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ABSTRACT

Monitoring deformation of super-tall structures under different environmental conditions is
an important and challenging issue in assessing the safety and serviceability of structures.
This paper presents a new method for calculating structural deformation using real-time strain
data, which can be easily measured at different sections. Assuming the structural deformation
is of bending beam type, the deformation of the structure is associated with longitudinal
strain. Virtual work theory is then used to calculate the horizontal displacement and tilt angle
of the building on the basis of the strain data at different heights of the structure. The
proposed method is applied to the 600 m tall Canton Tower (previously known as Guangzhou
New TV Tower), on which a long-term structural health monitoring system including over 400
vibrating strain gauges has been installed at different heights. The displacements and tilts of
the structure top under normal and typhoon conditions are calculated using real-time
monitoring strain data. The calculated deformations show good agreement with the
measurements by using global positioning system (GPS) and inclinometers. The temperature-
induced maximum daily movement is similar to the value of typhoon-induced motion.
Moreover, the displacement mode of the super-tall structure is also calculated and shows the
bending type. Error analysis demonstrates that the calculated displacements have higher
accuracy than the GPS-measured counterparts, and that the calculated tilts have similar accuracy

as those measured by an inclinometer.
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1. Introduction

In recent decades, numerous super-tall structures have been built in several modern cities
worldwide, and a great number of such structures are still being constructed. Temperature-,
wind-, and earthquake-induced lateral motions are some of the major concerns for such
slender and flexible super-tall structures. Lateral displacement is a critical parameter for
assessing the safety and serviceability of these buildings. In contrast to acceleration
measurement, accurately measuring displacement in practice can be challenging. Although
displacement can be calculated from the double integral of acceleration, the displacement
may drift over time because of the static and low-frequency components of the measured
acceleration data [1].

Recently developed advanced techniques have allowed the displacement measurement of
large-scale structures. These techniques include the utilization of global positioning system
(GPS), total station, radar, laser, and video camera. Except for GPS, these land-surveying
techniques are often used for short-term monitoring rather than continuous long-term
monitoring because such tools rely on good weather conditions and manpower. By contrast,
GPS can automatically measure both static and dynamic deformations for a long period
regardless of visibility or weather. Therefore, GPS is widely applied in measuring the
deformations of civil structures, such as long-span bridges [2-6], high-rise buildings [7-14],
and dams [15-16]. A number of studies integrated the GPS with other conventional
instruments, such as accelerometers [17-19], robotic total stations [20], and inclination
sensors [21] to enhance the accuracy of measurement. Nevertheless, GPS accuracy in practice
is still not very high. The quality of GPS measurement can be affected by various factors,
such as satellite visibility, availability and geometry, quality of signal sent, delays caused by
GPS waves crossing the ionosphere and troposphere, and multipath [22].

This study presents a new method for calculating the deformation of super-tall structures
based on the assumption that the entire structure can be regarded as a cantilever beam. Thus,
the deformation of the beam can be associated with the strain. Consequently, the
displacement and tilt can be calculated from the strain using virtual work theory. The
effectiveness of the technique is verified through its application to the Canton Tower, on
which a long-term health monitoring system has been installed [23-26]. The calculated
displacements and tilts under different environmental conditions are compared with those
measured using GPS and inclinometer. In addition, the displacement profile of the structure

along the height can be obtained as well, which is not available using other approaches.



2. Canton Tower and its SHM system
2.1. Canton Tower

The Canton Tower (previously known as Guangzhou New TV Tower) is a concrete—steel
composite structure (Fig. 1) that consists of a main tower (454 m tall) and an antennary mast
(146 m tall). The main tower is a tube-in-tube structure. As shown in Fig. 2, the inner tube has
an oval shape with a constant dimension of 14 m x 17 m. The long axis of the inner tube is
directed toward of 18° west to north. The outer frame tube consists of 24 concrete-filled-tube
(CFT) columns, which are uniformly spaced in an oval, inclined in the vertical direction, and
connected by hollow steel rings and braces. The dimension of the oval decreases from 50 m x 80
m at the underground level to a minimum of 20.65 m x 27.5 m at the height of 280 m and then
increases to 40.5 m x 54 m at the top of the tube (454 m). The CFT columns are linked by 46
steel ‘ring’ beams at an inclination angle of 15.5° to the horizontal plane. The hollow steel
braces connect all of the joints of the CFT columns and ring beams. It can be seen that the floor
is not directly attached to the outer tube. The radiating steel girders in the floor stretch out from
the bottom of the floor and are connected to the corresponding CFTs of the outer tube through a
bolt in the CFT.



Fig. 1 Perspective view of the Canton Tower

CFT columns
(24 in total)

Fig. 2 A typical floor plan of Canton Tower



2.2. SHM system for Canton Tower

A long-term structural health monitoring (SHM) system was implemented on the Canton
Tower by a team from The Hong Kong Polytechnic University and Sun Yat-sen University. The
SHM system, which consists of 16 different types of over 800 sensors, employs a pioneering
SHM practice that integrates in-construction monitoring and in-service monitoring [23—25]. The
strain and temperature monitoring subsystem employed during the construction stage consisted
of vibrating wire strain gauges, thermal sensors, and substations distributed along 12 sections at
different heights. As shown in Fig. 3, the elevations of 32.8, 100.4, 121.2, 173.2, 204.4, 230.4,
272.0, 303.2, 334.4, 355.2, 386.4, and 438.4 m were chosen as the 12 critical sections for the
concrete inner structure. These elevations corresponded to Ring Nos. 3, 9, 11, 17, 21, 24, 28, 32,
35, 38, 40, and 45 of the outer tubular structure. The data on each section are collected by the
corresponding substations and then transmitted to a control room.

Four points (denoted as Points 1 to 4 in Fig. 4) at each critical section of the inner tube are
installed with a 45° strain rosette, each consisting of three Geokon vibrating wire strain gauges
[27] to measure the strain of the concrete wall. The temperature of the points is measured by the
thermistor embedded in the vibrating wire. The SHM project was started in June 2007 when the
inner tube has been constructed to the height of approximately 120 m. The section at 121.2 m
was equipped with gauges embedded inside the inner core wall. The sensors for the sections
above 121.2 m were then embedded inside the wall as the construction progressed, whereas
those for the sections at 32.8 and 100.4 m were installed on the exterior surface of the core wall
[28] because the concrete construction had been completed by that time. The gauges at these two

sections were attached to two grouted concrete mounting blocks on the wall.
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Fig. 3 Layout of the strain and temperature monitoring subsystem
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Fig.4 Location of strain and temperature monitoring points at one critical section

A GPS system was installed to monitor the displacement of the Canton Tower. The
reference station (Fig. 5(a)) was installed 3 m above the sightseeing platform at 10.2 m. The
rover station (Fig. 5(b)) was installed over a chimney at approximately 6 m above the platform
at 459.2 m. In addition, a Leica Nivel 210 inclinometer (Fig. 6) was installed at the height of
443.8 m to measure the tilt angles (or inclination from the horizontal) along the short and long

axes of the inner tube. The sampling rate of the GPS and inclinometer was set to 1 Hz.



(a) Reference station (b) Rover station

Fig. 5 GPS installed on the structure

Fig. 6 Inclinometer installed on the structure

3. Derivation of deformation using the measured strain data

For slender and flexible super-tall structures that stand hundreds of meters, the tube can
be regarded as a cantilever beam. The deformation of the cantilever beam can be represented by
the longitudinal strain at different sections. As illustrated in Fig. 7(a), a deformed cantilever

beam is divided into n segments according to the available strain measurement points. The



length of the i-th segment is h,. At point i, the strain difference across the section is Ag;. If the

strain difference between the measurement points is assumed to vary linearly, then the strain
difference distribution along the entire beam can be shown as Fig. 7(b). Fig. 7(c) shows the
deformation of an infinitesimal element of length dh. The angular rotation of the infinitesimal

element can be expressed as follows:

g —¢.)dh  Aedh

o » (1)

a0 ="

where &, and &, are the vertical strain at the left and right surfaces of the element,

respectively, Ag is their difference, and b is the height of the section.
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(a) Cantilever beam (b) Strain distribution  (c) Deformation of an infinitesimal
element

Fig. 7 Deformed cantilever beam
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Fig. 8 Bending moment diagram (M,) of the beam subject to a unit virtual force

A unit virtual force is horizontally applied at point n to calculate the horizontal displacement
at the top of the beam. The resulting bending moment (My) is plotted in Fig. 8(a). The bending

moment at point i is

L=>h  (i=0~n-1) @)

j=i+l
| =0 ?)

According to the virtual work theory, the displacement at the top of the beam in Fig. 7(a) can be

calculated as follows:

1 H
vn=jMud9=E£MuAgdh (4)
Integration of Eq. (4) can be calculated using the moment diagram multiplication method:
Vv, = %Z[hi (2l_As , +1 Ag + L As, , + 2l Ag)] (5)

i=1

Therefore, the top horizontal displacement can be calculated from the strain at different heights.
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Similarly, a unit virtual moment is applied at point n to calculate the tilt (or inclination) at
the top of the beam. The resulting bending moment is shown in Fig. 8 (b). Therefore, the tilt

angle can be calculated as follows:
6,= M d@:lTM Asth=—%"(Ae, +Ac)h (6)
u b g u 2b e [ 1 1

With regarding to the Canton Tower, the vertical strains of the four measuring points at
each section in the inner tube are available. Among the 12 critical sections of the inner tube, the
strain data measured by the surface-type sensors installed at sections 32.8 and 100.4 m are rather
noisy and are therefore disregarded in calculating the deformation of the tower; only the strain
data from the ten sections above 100.4 m will be used. The inner tube is then divided to 11
segments (n = 11). According to Egs. (5) and (6), the horizontal displacement and tilts along the
short and long axis directions of the tower top can be calculated using the measured strain data at
each time instance. In particular, the measurements of points 2 and 4 at these sections are used to
calculate the deformation along the short axis direction, and those of points 1 and 3 are used to
calculate the deformation along the long axis direction. Given that point 0 has not been
measured, the strain data at point 1 will be used instead, i.e., Aeg = Ag1. Similarly, Ag11 = Agyo as

the strain at the top of the structure is not available.

4. Comparison between calculated and measured deformation

To verify the effectiveness of the proposed method, the horizontal displacement and tilt
of the tower top derived from the strain data are respectively compared with the
measurements using GPS and inclinometer. Considering that the GPS output results are in the
east and north directions, the derived displacements are transformed according to the

following equation:

X4 | |cosa —sina || X, @)
Y, | |sina cosa || Y,
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As shown in Fig. 9, X, and Y, are displacements along the short and long axes, respectively;
X, and Y, are displacements to the east and north, respectively; and « is the angle between

the long axis and the north.

Fig. 9 Plan view of coordinate transformation

4.1. Temperature and typhoon-induced displacement
4.1.1. One typical sunny day

During sunny days with low wind speed, the deformation of the structure is mainly
induced by the temperature variation because there is no other significant loading on the
structure. Fig. 10 shows the air temperature on 3 December 2008, which was a day when the
wind speed was low. Fig 11 shows the relative vertical strain variation of the four
measurement points at section 121.2 m during the day. Here the strain at midnight (00:00) is
set as the initial reference value, with the results calculated at later times indicating relative
changes to the reference values. This method is utilized because the actual position of the
tower is unknown. The strain at point 2 (east) increased first at approximately 7:00.
Subsequently, the strain at points 3, 4, and 1 increased at approximately 8:00, 12:00, and
14:00, respectively. The maximum strain difference between points 2 and 4 was

approximately 15 pe, whereas that between points 1 and 3 was approximately 10 pe.
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Fig. 10 Air temperature in Guangzhou on 3 December 2008
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Fig. 11 Relative strain at section 121.2 m on 3 December 2008

By using the measured strain data at 10 different sections, the displacement of the tower top
in the east and north directions on 3 December 2008 is calculated and compared with the GPS
measurements, as shown in Fig. 12. The GPS data have a higher sampling frequency compared
with that of the strain gauges. Thus, the former were resampled by averaging the data to the
same frequency as the latter and then smoothed using the five-point moving average algorithm
[29]. The derived and measured displacement data exhibited the same variation trend. The
maximum displacement toward the west and north directions occurred at almost the same time.
In particular, the GPS-measured maximum motion was 9.1 cm in the east—west direction and

10.7 cm in the south—north; the corresponding derived values were 11.4 and 8.8 cm.
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—— GPS-measured .
-1 Derived 14:30

00:00

Displacement in the North-South direction (cm)

24:00-7

_ 07:30
-A}LZ -10 -8 -6 -4 -2 0 2
Displacement in the East-West direction (cm)

# \24:00

Fig. 13 Derived and measured displacement track at the top of the inner structure on 3 December 2008

Fig. 13 shows the daily movement track at an interval of 0.5 hour. The positions were
averaged from the data every half-hour period. Both curves start at 00:00 am from the origin
to allow comparison. Both curves exhibit similar moving patterns. The members of the tower
that are exposed to the sun received direct solar radiation. Thus, these members had higher
temperatures compared with those on the shaded facade, causing the structure to bend away

from the sun. During early mornings (before 7:00), the movement of the tower was small and
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slow. After sunrise, the tower started to move toward west and arrived to its westernmost
position at approximately 11:30. When the sun moved to the west in the afternoon, the
temperature of the members in the southwest increased, causing the tower to move northeast.
At 14:30, the tower reached its northernmost position. Afterward, the temperature difference
among the tower members decreased, causing the tower to move back gradually from the

north to the south.

4.1.2. One month displacement

During the in-service monitoring period, the GPS was installed and operated permanently to
monitor the displacement of the tower top for a long-term period. The air temperature variation
in April 2013 approximately ranged from 12 °C to 31 °C, as illustrated in Fig. 14. No heavy
wind or typhoon occurred during this month. Thus, the deformation of the tower can be
primarily attributed to temperature. For this month, the maximum daily temperature difference,
which ranged from 18 °C to 30 °C, occurred on 15 April 2013.
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Fig. 14 Air temperature in Guangzhou in April 2013

The derived and GPS-measured tower top displacement in the east and north directions
during April 2013 are compared in Figs. 15 and 16, respectively. The two sets of displacement
data exhibit similar variation trend, although a number of discrepancies exist. Most days in April
were rainy or cloudy except the 12", 14" and 15". The displacement variations in these three

sunny days were much larger than other days. The maximum GPS-measured daily motion
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during sunny days was 16.1 cm in the east—west direction and 7.4 cm in the south—north; the
corresponding derived values were 12.1 and 7.4 cm. The GPS-measured and derived
displacement variations during rainy and cloudy days were quite small, that is, less than 6 cm in
the east direction and 4 cm in the north. The GPS-measured peak-to-peak motion for the entire
month was 18.7 cm in the east—west direction and 12.1 cm in the south—north; the corresponding

derived counterparts were 16.3 and 12.1 cm.
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4.1.3. Typhoon period
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Fig. 17 Ten-minute mean wind speed at the top of the tower (left) and wind rose diagram (right) on 15

September 2009 during Typhoon Koppu

The Canton Tower is located in a typhoon-prone region and is thus subject to several
typhoon incidents each year. Typhoon Koppu struck Guangdong Province from 14 September to
15 September in 2009. Fig. 17 shows the 10-minute mean wind speed, which was measured by
the anemometer installed on the top of the tower. The maximum mean wind speed was 20.9 m/s,
which occurred approximately between 6:00 to 7:00. The wind speed direction was mainly
toward the west. Figs. 18 and 19 present the comparisons of the derived and measured
displacements during this typhoon incident from 19:00 on 14 September to 10:00 on 15
September. The derived displacement exhibited the same pattern as that of the GPS-measured
displacement. The maximum displacement in the west direction occurred between 6:00 to 7:00
on 15 September when the wind speed was at its maximum. The GPS-measured peak-to-peak
motion was 15.2 cm in the east—-west direction and 8.1 cm in the south—north; the corresponding
calculated counterparts were 15.3 and 8.4 cm. These measurements are similar to the daily

temperature-induced displacements.
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Fig. 19 Derived and measured typhoon-induced displacement at top of the Tower (north direction)

4.2. Comparison between calculated and inclinometer-measured tilt

Both the derived and inclinometer-measured tilts are along the long and short axes of the
inner tube. Thus, coordinate transformation is no longer necessary, and the two results can be
compared directly. The sampling rate of the inclinometer was 1 Hz. Thus, the measured tilt data
are resampled by averaging the data in one minute.

Fig. 20 compares the measured and derived tilt at the height of 443.4 m on 15 August 2011,
which was a typical sunny day. The tilt angle is positive when the tower moves to the southwest

19



along the short axis or to the southeast along the long axis. The air temperature on this day
ranged from 27 °C to 36 °C, as shown in Fig. 21. As shown in Fig. 20, the two tilt curves
exhibit good agreement, although a number of discrepancies can be found along the long
axis. During early morning (before 6:00), the tilt angle had little change. After the sun rose
from the southeast, the structural temperatures in the southeast became higher compared with
that on the opposite side. The tower bent to the northwest, resulting in an increase in the tilt
angle along the short axis and a decrease along the long axis. During the afternoon, the sun
moved to the southwest. The structural temperatures in the southwest facade began to rise,
causing the tower to move back. The tilt angle along the short axis decreased, whereas that
along the long axis increased. The temperature differences between the members on different
facades were similar during midnight, and the tower almost moved back to its original
location. The measured peak-to-peak tilt angle was 0.82 mrad along the short axis and 0.18

mrad along the long axis; the corresponding derived counterparts were 0.66 and 0.21 mrad.
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Fig. 20 Derived and measured tilts at the height of 443.4 m of the tower on 15 August 2011
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Fig. 22 compares the measured and derived tilts at the height of 443.4 m on 14 December
2011. The air temperature on this day ranged from 10 °C to 23 °C. Similarly the tilt angle
along the short axis increased in the morning till to 10:00, decreased afterwards, and
increased again after 17:00. The measured and derived tilts generally agree well. The tilt angle

along the long axis was relatively small.
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Fig. 22 Derived and measured tilts at the height of 443.4 m of the tower on 14 December 2011

5. Displacement mode of the Canton Tower

The above procedure of calculating the deformation at the top of the structure can also be
applied to calculating the deformation at other floors by applying the unit virtual force at the
corresponding points. By this approach, the deformation mode, or deformation profile of the
entire structure along the height can be derived. This is another advantage of the present
technique. As the strain measurements are available at 11 floors only, the strain data at other
floors are interpolated. Fig. 23 plots the displacement profile of the Tower at 11:30 on 3
December 2008, when the Tower had the maximum horizontal east-west displacement (see Fig.
13). The south-north displacement was small and not shown here. The deformation showed the
bending mode of the entire structure, different from the bending-shear mode of a typical
frame—wall structure. This is because the floors of the Canton Tower are not attached to the
outer tube and the floor girders are connected to the outer frame columns through bolts. Such a
joint design causes the CFT columns can rotate freely to release the bending moment of the

joints. Consequently the outer frame tube has less restraint on the deformation of the inner tube.
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6. Error analysis

The derived deformation of the structure is subject to uncertainty because the strain
measurements contain noise. The accuracy of the derivation depends on two factors. One factor
is the beam bending model used in this paper. The assumption of the bending-type deformation
can be accepted because the length-to-depth ratio of the main tower is approximately 26.7. The
other source of uncertainty is measurement error. Based on Egs. (5) and (6), the uncertainties of
the derived displacement and tilt depend on the measurement error of the strain because the
length and section height of each segment could be known accurately. The standard deviation of

a multivariate function y=f(xu, X2,......Xn) can be expressed as follows:

o, =J(gﬂ)zaz HE R0 4t (ot ®

X, OX, OX,
where variables xi (i = 1, 2, ..., n) are independent to each other, and o is the standard
deviation.
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By applying Eq. (8) to Eq. (5), the standard deviation of the derived displacement at the top

can be expressed as follows:

n1
o, = 6_]5\/hlz (2, + |1)20'§50 + Z[hi (I +28)+h, (26 + Ii+1)]26§gi + hr?(ln—l + 2|n)20-§gn 9)
i1

Similarly, the standard deviation of the tilt at the top can be calculated as follows:

n-1
o= e, S0 e, i, (10
i=1
In the long axis,

ol =0l +o7 (1)

€1 i3

where o, and o, are the standard deviations of the measured strain at points 1 and 3 on the i-

th section, respectively. Similarly in the short axis,

ofgi =0’ +0’ (12)

&2 Ei4

where o, and o, are the standard deviations of the measured strain at points 2 and 4 on the i-

th section, respectively.

The standard deviation of each strain sensor can be estimated from the measured strain data.
During early morning, the temperatures of the structural members are almost stable and similar.
During this period, if the wind speed is low and no special loading acts on the structure, the
variation of the measured strain data can be mainly attributed to the measurement noise, and the
standard deviation of each sensor can be calculated. The standard deviations of the strain
measurements on 3 December 2008 are listed in Table 1. These measurements range from 0.3
pe to 2.6 pe, which coincide with the precision of the vibrating wires. If the different strain
gauges are presumed to be independent, then the standard deviations of the derived
displacements along the long and short axes can be respectively calculated as 0.29 and 0.31 cm
according to Eg. (9). This uncertainty level is lower than that of the GPS measurements, which
accuracy is generally regarded at the millimeter level under ideal laboratory conditions and a
few centimeters under normal field measurement conditions because of numerous practical
difficulties such as multipath [20, 30]. Therefore, the proposed strain-based displacement results

can achieve higher accuracy compared with the GPS measurement results.
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Similarly, the standard deviations of the derived tilt angles along the long and short axes can
be respectively calculated as 0.0056 and 0.0084 mrad, according to Eq. (10). These calculated
values are similar to the precision of the inclinometer, which has a nominal accuracy of +0.01

mrad.

Table 1 Standard deviations of measured strain on 3 December 2008

Section No. (elevation) - Stan(_jard DeV|at|o_n (e) -
Point 1 Point 2 Point 3 Point 4
S3(121.2 m) 0.27 0.83 1.44 0.96
S4 (173.2 m) 0.30 1.22 0.69 0.83
S5 (204.4 m) 1.27 0.56 0.24 0.75
S6 (230.4 m) 0.36 0.78 0.76 0.68
S7 (272.0 m) 0.75 0.97 1.65 1.56
S8 (303.4 m) 0.41 1.43 0.79 0.60
S9 (334.4 m) 0.84 0.35 0.32 1.47
S10 (355.2 m) 0.32 0.64 2.09 1.00
S11 (386.4 m) 0.44 0.39 1.54 2.58
S12 (438.4 m) 0.42 0.59 1.74 1.10

7. Conclusions

In this paper, distributed strain data obtained from an SHM system are employed to derive
the displacement and tilt of super-tall towers. The derivation is based on the assumption that the
inner tube is a bending type structure and that shear deformation can be ignored in the sections.
The derived displacement and tilt are then compared with field monitoring data. Error analysis is
conducted to investigate the accuracy of the proposed approach. The following conclusions are
drawn:

1. The GPS-measured daily motion at the top of the Canton Tower during sunny days was
about 16 cm in the east—west direction and 7 cm in the south—north; the corresponding
derived values were 12 and 7 cm. The GPS-measured and derived displacement
variations during rainy and cloudy days were less than 6 cm in the east—west direction
and 4 cm in the south—north.

2. Comparison shows that the indirectly-derived horizontal displacement and tilt of the

structure are in good agreement with the direct measurements using GPS and the
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inclinometer. The proposed method can be an alternative technique for calculating the
deformation of super-tall structures.

3. On asunny day, the movement of the tower top’s movement follows a west-north—east—
south clockwise pattern. The temperature-induced maximum daily movement is similar
to the typhoon-induced motion.

4. The deformation mode of the Canton Tower is also calculated and shows the bending
deformation type. This is because the girder-frame joints are pin connected and thus,
the frame effect of the entire structure is not as strong as a typical frame-wall system.

5. Error analysis shows that the derived displacement has higher accuracy than the GPS-
measured results. In addition, the derived tilt has similar accuracy with the inclinometer-

measured results.
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