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Abstract ;: Sutong Bridge tower which is 300.4 m is the highest one in the world. The tower anchor area uses the steel—

concrete composite structure, its structure and the stress mechanism are complex, so it must be paid more attention to

the structure durable issue. The 300 m height makes the tower quite sensitive to the environmental factors such as wind

and temperature. The wind resistance safety of tower in construction stage is especially important. In this paper, the de—

sign of composite structure is introduced. The key technologies of tower geometry control and wind resistance in con—

struction stage are analyzed.
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1 Introduction

Sutong Bridge is the world’ s longest span cable—
stayed bridge that has been built. The cable tower of
the bridge is made up of reinforced concrete structure,
and the height above the cable tower pile cap is 300.4
m. The anchorage of the cable-stayed bridge is an im-
portant part which is related to the structural safety.
This bridge adopts steel anchor box anchorage system.
In the design of the Sutong Bridge tower, it focuses on
the studies of the tower anchorage area.

Sutong Bridge tower is located in the deep water
area which is far from the riverbank, as a result of so—
lar radiation, temperature changes, strong river wind
and other natural factors, the impact on the realization
of the liner control accuracy of the tower will be signifi—
cant, and the construction process of the tower is influ—
enced by the wind, the wind-induced response of the
cable tower and tower crane is a key security concern

of the tower construction.

2 General scheme

The whole height of the cable tower is 300.4 m,
of which the height of the upper tower column is 91.4
m, the middle tower column is 155.8 m and the lower
pylon column is 53.2 m. The space between the tower
limb center and the tower bottom surface is 62. 0 m.
The section of the tower column is variable cross-sec—
tion hollow box section, and it is solid paragraph at the
bottom of the tower column. In the height of 64.3 m of
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the cable tower, the beam which adopting box variable—
height structure is set up. The anchorage area of the
cable tower uses reinforced concrete structure, of
which the total number of the steel anchor box is 30
whose whole height is 73. 6 m, and which is divided
into A, B, C three types from top to bottom, among
them, steel anchor box of class A and C has 1 block
and class B has 28 blocks, the height of the standard
segment is 2.3 ~2.9 m and the bottom section of the
steel anchor box is 3.6 m. The bearing plate at the end
of the steel anchor plate is linked to the concrete tower
wall, the surface of which welding a shear wall which
embedded in the concrete tower wall; the steel anchor
box of the end section is linked to the concrete tower
column which is used to transfer vertical component of
forces of the cable-stayed bridge[]] . The general design
drawing of the cable tower is shown in Fig. 1.

The cable tower uses hydraulic climbing form con—
struction (the solid segment at the hottom uses stent
slip form construction). The construction is divided in—
to 68 segments, and the standard segment is 4.5 m
high. The beams of the cable tower uses support cast—
in-place, which is asynchronous construction with the
tower column. The steel anchor box uses the construc—
tion of factory production, prefight, on-site installa—
tion, bolted method. In the middle and lower tower, at
a certain height set the level support to impose active
top—pillared force in order to eliminate the deformation

and stress caused by the tilt of the tower column'” .
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Fig.1 The general design drawing
of the cable tower

3 The design of the anchorage area of the
cable tower

The anchorage of the cable-stayed bridge is an im—
portant part which is related to the structural safety,
this bridge adopts steel anchor box anchorage system.
The size of the structure is shown in Fig. 2. There are
30 blocks steel anchor boxes of Sutong Bridge, ancho-
ring from 4" 10 34" pairs of stay cable. Shear connector
is a co-stressing key structure for concrete and steel an—
chor boxes, the diameter of the shear pin that this
bridge used is ¢ 22 mm, the length is 200 mm and the
ultimate strength is no less than 400 MPa (according to
GB/T104332002). This welding nail is welded in the
steel plate by special welding machine, whose con—
struction is very convenient, having very small impact
on the steel itself.

3.1 Simulation test of shear pin in anchoage
zone of the cable tower

According to the forced state of the shear pin
which is between the end—plate steel anchor boxes and
the tower of the concrete, determining the stiffness and
the bearing capacity of the shear pin through the exper—
imental research, giving the shear rigidity and shear
strength allowable value of the shear pin when used for
numerical analysis. The photo of the shear nail sample
is shown in Fig. 3.

The whole numerical analysis for the anchorage
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Fig.2 The structure of the steel
anchor box for cable tower

Fig. 3

Shear pin sample

zone of the cable tower has gotten the vertical shear
stress for steel anchor boxes and concrete cable tower
and the distribution of the shear for the shear pin,
which results are closer to the structural analysis results
of anchor zone. The test results of the shear nail show
that

1) The shear strength and shear stiffness of the
shear pin will increase with the increasing of the pre—
pressure ; it was based on the safety that does not con-
sider the friction between the end-plate steel anchor
boxes and concrete tower wall during the design;

2) The shear strength of the shear nail adopts the
secant stiffness cited in the 1/3 load service of the
shear strength (Fig.4) , based on the performance test
obtained the shear stiffness is about 220 kN/mm

3) Supposing the load corresponding to the intersec—
tion point of the curve and the straight line which is
caused at the place where the relative displacement of
shear studs is 0.2 mm and the straight line should parallel
to the secant line of stiffness. Taking the yield capacity
considering the 1.7 times safety factor as the capacity al—

lowable value, obtained by the shear nail performance
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Fig.4 The load-deformation
curve of the shear pin

test, the capacity allowable value is 89.2 kN.
3.2 Model calculation of the anchorage zone
tower

The calculation used space finite element to estab—
lish the cable model of the entire area, the concrete a—
dopted solid element and the steel anchor boxes adopt—
ed shell unit. Using spring element to simulate the de—
formation properties of shear nail between concrete and
steel anchor boxes. In the anchorage area of the steel
anchor boxes cable, imposing the largest vertical com—
ponent force to the cable under normal service condi-
tions. The constraint form for the bottom of concrete
tower column and steel anchor box was consolidated
in which process considering the contract and gradual
change of the concrete. The vertical force of the stay
cable was transferred to the concrete tower by three
ways which contains shear pin, side friction and bottom
supported, among which the side friction was consid-
ered as safety reserves, not included in the structural
analysis. The key of the analysis of vertical force was
how to accurately simulate the shear stiffness of the
shear pins, the shear stiffness used for calculating was
adopted by model test. The load-deformation curve of
the shear pin gotten by shear test was shown in Fig. 4.
The shear rigidity under the normal using load of the
shear pin in a diameter of 22 mm was 220 MN/m. The

calculating model and the results were shown in Fig. 5.
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Fig.5 Calculating finite element model
and test results of the anchorage zone

3.2.1 Durability analysis of the structures

The test results show that the tensile stress of the

concrete is bigger than the cracking stress of the con-
crete, the concrete cracks occur, once the tension area
of the concrete cracking, the components will get into
the work place with cracking and the stiffness have a
It should do discount for the

shortterm stiffness which in the largest tensile stress

significant reduction.

department of the concrete, the stress of the concrete
wall after discount is shown in Fig. 5. The nominal lar—
gest tensile stress of the concrete tower was 5. 33 MPa.

According to the nominal tensile stress of the ca—
ble tower, it could calculate the distribution of the lev—
el of internal force of the cable tower and do structure
reinforcement calculation under ultimate bearing capac—
ity and normal service condition. The results of the cal—
culation of steel show that, the design of anchor zone
concrete is controlled by cracking, through reasonable
reinforcement, the final calculation cracking width is
controlled within 0.2 mm. The full-scale model tests
show that the cracking width is about 0. 14 mm under
normal using load, and the cracking width is 0. 17 mm
under 1.7 times of normal using load.

In the anchorage zone of pylon of the Sutong
Bridge, it set up dehumidification system which pro—
vides a permanent protection on the steel anchor boxes
and stay cable anchor structure.

3.2.2 Rationality analysis of the structure

The results show that the shear pin design meets
the bearing capacity requirements, but the horizontal
shear pin bore uneven loading. The failure mode of the
shear pin is the shear fracture in the root and no de—
struction in the welding parts; under the service ability
limit state, the bottom concrete bearing the support re—
verse force is 600 MN, taking 20 % of the vertical
load. The maximum compressive stress of the concrete
is —25 MPa, without too much stress concentration oc—
curs.

The on-site monitor show that in the early installa—
tion of the steel anchor boxes, the load of the steel an—
chor box is almost entirely born by the bottom con—
crete, and with the increasing of the construction seg—
ments, the load-sharing of the concrete tower wall in—
creases. When the cable tower’ s construction reached
to 270 m, the concrete tower wall would undertake
60 % of the total load. The stress level at the bottom
of the steel anchor box is low, about —14 MPa, which

is consistent with the design.

4 The liner control of the cable tower

4.1 The request and difficulty of the form
controlling
The height of the Sutong Bridge is big and the

middle and lower tower component is tilt, the control—
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ling of space geometric position, alignment and preci—
sion is not only a routine but also an important task. In
addition, the accumulation of the root tower moment
and the additional stress caused by the selfdoading of
the tower column and the horizontal component of the
construction load. Taping into tower, under the bench—
mark condition, the goal line pylon must meet the fol-
lowing error requirement; a. the slope error of the ca—
ble tower is not more than 1/3 000, and the axis devi—
ation of the tower is no more than 30 mm;b. the eleva—
tion deviation of the top of the tower is not more than
10 mm;c. the axis deviation of the tower column in the
pile cap is not more than 10 mm; d. the section size
deviation of the tower column is not more than 20 mm.

The analysis of the parameter sensitivity shows
that; a. Temperature and wind load had a great impact
on the accuracy of the construction. When the temper—
ature gradient along the bridge tower is 10 °C , the dis—
symmetry of the top-side of the tower will up to
354.3 mm  and

159.0 mm; when the temperature gradient cross the

tower-column-top ~ will  up to

bridge tower is 10 °C, the dissymmetry of the tower
column will up to 160 mm and the top-side of the tower
will up to 55 mmjeven if the night temperature gradi—
ent along the bridge was only 2 °C , the displacement of
the tower-column—op along the bridge would reach
33 mm, beyond the design requirement. b. When the
wind speed along the bridge was 15 m/s (the elevation
of the bridge) , the dissymmetry of the top-side would
up to 37 mm. Therefore, the tower line of the cable
tower must be amended of the temperature and the
wind. At the same time, in order to meet the construc—
tion schedule, it requested to do all-weather measure—
ment location operation.
4.2 Concrete segmental control

The Sutong Bridge construction measurement used
tracing prism method. The principle was that; the spa—
tial relation between a point which was on the comple—
ted segments and the point which was on the awaiting
for construction section segment was determined, and
the relative space position was basically not affected by
the wind, temperature and other environmental factors.
In the environment of low night temperature gradient
and wind speed, doing accurate measurement to the
reference point, and doing amendments to the wind
and temperature, every point being measured in the a—
waiting construction section segment all took this point
as benchmark doing the all-weather construction sur—
vey. It was shown in Fig. 6.

This approach has the following advantages:

1) It can set out the work in the day time that

must be carried out at night, lofting, measuring in the
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Fig. 6 The principle graph of the
tracing prism method

day does not need to do amendment of the temperature
and wind, it can delay the treatment time for extending
computing, data transmission such series work, and
greatly improve the work efficiency;

2) Through the transmission of the relative posi—
tion of the adjacent segments lows the elevation trans—
mission error.

During the construction, according to the different
parts of the tower used different measurement methods :

1) The middle and low of the tower column is
concrete structure with a small height and great struc—
tural rigidity, the reverse deformation caused by tem-—
perature gradient is less than 1 mm, and simply instal—
ling a prism will be able to meet the requirements of
precision controlling ;

2) The upper tower column is steel-concrete
structures with a great height, and the reverse deforma—
tion caused by temperature gradient is bigger which can
get to 5 mm when the temperature gradient is bigger.
As a result, installing 2 prisms in the direction of the
temperature gradient which are use to monitor the de—
formation of the reverse.

4.3 The installation control of the steel anchor
box and line adjustment

Tower construction on the first step was the instal—
lation of the steel anchor box, and than concrete pou—
ring. The installation error control of the steel anchor
box was the key to control the construction of the upper
tower column. The steel concrete box used bolt con—
nection, once connected to form a whole, and it was
difficult to adjust to the tower line. As a result, it took
two sides measures:

1) Strictly control the manufacturing accuracy of
the steel anchor box. The perpendicularity error of
each segment of the steel anchor box was controlled
within 1/5 000, the whole inclination error was con—
trolled within 1/4 000 and the manufacturing error was

tested by pre-assembly measurement.



2) Strictly control the installed accuracy of the
fires section of steel anchor box. The allowable error of
the inclination for the first section of the steel anchor
box was 1/3 000, the anchor boxes were mounted on 4
independent level confined plate, when installing the
confined plate controls the relative height difference
was not more than 0.42 mm.

Nevertheless, the installation error is inevitable.
According to the terms, the installed inclination of the
first section of steel anchor boxes was 1/3 000, corre—
sponding to the tower offset of 27 mm; the overall tilt
of the creating steel anchor boxes was 1/4 000, corre—
sponding to the tower offset of 20 mm; the installation
plane position error of the first section of the steel an—
chor boxes was 5 mm, corresponding to the tower offset
of 5 mm, if these errors were in the same direction it
would lead to the tower offset get to 52 mm after super—
position, beyond the design requirements of 30 mm, it
was shown in Fig. 7.

In addition, the steel anchor boxes are welding
structures with small structural stiffness. It will cause
some deformation in the process of transportation and
lifting having an impact on the installation precision. It

must do error adjustment and control during the instal—

lation.
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Fig.7 The diagram of error control
of cable tower construction

The error adjustment measures were: doing meas—
urement and evaluation for the accuracy for the in-—
stalled steel anchor boxes and evaluating the error
trends for the follow-up segment, determining the tim—
ing of the adjustment; setting of 12 mm thick plate for
every 4 anchor boxes segment, according to the need,
doing fine machining to the gasket, adjusting the tilt

error.

4.4 The results of the line control for the cable
tower construction

The on-site measurements show that the axis devi—
ation and section size error of the middle and lower
segments was in the precision control, the errors of the
on-site installation were controlled within the permissi—
ble error range ( both the error of the elevation and axis
are =10 mm) , the installation of the upper part of the
cable-stayed structure provided a necessary anchor bo—
xes. The error of the center section and section size
was controlled in the error range (the tilt error of the
tower column was not more than 1/3 000, and the axis
deviation was not more than 30 mm; tower section size

deviation was not allowed to beyond 20 mm).

5 Wind resistance and vibration control of
the cable tower

The wind resistance safety of the 300 m high tower
standing in the Yangtze River estuary is the issue that
the bridge engineers must focus on. In the design
stage , it conducted a pylon wind tunnel model test un—
der a self-sustaining state in Tongji University, the test
results show that the structure critical wind is much lar—
ger than the test wind; in the bridge-wind conditions,
the tower will not have a divergent vibration and the
structural strength and stability are guaranteed.

The pylon wind tunnel model test under a self-sus—
taining state of the construction phase was conducted in
the Southwest Traffic University, its main purpose was
to study the aerodynamic characteristics of the cable
tower, tower crane and formwork system during the
construction phrase, assess the safety of wind resist—
ance during construction phase of the cable tower and
the influences on the equipment and personnel operat—
ing conditions for the wind, and study the vibration re—
duction measures according to the results.

5.1 The wind tunnel test of the tower
construction period
5.1.1 The test model

The ratio of the test model was 1: 100 ( Fig. 7).
The stiffness and quality of the cable tower was simula—
ted according to similarity criteria, the crane only sim—
ulated the stiffness, the level support simulated the
quality and the stiffness and other temporary structures
only simulated the analog form. The experimental pa—
rameters were as follows: the test wind speed in uni-
form flow was 61.2 m/s, the respective damping ratio
was 0.5 %, 0.8 % and 1.6 % ; the test wind speed
in turbulent flow was 45 m/s, the turbulence intensity
was 5.5 %.

5.1.2 Test results

In the uniform flow and small turbulent flow tri—
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Fig.8 The wind tunnel test model
of the cable tower

als, observed the vortex-induced vibration, the test re—
sults were shown in Table 1, the test show that:a. in
the construction period, lower than the design wind
speed of 35.4 m/s, it hasn’ t found the divergence
amplitude phenomena;b. in the circumstance of design
turbulence filed, it hasn’ t found significant buffeting
response; c. in the condition of uniform and turbulent
flow, vortex-excited resonance phenomenon along the
bridge under the three conditions happens.
Table 1 The results of vortex-excited resonance test

Turbulent

flow(5.5 % )

Conditions Uniform flow

Condition

Damping /% 0.5 0.8 1.6 0.5 0.8 1.6

Most unfavorable

angle/(°) 0 0 0 0 0 0
Corresponding

Condition 1 wind 12.8 13.0 13.6 13.2 12.8 12.4
/(me s7h)

Amplitude /mm 457 82 21 225 48 16

Most unfavorable

angle/(°) 3 3 3 3 3 3
Corresponding

Condition 2 wind 13.4 13.2 13.2 13.4 13.2 13.8
/(me s7h)

Amplitude /mm 394 67 15 162 51 13

Most unfavorable

angle/ (°) -1.5 -1.5 -1.5 -1.5 -1.5 -1.5
Corresponding

Condition 3 wind 27.1 27.4 27.4 25.4 25.4 25.4
/(me s7h)

Amplitude /mm 52 23 14 23 15 4

5.2 The assessment and analysis of the wind
tunnel test and the damping measures

5.2.1 The analysis of the test results

According to the results of the wind tunnel test,
using proper value method to do aerodynamic response
to the other seven construction segments from 154 m
high to the whole high of the tower under construction
phase to get the amplitude and acceleration value of the

cable tower and crane which were shown in Table 2.
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Table 2 The amplitude and acceleration value of the
crane and cable tower for the construction phase

Acceleration

The height Wind Amplitude /mm J(me s72)
of the speed
tower / /(me 57! Tower Tower
owerzm (me s Overhead (?W.ﬂ Overhead (?W.ﬂ
ceiling ceiling
12.4 137 178 0.106 0.138
1 306.0 35.3 0 6 0.000 0.035
12.9 187 0.157
14.3 55 111 0.056 0.114
2 270.8
17.5 1 1 0.002 0.002
17.3 11 45 0.013 0.052
3 248.4
20.0 10 4 0.015 0.007
17.1 2 19 0.003 0.023
4 221.4
21.2 19 129 0.037 0.249
21.5 5 51 0.010 0.101
5 212.4 26.3 33 83 0.099 0.245
25.4 45 0.125
24.8 1 16 0.001 0.036
6 172.1
41.0 47 32 0.292 0.199
42.9 7 71 0.046 0.438
7 154.0
54.9 41 103 0.411 1.047

According to the results of the winds tunnel test,
determining the focus of construction related to the
working conditions, doing analysis and assess to the vi—
bration of the cable tower and crane under construction
and it concluded that:

1) Structural stress: the stress changes of the
standard section and attached system caused by vortex—
induced vibration ( boundary wall bolt and link rod)
were lower than the allows stress of the material ;

2) Work comfort: the acceleration of the tower
ceiling might be 13.8 em/s , less than the work com—
fort limit acceleration of 30 em/s’ ;

3) The effect of the period: the entire height of
the tower may arise vortex-induced vibration lower than
the wind speed of 15 m/s, the probability that the con—
struction period of the upper tower column occurred the
wind speed of 11 ~ 15 m/s was 2.6 % ~5.8 %,
therefore, the construction measurement could avoid
this section of the wind speed, having little impact on
the project.

5.2.2 Damping measures

From the experimental analysis results it can be
seen that, there isn’t great impact caused by the vi—
bration to the tower construction and the crane interop—
erability. The vibration frequency is low, and it is not

effective to suppress using active mass damper. So it



needn’t use damping measures to the cable tower and
crane, but during the construction process, stopped the
operation of top rise climbing model and the operation

under crane loading state.

6 Conclusion

It described the world’ s first thousand-meter ca-
ble-stayed bridge—Sutong Bridge of the design calcu-—
lation, the line control of the up-tower column as well

as wind resistance under construction period of three

Author

key technology research, which provided a reference

for the design and construction for the same type.
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novations, realize leaps in their development and make
quicker improvement of core competitiveness of bridge
technology in China. From “learning from others” to
“self-initiated innovations” | this is the only way to re—
alize bridge technology innovations and create our own

brands.

5 Conclusion

It is a strategic task to establish “a technical inno—
vation system that regards enterprises as its main body,
orients its development by market demands, and in-
tegrates industries, colleges and universities, and re—
search institutes”. Strategic tasks involve long-term in—
terests, the common interests of the state, the society,

and enterprises. Implementation of a strategic task

Author

means investments and efforts and means perseverance
and patience. As the saying goings, “peach trees need
three years to fruit, apricot trees four years, and pear
trees five years, while date trees turn out money at the
very year of planting. 7 Now, figuratively, we’ re
planting pear and apricot trees instead of date trees.
Implementation of strategic tasks need joint efforts of
the government, proprietors, and the society. At the
present stage, it is even more necessary for proprietors
to exert more efforts, bear the strategic interests of the
state in mind, create good environment, vigorously
cultivate enterprises, give them bigger platforms and
spaces, and strengthen guidance and policy implemen—
tation and firmly promote the growth of their innovation

capabilities.
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