The FE model contained 711 nodes and 960 elements, and the
static equilibrium analysis required 3 s.

The simulation results of the girder longitudinal stresses at mid-span section CS5 in bridge
completion state are shown in Figure 6, which demonstrates the distributions of the stresses of the
top and bottom plate along transverse direction. The stresses of the hotspots were obtained through
controlling the section mesh of beam 188 element. In addition, the torsional effects of the extra-wide
concrete girder were captured by the beam element adopted, while the shear lag effects were neglected,
which may only be caught with a refined FE model using the solid of shell finite element. However,
the refined FE model is not suitable for the prediction analysis of long-time concrete S&C effects for
such a complicated self-anchored suspension bridge because of the huge computational time that
is required.
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Figure 6. Simulated girder longitudinal stress at mid-span section CS5: (a) Top plate; and, (b) Bottom plate.

To verify the reliability of the beam FE model, the simulated results of the natural frequencies,
deflections, and stresses obtained from the initial equilibrium analysis of the model were compared
with the measured data as shown in Table 1. The coincidences show that the beam FE model can
accurately realize the actual final state of Hunan Road Bridge.
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Table 1. Verification of the finite element model.
. Longitudinal Stress of CS5/MPa
Natural Frequencies/Hz Deflections of Girder/cm
Upper Plate Bottom Plate
Mode Shapes  Simulation Measurement Sections Simulation Measurement TestPoints Simulation Measurement TestPoints Simulation Measurement

V1 0.757 0.756 CS2 —1.02 -0.9 SU1 —541 —4.11 SD1 —5.78 —6.14

\ 1.274 1.318 CS4 0.93 0.9 su2 —5.37 —4.01 SD2 —5.81 —4.28

V3 1.464 1.465 CS5 1.32 1.2 SU3 -5.32 —5.38 SD3 —-5.87 —4.90

T1 1.256 1.245 CS6 0.95 1.0 SU4 —527 —4.72 SD4 —-5.92 —5.87

T2 1.421 1.392 CS8 —1.05 —-0.8

T3 1.474 1.489

Notes: ‘V'—Vertical bending mode shape; “T’—Torsional mode shape. ‘+'—Tensile stress/Upward displacement; ‘—"—Compressive stress/Downward displacement.
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4.2. Prediction Methods of Concrete Shrinkage and Creep Effects

The long-time influences brought by concrete S&C were predicted adopting the calculation
method in the CEB-FIP 90 code [18,19] and the age-adjusted effective modulus method [20].
The relationship between the final concrete creep deformation and initial instantaneous elastic
deformation is approximately linear when the concrete stress does not exceed 40% of the ultimate
strength. The superposition principle is suitable for the calculation of the strain that is caused by the
stress applied step by step. The relationship between the strain increment Ae.(i, i — 1) and stress
increment Aoc(i, i — 1) of concrete caused by creep during the time interval of (¢;, t;_1) is shown in
Equation (1),

Ao (ti, ti-1) . . v Ac(t)
E(t;_ 1) (14 x(ti, tim1)p(ti, tizq)] +j:1 E(tj)

Aec(ty, ti1) =

1 7 1
1 —e D gG,i-1)
where, the ¢ represents the creep effect, E is the elastic modulus, x(i, i — 1) is the aging coefficient,

and ¢(i, i — 1) is the creep coefficient. The age-adjusted effective modulus E(t;, t; 1) can be defined as
Equation (2),

X(ii-1) = 1

_ E(ti, ti—1)
LT+ x(ti, tic)e(ti, tia)
Firstly, the concrete elastic modulus was replaced by the age-adjusted effective modulus E,(t;, t; 1)
during each time interval of (¢;, t;_1). Then, the structural stress changes and deformations that

Ey(ti, ti-1) @)

are caused by concrete creep of each step were obtained by the sequential calculation and gradual
accumulation. The concrete shrinkage effects were calculated adopting the analogous means used
in temperature effect analysis based on the shrinkage strain of each step. In addition, the prestress
relaxation was considered through updating the applied initial strains in the prestressed tendons
during each time interval (¢;,1, ¢;) based on the calculated prestresses of the former time interval
(t;, ti—1)- Moreover, the changes in stress and geometry caused by the concrete S&C effects during the
construction phases were considered in the bridge completion state. This part of stress and geometry
evolution was calculated using the same method as the method described above, based on the actual
field construction time from the cast of concrete to the completion state of the bridge.

5. Results of Health Monitoring

5.1. Global Deformation

The deformation monitoring data measured in 15 April 2015 (the initial state), 15 October 2015,
and 15 April 2016 were chosen to analyze the variation amounts of structural deformations during the
first operation year. Since the filed measurement were conducted at 3 p.m.~4 p.m. of the foregoing
dates to avoid the traffic peaks, the live load effects were small and stochastic. Moreover, the measured
ambient temperatures of the foregoing moments were the same, which were 28 °C, and then the
changes of structural alignments were mainly caused by the concrete S&C effects.

5.1.1. Cable Alignments

The comparison between the changes of cable alignments measured after the first half year and one
year are shown as Figure 7. The ascent amounts of the cables at the middle ranges of side-spans were
more significant when compared with the ones of the cables close to girder ends. The cable anchoring
positions at girder ends moved towards the mid-span affected by concrete S&C. The cable anchoring
positions at tower tops also moved towards the mid-span affected by the unbalanced horizontal cable
forces. The cables at the middle range of mid-span dropped significantly. The cables between the
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towers and the quarter points of C54 and CS6 rose conversely because of the appearances of inflection
points at CS4 and CS6, according to the cable catenary characteristics, which can also explain the
relatively significant deformations at DC5, DC19 and DC33. The variation amounts measured after
one year appeared a multiple level growth when compared with the ones measured after the first
half year.
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Figure 7. Measured changes of cable alignments during the one-year period from April 2015 to
April 2016: (a) First half year period; and (b) One-year period.

5.1.2. Girder Alignments

The measured variation comparisons of girder alignments are shown in Figure 8. The side-span
girder rose and the mid-span girder located at the middle range dropped significantly. The deformations
of the girder between the towers and the quarter points of C54 and CS6 changed differently along the
transverse direction. The girder along the road centerline dropped affected by concrete S&C, and the
girder along the non-motorized lanes rose affected by the relatively closer distances to hangers and the
upward displacements of cables, which meant the occurrences of girder warping deformations and
reflected the spatial effect of the extra-wide concrete girder. The variation amounts of girder alignments
measured after one year also increased significantly when compared with the ones measured after the
first half year.
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Figure 8. Measured changes of girder alignments during the one-year period from April 2015 to
April 2016: (a) First half year period; and (b) One-year period.
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5.1.3. Tower Top Deformations

The measured tower top deformations are shown as Table 2. The tower settlement amounts
were small after one year, and the transverse displacements of towers were more significant than
the longitudinal ones. The southwest tower had offset 2.7 cm towards the road centerline during the
system transformation due to the shearing center of girder cross-section is closer to road centerline
as compared with the designed hanging point. The towers continued to offset towards the road
centerline based on the measured data. The stress states of tower roots are worthy of attention during
the long-time health monitoring. In addition, the towers offset longitudinally towards the mid-span
slightly affected by concrete S&C. The towers should be biased towards the side-span in advance
through adjusting the internal forces of the hangers close to towers during hanger tension process,
which can reduce the adverse influences brought by concrete S&C.

Table 2. Measured tower deformation (cm).

T First Half Year Period One-Year Period Construction Period

ower

Position  Iransverse Longitudinal Vertical Transverse Longitudinal Vertical Transverse Longitudinal Vertical

Direction Direction  Direction  Direction Direction  Direction  Direction Direction  Direction

Southwest —0.5 04 0 0.3 0.4 —0.6 2.7 -0.1 -1.0

Northwest -1.0 0.2 0 —0.6 0.4 —0.6 -0.7 0 -0.7

Southeast 0.4 —0.1 0 0.7 —-0.3 —-0.1 21 —0.2 —-1.6

Northeast 0.1 —-0.1 0 -0.1 —-0.9 —-0.2 -13 0.4 -1.2
Note: ‘+'—Northward, eastward and upward displacement; ‘—'—Southward, westward and downward displacement.

5.2. Vibration Monitoring Results

The girder vibration data measured in 15 April 2015 and 15 April 2016 were chosen to analyze the
changes of girder vibration frequencies during the first operation year. The calculated and measured
results are shown in Table 3, the small frequency changes reflect the stable structural stiffness and mass
of the main girder.

Table 3. Calculated and measured girder vibration frequency (Hz).

Measured Values
Order Calculated Initial Values

15 April 2015 15 April 2016
1 0.757 0.756 0.756
2 1.256 1.245 1.241
3 1.274 1.318 1.312
4 1.421 1.392 1.397
5 1.457 1.447 1.447
6 1.464 1.465 1.463
7 1.474 1.489 1.481
8 1611 1611 1.600
9 1.649 1.660 1.658
10 1.698 1.685 1.685

5.3. Internal Force Monitoring Results

The internal force data measured in 15 April 2015, 15 October 2015 and 15 April 2016 were
chosen to analyze the variation amounts of structural internal forces during the first operation year.
The changes were also mainly caused by concrete S&C because of the same ambient factors.

5.3.1. Cable Forces

The measured change percentages of cable forces are shown in Table 4. The cable forces decreased
when compared with the initial state, the reduction percentages are less than 1%, which reflects the
stable performance of the cable system.
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Table 4. Measured cable force and change percentage.

Location of Measured Cable Force (kN) Change Percentage (%)
Anchoring Span 15 April 2015 15 October 2015 15 April 2016  First Half Year Period ~ One-Year Period
SC1-S (Southwest) 53,758 53,545 53,612 —0.40 —0.27
SC1-N(Northwest) 51,763 51,328 51,312 —0.84 —0.87
SC2-S (Southeast) 50,868 50,848 50,782 —0.04 —0.17
SC2-N (Northeast) 49,870 49,812 49,469 —0.12 —0.80

5.3.2. Transverse Distributions of Girder Stress Increments

The measured variations of girder longitudinal stresses are shown in Figure 9. As shown in
Figure 9a,b, the compressive stresses of side-span girder generally increased during the first half
year affected by the concrete shrinkage and elastic compression of girder under the huge horizontal
cable forces. Then, the compressive stresses of side-span girder top plate decreased slightly after the
first year, which was caused by the rise of side-span girder along with the cables that were affected
by the movements of cable anchoring positions towards the mid-span. As for the side-span girder
bottom plate, the compressive stresses of the measuring points including SD2, SD3, SD6 and SD?7,
which are close to the hanger points, also decreased slightly after the first year along with the decreased
horizontal cable forces. However, the stresses of SD1, SD4, SD5 and SD8, which are far away from the
hanger points, increased continually because the influences brought by the cable force changes were
weak. The uneven transverse distributions of stress changes reflect the significant spatial effect of the
extra-wide girder.
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Figure 9. Measured changes of longitudinal girder stresses: (a) Section C2 of west side-span; (b) Section
C12 of east side-span; (c) Section C5 of mid-span; and (d) Section C7 of mid-span.
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The stress changes of mid-span girder are shown in Figure 9¢,d. The compressive stresses
of top plate increased continually along with the girder deflection, and the bottom plate stresses
changed insignificantly during the first half year and began to decrease after the first year affected by
concrete S&C.

5.3.3. Tower Root Stresses

The measured compressive stresses and change percentages of west tower roots are shown in
Table 5. The variation amounts within the range from —1 MPa to 1.5 MPa reflect the whole sectional
compression status of the tower roots.

Table 5. Measured tower root stress and variation amount.

Tower Sensor Measured Tower Stress (MPa) Variation Amount (MPa)
Location Location 15 April 2015 15 October 2015 15 April 2016  First Half Year Period =~ One-Year Period

Northeast —13.520 —13.100 —14.200 —0.420 0.680

Southeast —11.635 —12.760 —11.760 1.125 0.125
ST1-S Central south —5.398 —5.810 —4.810 0.412 —0.588
Southwest Southwest -11.213 —11.680 —10.680 0.467 —0.533
Northwest —11.982 —11.380 —12.380 —0.602 0.398

Central north —9.295 —9.670 —10.270 0.375 0.975

Northeast —9.632 —9.740 —10.140 0.108 0.508
Southeast —10.433 —11.785 —10.385 1.352 —0.048

ST1-N Central south —10.010 —10.936 —9.336 0.926 —0.674
Northwest Southwest —9.815 —10.730 —9.030 0.915 —0.785
Northwest —8.353 —8.006 —8.606 —0.347 0.253

Central north —7.863 —7.333 —8.030 —0.530 0.167

5.4. Influences Brought by Diurnal Temperature Difference

The monitoring data measured at 5 a.m. and 3 p.m. in 17 October 2015 were chosen to analyze
the structural changes that were caused by diurnal temperature difference. The ambient temperatures
were 20 °C and 35 °C, respectively. The concrete S&C effects were neglected because the two moments
were close to each other.

The measured changes of structural alignments and girder compressive stresses are shown in
Figure 10. The mid-span cables and girder dropped slightly, as shown in Figure 10a,b. The cable
catenary sag increased along with the thermal expansions of steel wires and increases in cable length.
In terms of the east side-span, the thermal expansion of concrete was caused by the ambient warming
simultaneously besides the increases in cable catenary sag. The cable anchoring positions at girder ends
moved towards the expansion joints. The cables and girder rose affected by the thermal expansion of
mid-span girder and bidirectional sliding bearings between the east towers and girder. As for the west
side-span, the bearings between the west towers and girder were transverse one-way sliding bearings.
The additional movements of west cable anchoring positions that are caused by the thermal expansion
of mid-span girder were relatively smaller when compared with the east ones. Thus, the structural
alignments changed insignificantly.

The measured changes of girder compressive stresses are shown in Figure 10c. In terms of the
side-span girder, the compressive stresses increased affected by concrete thermal expansion and
constrains brought by expansion joints. As for the mid-span girder, the top plate compressive stresses
increased, and the bottom plate stresses decreased affected by the girder deflection. The uneven
changes of the girder stresses between the side and middle webs of the same cross section caused by
the temperature gradients reflect the significant spatial effect of the extra-wide girder.
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Figure 10. Measured changes of structural alignments and girder stresses caused by diurnal temperature
difference from 20 °C to 35 °C: (a) Cable alignment; (b) Girder alignment; and (c) Girder stress.

5.5. Influences Brought by Seasonal Ambient Warming

The monitoring data measured in 24 December 2015 and 15 April 2016 were chosen to analyze
the changes caused by seasonal ambient warming. The ambient temperatures were 2 °C and 28 °C,
respectively. The concrete S&C effects between these two moments were deducted approximately
according to the data differences between 15 October 2015 and 15 April 2016 with the same ambient
temperatures. Conservative variation amounts were obtained by this data process method, and the
change trend analysis would not be affected.
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The measured changes of structural alignments and girder compressive stresses are shown as
Figure 11. The alignment changes of the cable and girder shown in Figure 11a,b were synchronous and
more significant when compared with the ones shown in Figure 10a,b. The mid-span cables and girder
dropped simultaneously along with the increase in catenary sag. The side-span cables and girder rose
along with the movements of cable anchoring positions at girder ends towards the expansion joints
caused by the thermal expansion of girder concrete.
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Figure 11. Measured changes of structural alignments and girder stresses caused by seasonal ambient
warming from 2 °C to 28 °C: (a) Cable alignment; (b) Girder alignment; and (c) Girder stress.

The measured changes of girder compressive stresses are shown in Figure 11c. The girder
compressive stresses increased generally, and the stress increments of middle side-span bottom plate
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were bigger than the other locations. The health monitoring for the stress increments in this region are
worthy of attention when encountering with extreme warming.

5.6. Influences Brought by Dual Effects of Concrete S&C and Ambient Warming

The influence laws of the dual effects brought by concrete S&C and seasonal ambient warming
were investigated. The monitoring data measured in 24 December 2015 and 15 April 2016 were chosen
to compare. The temperatures were 2 °C and 28 °C, respectively.

The measured changes of structural alignments and girder compressive stresses are shown in
Figure 12. The alignments changes of the cable and girder shown in Figure 12a,b were synchronous.
The mid-span alignments dropped, and the side-span alignments rose. The variation magnitudes that
are caused by dual effects were significantly bigger than the ones caused by single concrete S&C and
single ambient warming because the change trends of structural alignments caused by these two single
effects are the same.

The measured changes of girder compressive stresses are shown in Figure 12c. The girder
compressive stresses increased generally, and the stress increments of side-span girder bottom plate
and mid-span girder top plate were significantly bigger than the ones caused by single concrete S&C
and single ambient warming. The health monitoring for the compressive failures of the concrete
in this region are worthy of attention affected by heavy vehicle loads, long-time concrete S&C,
and extreme seasonal warming. The initial compressive stresses in this region should be decreased by
the pre-deviations of towers towards side-span and pre-lift of mid-span girder.
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Figure 12. Measured changes of structural alignments and girder stresses caused by dual time-dependent

effects (warming): (a) Cable alignment; (b) Girder alignment; and (c) Girder stress.

6. Prediction of Concreter Shrinkage & Creep Effects

6.1. Global Deformation

The predicted long-time displacements of the cable and cable anchoring points affected by
concrete S&C are shown in Figure 13. The reliability of the calculation was validated by comparing
the calculated displacement of cable at DC19 of —0.026 m after the first year with the measured

data of —0.018 m shown in Figure 7b. The displacements of the cable anchoring positions at girder
ends towards the mid-span and the drops of anchoring positions at tower tops will be caused by the
concrete elastic compression and S&C deformation. Significant vertical displacements of the middle
mid-span cables will be caused by the movements of cable anchoring positions at tower tops towards
the mid-span and the unbalance horizontal cable forces.
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Figure 13. Predicted long-time displacements of cable.

50

The predicted long-time changes of girder alignments are shown in Figure 14. The mid-span
girder deflections will increase continually, and the girder deflection at CS5 is the most significant.
The side-span girder will rise slightly along with the rise of cable. The girder deflections present
a change trend of increasing quickly firstly and then slowing down.
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6.2. Internal Force
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The predicted long-time change percentages of hanger forces are shown in Figure 15. The hanger
forces will decrease continually. The reduction percentages of side-span hangers are bigger than
the ones of mid-span hangers, and the ones of side-span hangers close to the towers are the most
significant, with the value of —9% after 50 years.

Figure 15. Predicted change percentages of hanger forces.
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The predicted changes of the hanger and cable forces at middle mid-span DS19 are shown in
Figure 16. The internal forces of hanger and cable at DS19 will decrease by 4.2% and 4.6% after 50 years,
respectively. The change rates will tend to be 0 approximatively, namely the cable system becomes

more and more stable.

Figure 16. Predicted changes of hanger and cable forces at DS19.
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The prediction results that were obtained by the proposed method can be used to provide
appropriate feedback to the construction control process for the self-anchored suspension bridge.
Reasonable amounts of the pre-lift of mid-span girder and deviations of towers towards side-span can
be determined to offset the adverse concrete S&C effects during long-term service life. A parametric
study on the influence of the final girder alignment in the stress and geometry evolution of the girder
was conducted. This study was accomplished by changing the hanger forces to provide different final
geometries to the main girder. The change percentages of the global hanger forces were set as 1%~5%.
The completion state of bridge after equilibrium analysis and the girder state evolution at mid-span
section CS5 after 50 years are shown in Table 6, where the longitudinal stress values of the plate regions
close to the first outer web were extracted to compare. The results show that appropriate pre-lift of
girder at mid-span can effectively allocate the girder compressive stress reserves, the compressive
stress reserves after hanger force adjustments of the top plate decreased, and the ones of bottom plate
increased. Then, the compressive stresses after 50 years of the top plate will decrease in a safe range,
and the ones of bottom plate will increase. The adverse influences brought by the concrete S&C in
structural safety were reduced by the appropriate hanger force adjustment. In addition, the adjustment
of the curvature of main girder should be conducted in a reasonable range to avoid the excessive
bending moment in main girder.

Table 6. Parametric study on the influence of final girder geometry in the girder state evolution.

Increasing Bridge Completion State After Equilibrium Analysis Girder State After 50 Years
Percentage of Girder Lifting Girder Longitudinal Stress (MPa) Girder Girder Longitudinal Stress (MPa)
Hanger Force Amount (m) Top Plate Bottom Plate Deflection (m) Top Plate Bottom Plate
0% 0.013 —5.410 —5.780 —0.087 —6.618 —2.171
1% 0.015 —5.322 —6.183 —0.087 —6.532 —2.569
2% 0.017 —5.233 —6.586 —0.088 —6.446 —2.966
3% 0.019 —5.145 —6.989 —0.088 —6.359 —3.364
4% 0.021 —5.056 —7.391 —0.089 —6.273 —3.762
5% 0.023 —4.968 —7.794 —0.089 —6.187 —4.160

7. Conclusions

In this study, we focused on the measured performances affected by the concrete shrinkage &
creep and thermal effects of a complicated self-anchored suspension bridge with extra-wide concrete
girder, Hunan Road Bridge, which is currently the widest among similar bridges in China. In addition,
the structural changes of interest during the long-term service period were predicted. The significant
contributions of this study are summarized as follows:

o The measured data reflect the stability and safety of Hunan Road Bridge. The transverse
displacements of towers were more significant than the longitudinal ones. The spatial effect
of the girder is significant due to the extra width, which performed as the girder longitudinal
stresses changed unevenly along the transverse direction. The slight changes of girder vibration
frequencies reflect the stable girder structural stiffness and mass.

e  The deviations of cable anchoring positions and deflection of mid-span girder that are caused by
the concrete S&C and ambient temperature changes are main factors influencing the structural
alignments and internal forces of concrete self-anchored suspension bridges. Especially for the
one having an extra-wide concrete girder such as Hunan Road Bridge.

e  The cable anchoring positions at girder ends and tower tops moved towards the mid-span affected
by the concrete S&C. The measured deflections of the girder at the middle region of mid-span
were significant. Increases in the longitudinal compressive stresses of top plate and decreases in
the ones of bottom plate were caused in this region. In addition, the girder compressive stresses
increased generally along with the seasonal ambient warming and decreased along with cooling.
The uneven distributions of girder stress variations between the side and middle webs of the
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same section caused by the temperature gradient effects reflect the significant spatial effect of the
extra-wide girder.

The stress increases of side-span girder bottom plate and mid-span girder top plate under extreme
seasonal warming, as well as the stress decreases of side-span girder top plate and mid-span girder
bottom plate under extreme cooling, are worthy of attentions when considering the long-time
concrete S&C effects. Moreover, the concrete S&C effects should be taken into account during the
determination of reasonable final state. The methods to offset the adverse influences of concrete
S&C include the set of appropriate girder camber, pre-deviations of towers towards side-span,
and pre-lift of mid-span girder through adjusting the final hanger forces in a reasonable range.
A parametric study on the influence of the final girder alignment after hanger force adjustment in
the stress and geometry evolution of the main girder was conducted. The hanger force adjustment
can allocate the girder compressive stress reserves reasonably. The adverse influences in the safety
of concrete self-anchored suspension bridge, brought by the heavy vehicle loads, concrete S&C,
and extreme temperature changes, may then be reduced effectively, which are the lessons learned
from this paper.
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