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Abstract: In the construction of super-tall buildings, it is rather important to control the verticality.
In general, a laser plummet is used to transmit coordinates of reference points from the ground
layer-by-layer, which can effectively control the verticality of super-tall buildings. However, the errors
in transmission will accumulate with increasing height and motion of the buildings in construction.
This paper presents a global navigation satellite system (GNSS)-based method to check the results
of laser plumbing. The method consists of four steps: (1) Computing the coordinate time series
of monitoring points by adjusting the GNSS monitoring network observations at each epoch;
(2) Analyzing the horizontal motion of super-tall buildings and its effect on vertical reference
transmission; (3) Calculating the deflections of the vertical at the monitoring point using an Earth
gravity field model and a geoid model. With deflections of the vertical, the static GNSS-measured
coordinates are aligned to the same datum as used by the laser plummet; and (4) Finally,
validating/checking the result of laser plumbing by comparing it with static GNSS results corrected
by deflections of the vertical. A case study of a 438-m high building is tested in Guangzhou, China.
The result demonstrates that the gross errors of baseline vectors can be eliminated effectively by
GNSS network adjustment of the first step. The two-dimensional displacements can be measured at
millimeter-level accuracy; the difference between the coordinates of the static GNSS measurement and
laser plumbing is less than £2.0 cm after correction with the deflections of the vertical, which meets
the design requirement of 3.0 cm according to the Technical Specification for Concrete Structures of
Tall Buildings in China.

Keywords: Global Navigation Satellite System (GNSS); super-tall buildings; motion; verticality monitoring;
gross error elimination; deflections of the vertical

1. Introduction

A Global Navigation Satellite System (GNSS) is a positioning technology widely used for
monitoring displacement of large civil engineering structures, such as dams [1-4] and bridges [5-9].
In recent decades, a larger number of super-tall buildings have been built in modern cities worldwide;
for instance, the 828-m high Burj Khalifa (Dubai) and the 438-m high Guangzhou International Finance
Center (China). To maintain the safe construction and running of these super-tall buildings, monitoring
deformation under varying environmental conditions is a very important issue. Lovse et al. [10],
Tamura et al. [11], Casciati and Fuggini [12], and Yi et al. [13] applied GNSS to measure the displacement
responses of super-tall buildings under the effects of wind, construction load, temperature, and sun

Appl. Sci. 2018, 8, 991; doi:10.3390/app8060991 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0001-5305-7017
https://orcid.org/0000-0002-9553-4106
http://www.mdpi.com/2076-3417/8/6/991?type=check_update&version=1
http://dx.doi.org/10.3390/app8060991
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8,991 20f15

exposure. In addition, Tang et al. [14] have investigated real-time kinematic PPP (Precise Point
Positioning) GPS for structure monitoring, and Sampietro et al. [15] studied the use of low-cost GNSS
receivers to monitor surface deformations, which may be an important topic for future experiments.
The comparison between GNSS and acceleration by Chan et al. [16] and Li et al. [17] reveals their high
consistency, which also implies that GNSS can effectively monitor the motion of super-tall buildings.
The real-time kinematic (RTK) positioning technique (e.g., network RTK GNSS) is widely used for
obtaining the coordinates of monitoring points in real time [18,19]. RTK has several advantages, such as
flexibility and the real-time acquisition of coordinates.

During a super-tall building’s construction, a laser plummet is usually used to transmit the
coordinates of reference points from the ground layer-by-layer, which effectively controls the verticality
of super-tall buildings. However, motion of super-tall buildings in a horizontal plane will occur due
to such external factors as tower crane operation, wind, construction load, temperature, and sun
exposure during construction as shown in Figure 1. In this case, it is difficult to accurately transmit
the coordinates of reference points by laser plummet, and the plumbing accuracy would be severely
affected by the transmitted errors as the height of the building increases. Therefore, monitoring the
motion of super-tall buildings in a horizontal plane and checking the result of a laser plumbing point
based on GNSS technology is extremely important.

In fact, the GNSS results refer in many cases to an ellipsoidal reference system while the laser
plummet refers to a geoidal system. In order to check the result of a laser plumbing point based
on GNSS technology, their results need to be matched into a unique datum with deflections of the
vertical. For instance, the gravity vector has been considered during the construction of the 828-m
high Burj Khalifa [20]. Therefore, the determination of the deflections of the vertical is very important
work. Traditionally, the deflection of vertical components are determined from astro-geodesy [21-23],
gravimetry [24,25], GNSS/leveling [26,27], etc. from which it is easier to calculate the deflections of
the vertical with an Earth gravity field model and a geoid model.

As a case study, this paper aims to monitor the verticality of the 438-m high Guangzhou
International Finance Center based on GNSS technology. The paper is organized as follows:
first, the data processing strategy for calculating the monitoring point’s coordinate time series and
deflections of the vertical are introduced, and we match the results of static GNSS Measurements and
Laser Plumbing with deflection of the vertical components obtained from an Earth gravity field model
(e.g., EGM2008) and a geoid model (e.g., GZGEOID). Finally, we analyze the horizontal motion of the
Guangzhou International Finance Center and check its verticality based on static GNSS technology.
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Figure 1. Schematic of plumbing with a laser plummet.
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2. Calculation of the Monitoring Point’s Coordinate Time Series

In order to estimate the motion of a super-tall building, it is necessary to calculate the monitoring
points’ coordinates time series. For this purpose, the coordinate time series of monitoring points are
obtained by adjusting the GNSS monitoring network composed of three reference stations and one
monitoring station at each epoch. According to the coordinate time series of the monitoring points,
the authors can analyze the horizontal motion of a super-tall building and its effect on vertical reference
transmission. The flowchart diagram of the GNSS processing strategy is shown in Figure 2. The GNSS
data is post-processed in a kinematic mode to obtain the epoch wise baseline vectors and covariance
matrix between the monitoring station and three reference stations. All these baselines form a GNSS
monitoring network, including the baseline vectors and covariance matrix between the three reference
stations solved in a static mode. Then, eliminating the gross errors of baseline vectors according to
the misclosures and fixing the coordinates of the reference points obtained from the construction
control network, the coordinate time series of each monitoring point are obtained by a constrained
GNSS network adjustment. Finally, the precise coordinates of a monitoring point are obtained by the
Daubechies wavelet filter, which allows us to analyse the horizontal motion of a super-tall building.

’ Reference station one ’ Reference station two ‘ Reference station three
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’ Solving baseline vector at each epoch
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Figure 2. The flowchart diagram for calculating the monitoring point’s coordinate time series.

2.1. Criteria of Eliminating the Gross Errors

Before eliminating the gross error of baseline vectors, we construct a closed loop with the reference
network and the baseline vectors between the monitoring and reference stations at each epoch. In this
paper, three-dimensional baseline vectors and a covariance matrix will be directly used for GNSS
network adjustment according to the Specifications for global positioning system (GPS) surveys in
China, and we can assume that the closed loop consists of n baselines. Then, the misclosures are
computed in three coordinate components as:

n
wx = Z dXi
ijl
wy = L dY; . @
1=
n

wz = Y dZ;
i=1
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Assuming that the baseline vectors with a different precision ¢; are not correlated, the tolerance of
misclosures reads as follows [28]:

n
wx <3, % o?
i=1
n
wy <3,[ Y o?
i—1
1 k)
n
wy <3, L o?
i=1
n
ws <3, L o?
i=1

where ws = /wk +wi +wh, 0 = \Ja?+ (bd)z, a is the constant error of GNSS receivers in
millimeters (2 = 5 mm for static mode and a2 = 10 mm for kinematic mode), b is the coefficient of
ratio error in ppm (b = 1 ppm for static and kinematic mode), and d is the length of the baseline
in kilometers.

According to the error-processing criterion, if the misclosure is 3 times larger than the STD of
the misclosure, then all baselines in the closed loop can be considered unqualified. After rejecting
the baselines by checking the formed closed loop, the remaining baselines are all qualified. Since the
above process is based on the WGS-84 system, one can of course transform the baseline results as well
as the closed loops into a Gaussian plane coordinate system (wy, wy, wy) as follows [28]:

wpB wyx
wr | = Rp| wy 3)
WH wz
w wx
[ * ] = R¢Rp | wy 4)
Wy
wz

where the transformation matrices Rg and Ry are given by [28]

_ sin(By) cos(Ly) __sin(By) sin(Ly) cos(Bg)
sin(Ly) sl o
Rp=1] - (N+H) cos(By) (N+H) cos(By) 0 ®)

cos(By) cos(Ly) cos(By)sin(Lg) sin(By)

N[lv‘v32 + 5(1 — 2sin? By + 2 sin?® By cos? By N sin By cos By [l +1(5— 65in? Bk)lﬂ 0

R, =
8 stian[l_gzl+%(576sin2 Bk)ls} N cos By [1+ %(1 — 25in? By + €2 cos? Bk)] 0

(6)

W

where By and Ly are the latitude and longitude of station k, respectively, [ is the difference of longitude
between station k and the central meridian used for projection, and M and N are the radii of curvature
in the meridian and prime verticals, respectively.

A minimally constrained least-squares adjustment (free network adjustment) is performed.
The residuals that result from this adjustment are strictly related to the baseline vectors. These residuals
are examined, and from them blunders that may have gone undetected through the analyses of
misclosures can be found and eliminated. The baseline vector correction tolerances are as follows:

Vax < 30;
Vay < 30; (7)
Vaz < 30;

where 0; is the precision of the baseline vectors.
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2.2. GNSS Monitoring Network Adjustment and Noise Filtering

First of all, GNSS data is processed in the post-processed kinematic mode to obtain the baseline
vectors of the monitoring station to three reference stations epoch-by-epoch. Secondly, we identify and
eliminate gross errors of baseline vectors by the misclosures and a minimally constrained least-squares
adjustment epoch-by-epoch. Finally, we use the reference points” coordinates obtained from the
construction control network as constraints and then process the GNSS monitoring network data with
a least-squares adjustment at each epoch based on the qualified baseline vectors and their variance
information [28]. Nevertheless, the coordinate time series of monitoring points contains not only the
real displacements of super-tall buildings, but also the measurement noise (e.g., GNSS phase noise).
The displacement of the monitoring point is characterized by systematic signal even though it may
be small over a short time period, but the measurement noise is characterized by strong noise that
can be reduced by wavelet filtering. The choice of an appropriate wavelet basis function and the best
decomposition level are the main issues in wavelet analysis. The compactly supported orthogonal
Daubechies wavelet is widely applied in the field of engineering [29,30] since it gives accurate results
in time-frequency analysis. Regarding the choice of decomposition level, we take into account both the
signal change and the data-sampling rate.

3. Matching the Results of Static GNSS Measurements and Laser Plumbing

In fact, the GNSS results refer in many cases to an ellipsoidal reference system, while the laser
plummet refers to a geoidal system. Therefore, their results need to be matched into a unique datum
with deflections of the vertical, i.e., the plumb line.

3.1. Determination of Deflection of the Vertical Components

As shown in Figure 3, the deflection of the vertical u is the angle between the gravity vector at
a reference point and the ellipsoidal normal through the same point for a particular ellipsoid. It is
conventionally decomposed into two perpendicular components: a north-south meridional component
¢ and an east-west prime vertical component . In this paper, the deflections of vertical are determined
from an Earth gravity field model and a geoid model.

By using a set of Earth gravity field coefficients (e.g., EGM2008), one can calculate the deflection
of the vertical component ¢ along the meridian and # along the prime vertical as: [25]

n
deX Nmax p— — Nn‘lax — p—
@, A1) = _%% = _%f ):0 [cos mAnz” (%) CumPum(sin @) + sinm)xnzy (2)"SymPpm (sin (p)] (8)
m= = =
1 BT GM Nma)( Nmax a ni p— . . Nma)( a n— p— .
NP T) = — s on = — sy 20 m | cos m)\nzy (%) SumPum(sin¢) + smm/\nzﬂ (8)"CumPrm(sing)| (9)
m= = —

where Ny is the maximum degree of the Earth gravity field model, n = 4 = max (2, m), GM is the
geocentric gravitational constant; a is the specific scale parameter of the Earth global gravitational
model. ¢, A, and r are the latitude, longitude, and geocentric radius of the spherical coordinates for the
computation point, respectively, 7y is the normal gravity at (¢,A, ), Py (sin @) are the fully normalized
associated Legendre functions of degree n and order m, and Cpm and S, are the fully normalized
spherical harmonic coefficients referred to some normal gravity field.

Assume that we have two closely spaced locations A and B on the surface of the earth with their
geoid height difference AN 45 and geodetic azimuth « 45. One computes the deflection of the vertical
component ¢ along the meridian and # along the prime vertical as [26]

_ ANyp
ASAB

R Ccosapp+Hsinaap =u (10)
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where u is the deflection of the vertical and As4p is the length of the corresponding geodesic arc.
ANyp can be obtained from the precise leveling AH p and GNSS measurements Ahyp. As an
alternative, the geoid height difference can be calculated by a geoid model.

When we apply an error distribution to Equation (10), and omit the effect of distance As4p,
the error formula can be written as follows:

1
2 _ 2
o, = @(UANAB). (11)

For instance, for opy,, = 8mm and As g = 1.6km, the standard deviation of the calculated
deflection of the vertical would be about ¢, ~ 1.0 arc seconds.
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Figure 3. Difference between the Global Navigation Satellite System (GNSS) measurement and
laser plumbing. (a) The relationship between plumb line and ellipsoid normal during monitoring;
(b) Decomposition of the deflection of the vertical u.

3.2. Bias Correction of GNSS Measurements and Laser Plumbing

To make use of GNSS surveying to check the plumbing result of a laser plummet, we need to
eliminate the systematic bias of GNSS affected by deflections of the vertical. In other words, the GNSS
coordinates should be transformed into a system with the same datum.

As shown in Figure 3b, the deflection of the vertical u is decomposed into two perpendicular
components: a north-south meridional component ¢ (the positive direction is toward the south) and
an east-west prime vertical component 7 (the positive direction is toward the west). The geodetic
coordinates P-xyz are related to the normal ellipsoid. The z-axis points toward the interior of the
ellipsoid along the ellipsoid normal. The z’-axis points toward the interior of the geoid along the
plumb line. The x-axis points toward the north (N) and the y-axis points east (E) to form an orthogonal,
right-handed rectangular coordinate system. The points Py and Py’ are the projections from the point
P along the z-axis and the z’-axis, respectively. The projection heights of the points Py and Py’ are
expressed by h and //, respectively. In general, the deflection of the vertical is so small (e.g., 10 arc
seconds) that the projection heights /i and /' (with a building height of 432 m, the difference between h
and /' is about 2 cm) are approximately equal; therefore, the effect of curvature of the plumb line is
neglected in this paper.

The plane-coordinate difference between the points Py and Py’ can be approximately calculated as

Ax =~ —htan¢ (12)
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Ay ~ —htany. (13)

Therefore, the authors can assess the systematic bias between the coordinates of the GNSS
measurement and laser plumbing using Equations (12) and (13).

In order to analyze the systematic bias between the coordinates of the GNSS measurement and
laser plumbing at different building heights, the authors can assume that a building (23°02'24.17311" N,
113°23/43.95410” E) located at Guangzhou city has different heights. Then, the deflection of the vertical
components can be calculated by Equations (8) and (9) with the Earth Gravitational Model EGM2008
(to degree 2160) [31] at different heights (e.g., H = building height). Finally, an approximation of
the systematic bias between the coordinates of the GNSS measurement and laser plumbing can be
calculated by Equations (12) and (13). Table 1 lists the approximations of the systematic bias in the x
and y directions at different building heights.

Table 1. Approximations of the systematic bias at different building heights.

Building Height (m) Ax (mm) Ay (mm)

100 -1.6 +3.2
200 —-3.2 +6.4
300 —4.7 +9.6
400 —6.3 +12.8

Referring to the values listed in Table 1, one may see that the systematic bias between the
coordinates of the GNSS measurement and laser plumbing is small when the building height is smaller
than 100 m for a building in Guangzhou. However, the systematic bias increases with an increase in
building height when the building height exceeds 100 m. Therefore, the systematic bias cannot be
ignored in verticality monitoring of super-tall buildings.

4. Simulation

Before applying the method in this paper to super-tall buildings, a simulation is first conducted
to show the efficiency of the method. The goal of this simulation is to analyze the displacements
of the stable JG building with a height of 10 m located at the Guangdong University of Technology.
This building is held up by a reinforced concrete structure. On its roof, a GNSS station was installed
to monitor the building’s displacements. In addition, we established a reference network around
the JG building consisting of three reference points, D8, LNYX, and LX. We chose these locations
based on their suitability as reference stations according to the International GNSS service (IGS)
criteria, keeping in mind the difficulty of finding adequate locations in an urban setting. Figure 4
shows the locations of the three points of the reference network and their distances to the JG building.
Two points, D8 and LX, were located on low concrete buildings and one, LNYX, on a metal stand at
ground level. Dual-frequency Trimble R8 GNSS receivers were employed to collect data for 2 h with a
sampling interval of 1 s at all stations. As per the prior information, it is reasonable to assume that the
displacement of the JG building is small or even negligible due to its low height and nonexposure to
the effects of construction load, sun exposure, etc.

The GNSS data of the reference network, consisting of D8, LNYX, and LX, was first processed in
the static mode to obtain the baseline vectors amongst the reference stations. Second, the GNSS data of
the monitoring station, namely JG, was processed in the post-processed kinematic mode to obtain the
baseline vectors from the monitoring station to each reference station, giving a total of 21,789 baseline
vectors at 7263 epochs. Finally, the monitoring network was constructed by the reference network and
the baseline vectors between the monitoring station and reference stations at each epoch. Table 2 lists
the statistics of the GNSS monitoring network’s misclosures. The misclosures of the X direction are all
smaller than the tolerance, and the 1.26% and 0.02% misclosures exceed the tolerances in the Y and Z
direction, respectively, where X, Y, and Z are geocentric coordinates.
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Figure 4. GNSS monitoring network in simulation.

By checking the misclosure, a total of 420 single-baseline vectors are eliminated as gross errors.
After processing, the misclosures of all closed loops are all smaller than tolerance. An amount of
99.89% and 97.81% of the misclosures are within 2.0 cm in both the x and y directions, while 96.19%
are within £4.0 cm in the H direction.

After the previously described processing, some gross errors of the baseline vectors were
eliminated. In order to further detect the potential gross errors of the baseline vectors, we process
the GNSS monitoring network at each epoch by using the adjustment method of a free network with
corrections of baseline vectors as outputs. Table 3 lists the statistics of the baseline vectors’ corrections.
The results show that the corrections are all smaller than the tolerance for both the X and Z directions
and the corrections of 1.71% of the baseline vectors exceed the tolerance for the Y direction.

Table 2. Statistics of misclosures of the spatial GNSS monitoring network (%).

XYZ Directions xyH Directions

wx Wy wz Wy Wy wH

<lcm 71.38 39.51 76.79 94.51 70.99 38.23
1-2cm 26.26 31.34 20.27 5.35 26.39 30.18
2-3 cm 221 17.96 2.78 0.13 2.49 18.02
34 cm 0.14 7.63 0.12 0.01 0.13 8.50

4-52 cm 0.01 2.30 0.02 0 0 3.16
>52cm 0 1.26 0.02 0 0 191

Table 3. Statistics of baseline vectors’ corrections of the spatial GNSS monitoring network (%).

Before Processing After Processing

Vax Vay Vaz Vax Vay Vaz

<l cm 93.79 64.38  93.09 94.19 65.27 94.20
1-2 cm 6.16 2737  6.62 5.78 28.08 5.76
2-3 cm 0.05 6.54 0.29 0.03 6.65 0.04
>3 cm 0 1.71 0 0 0 0

The gross errors of baseline vectors can be eliminated by the tolerance of corrections, with a total
of 360 single-baseline vectors eliminated. After processing, the corrections of all baseline vectors are
smaller than the tolerance. Amounts of 99.95%, 93.35%, and 99.96% of corrections are within +2 cm
for all of the three directions, respectively.

Finally, based on the above static baseline vectors and the covariance matrix from the three
reference stations, we calculate the reference points’ coordinates with a minimally constrained
least-squares adjustment. We can fix the reference points’ coordinates as a constraint and then process
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the GNSS monitoring network with a least-squares adjustment at each epoch. In order to analyze the
differences in position of the monitoring point in the horizontal and vertical directions, we transform
the coordinate time series of the monitoring point from the WGS84 system(X,Y,Z) to the Gaussian
coordinate system(x,y,H). Table 4 lists the statistics of the differences in position with respect to the
coordinate time series of the monitoring point as shown in Figure 5 in the x, y, and H directions without
and with processing.

4

kY -3
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 35000 6000 7000
(a) Epoch (b) Epoch (c) Epoch

x(cm)

‘

»yiem)

H(cm)
- T

Figure 5. Differences in position in relation to the coordinate time series of the monitoring point:
(a) x direction; (b) y direction; (c) H direction.

Referring to the statistics listed in Table 4, one may see that the gross errors of baseline vectors that
more significantly affect the H direction are almost eliminated. After processing, the differences of all x
coordinates and 95.36% of the y coordinates are within £2.0 cm, while the differences of 94.18% of the
H coordinates are within 3.0 cm. In addition, the STD values of differences in position with respect
to the monitoring coordinates are £2.9, +4.6, and +10.1 mm in the x, y, and H directions, respectively.
It can be seen that the monitoring result is quite similar to the standard precision of GNSS receivers.

Table 4. Statistics of differences in position in relation to the coordinate time series of the monitoring

point (%).
xyH Direction (without Processing) = xyH Directions (after Processing)
Vi Vy Vi Vy Vy Vi
<0.5cm 89.01 61.12 19.56 89.26 61.12 20.26
0.5-1 cm 10.94 34.13 19.54 10.74 34.24 20.45
12 cm 0.05 4.71 35.36 0 4.64 36.60
2-3 cm 0 0.04 17.88 0 0 16.87
>3 cm 0 0 7.66 0 0 5.82

5. Verticality Monitoring Result and Analysis of the W Tower

5.1. Horizontal Motion Analysis of the W Tower

The Guangzhou International Finance Center (denoted as the W Tower) is a reinforced concrete
structure located in city center of Guangzhou, China. The building is a core tube structure and has a
total height of 438 m. However, motion of the W Tower in a horizontal plane will occur due to such
external factors as tower crane operation, wind, construction load, temperature, and sun exposure
during construction. In this case, it is very necessary to analyze the impact of the W Tower’s motion
on laser plumbing. In order to obtain the motion of the W Tower, the coordinate time series of the
monitoring point need to be calculated.

The authors chose point WT (W Tower, the average of the plumbing points) as the monitoring
station on the roof of the W Tower. In order to reduce the impact of the W Tower’s motion on
the vertical reference transmission, the reference point is first transmitted by the laser plummet at
different moments. Then, the authors chose the average of plumbing points as the monitoring point
WT. In addition, three points (HG, LYW, and ZT) are chosen from five construction control points
to establish a reference network around the W Tower as shown in Figure 6. The authors chose
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these locations based on their suitability as reference stations according to the International GNSS
service (IGS) criteria, keeping in mind the difficulty of finding adequate locations in an urban setting.
Three control points were located on the concrete buildings as low as 100 m. Dual-frequency Trimble
R8 GNSS receivers were placed at all stations to collect 24 h and 23 min data with a sampling rate of
0.067 Hz.
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Figure 6. GNSS monitoring network.

The GNSS data of the reference network consisting of points HG, ZT, and LYW was firstly processed
in the static mode to obtain the baseline vectors between reference stations. Secondly, the GNSS data of the
monitoring station, namely WT, was processed in the post-processed kinematic mode to obtain baseline
vectors from the monitoring station to each reference station, giving a total of 13,495 baseline vectors
at 5648 epochs. Among others, there are 659 single baselines, which means only one baseline vector
can be successfully calculated between the monitoring station and one of the three reference stations
at 659 epochs. In particular, the 659 baseline vectors will be used directly without any processing in
the following. Owing to observational conditions, the integer ambiguity resolution cannot be fixed
at 206 epochs. Thirdly, the monitoring network was constructed by the reference network and the
baseline vectors between the monitoring station and reference stations at each epoch. Then, the authors
check the misclosures and the corrections of baseline vectors to identify and eliminate gross errors of
baseline vectors epoch-by-epoch. By checking the misclosures and the corrections of baseline vectors,
total of 1726 baseline vectors are eliminated as gross errors. Referring to the statistics listed in Table 5,
after processing, the corrections of all baseline vectors are less than 3 times the standard deviation o of
the baseline vector, and 96.27%, 91.59%, and 98.03% of corrections are within the range of +2.0 cm for
all three directions (not including the 659 single baseline vectors).

Table 5. Statistics of baseline vectors’ corrections of the spatial GNSS monitoring network (%).

Before Processing After Processing

Vax Vay Vaz Vax Vay Vaz

<lcm 78.81 6338 80.17 80.64 65.27 82.08
1-2 cm 1546 2532 1642 15.63 26.32 15.95
2-3 cm 3.81 8.40 2.94 3.73 8.41 1.97
>3 cm 1.92 2.90 0.47 0 0 0
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Finally, the reference points’ coordinates can be used as a constraint to then process the GNSS
monitoring network via a least-squares adjustment at each epoch. Table 6 lists the statistics of the
differences in position with respect to the coordinate time series of the monitoring point as shown in
Figure 7 in the x, y, and H directions without and with processing.

Referring to the statistics listed in Table 6, one may see that a small number of gross errors have
been eliminated, especially in the x and y directions. After processing, the differences of 96.48% of the
x coordinates and 98.57% of the y coordinates are within +2.0 cm, while the differences of 90.49% of
the H coordinates is within +4.0 cm. However, there are some abnormal coordinates included in the
result above (shown by the green points in Figure 7), which are calculated by just one reference point
and one baseline vector instead of using a least-squares adjustment. In addition, the operation of a
tower crane has an impact on the motion of the W Tower.

Table 6. Statistics of differences in position in relation to the coordinate time series of the monitoring

point (%).
xyH Directions (without Processing)  xyH Directions (after Processing)

Vi vy Vi Vy Vy Vu
<lcm 76.14 82.39 40.05 76.63 84.05 41.50
1-2 cm cm 20.18 15.68 27.31 19.85 14.52 27.27

2-3 cm 3.03 1.54 14.48 2.98 1.28 14.91

3—4 cm 0.60 0.28 7.56 0.54 0.15 6.81

>4 cm 0.05 0.11 10.60 0 0 9.51
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Figure 7. Differences in position in relation to the coordinate time series of the monitoring point:
(a) x direction; (b) y direction; (c) H direction.

Nevertheless, the coordinate time series of the monitoring point contain both the displacement
information and the measurement-error information after the aforementioned processing.
The displacement of the monitoring point is characterized by a systematic signal even though it
may be small over a short time period, but the measurement-error is characterized by strong noise that
can be removed by wavelet filtering [29,30]. In order to extract the displacement signal of the W Tower,
the wavelet filter is applied to further process the coordinate time series. Based on the understanding of
the signal as discussed previously, a db4 wavelet filter at level 6 is applied to eliminate the background
noise hidden in the coordinate time series. Figure 8 shows the coordinate variations before and
after filtering.

The standard deviations (STDs) of the background noises are +5.0, 4.5, and £13.0 mm in the x,
y, and H directions, respectively. It is evident that, after the filtering, the background noises are almost
eliminated and the GNSS time-series becomes smoother. After filtering, the differences of 89.34% of
the x coordinates and 95.08% of the y coordinates are within 1.0 cm, while the differences of 95.24%
of the H coordinates are within £4.0 cm. In addition, the results show that the displacement in the
x direction is slightly larger than the displacement in the y direction, which may be related to wind
direction. Therefore, one may conclude that the displacement of the W Tower is within 1.0 cm in
horizontal direction at most epochs, so it has less impact on the vertical reference transmission.
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Figure 8. Differences in position in relation to the coordinate time series of the monitoring point:
(a) x direction; (b) y direction; (c) H direction.

5.2. Calculating Deflection of the Vertical Components for the Monitoring Point

Now, let us calculate the deflection of the vertical components using the Earth gravity field
model and the GZGEOID model [32]. EGM2008 (to degree 2160) and EIGEN-6C4 (to degree 2190)
(http:/ /icgem.gfz-potsdam.de/) were used to calculate deflections of the vertical by Equations (8) and
(9). Qi et al. have estimated the accuracy of the EGM2008 model with 466 first-order astrogeodetic
points in the east (>102° E) of China. The estimated accuracy of deflection of the vertical components
from the EGM2008 model are +1.734"" and +£1.649" in the north-south and east-west components,
respectively [33], which is main reason for selecting the EGM2008 and EIGEN-6C4 (including GOCE
(Gravity field and steady-state Ocean Circulation Explorer) data) models.

Considering op;, = £8mm and opy = £1.2mm [32], and assuming that orthometric height
differences and ellipsoidal height differences are not correlated, we obtain oy ~ £8mm. If the
accuracy of the deflection of the vertical components is expected to be about 1 arc second, the As
is about 1.6 km according to Equation (11). Finally, eight points along the north-south (A2, Al, C1,
and C2) and east-west (B2, B1, D1, and D2) directions are chosen to calculate the deflection of the
vertical components (see Figure 9), The distances from A1, B1, C1, and D1 to XT are about 30 arc
seconds, and the distances from A2, B2, C2, and D2 to XT are about 60 arc seconds. The geoid height
difference AN can be calculated from the GZGEOID model and the EGM2008 and EIGEN-6C4 gravity
field models, respectively, and we can obtain the deflection of the vertical components according
to Equation (10). The results are shown in Table 7. The Table 7 shows that the results from the
GZGEOID, EGM2008, and EIGEN-6C4 models have good consistency. The average deflection of the
vertical components from the GZGEOID, EGEM2008, and EIGEN-6C4 models are shown in Table 8,
respectively. For instance, the deflection of the vertical component ¢ from GZGEOID is the average of
3.80”,4.25"”,3.91”, and 4.36”, and the deflection of the vertical component 1 from GZGEOID is the
average of —6.04”, —5.80", —6.04”, and —5.80", and so on.

N

N

PA 2

Aq

Dz D1 B] Bz
=T
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Figure 9. Distribution of Points for calculating the deflections of the vertical components.


http://icgem.gfz-potsdam.de/

Appl. Sci. 2018, 8,991 130f 15

Table 7. The deflection of vertical components from the GZGEOID, EGM2008, and EIGEN-6C4 models.

GZGEOID EGM2008 EIGEN-6C4
From To

AN/m  ¢y(")  AN/m gm(’)  AN/m  giy(")

Al —0.018 3.80 —0.014 3.20 —0.013 2.99

C1 0.019 4.25 0.014 3.21 0.013 2.99
Bl 0.025 —6.04 0.028 —6.65 0.028 —6.69
XT D1 —0.024 -5.80 —0.027 —6.57 —-0.027 —6.64

A2 —0.035 391 —0.029 3.21 -0.027 3.00

C2 0.038 4.36 0.029 3.23 0.027 3.01
B2 0.050 —6.04 0.055 —6.69 0.056 —6.73

D2 -0.048 580 —-0.054 —-653 —-0.054 —6.56

5.3. Verticality Monitoring Result of the W Tower

In order to validate/check the result of laser plumbing by comparison with the GNSS result,
the GNSS data of the monitoring network consisting of points HG, ZT, LYW, and WT were reprocessed
in static mode to obtain the mean coordinate of WT. Then, the systematic bias between the coordinates
of a GNSS measurement and a laser plumbing measurement can be calculated by Equations (12)
and (13) with the ellipsoidal height of the monitoring point (hyr = 432.477 m) and the deflection of
the vertical components. Table 8 lists the corresponding corrections of the plane coordinates of the
monitoring point (WT). The differences between the coordinates of the laser plumbing and GNSS
measurements without corrections are listed in Table 9.

Table 8. The vertical deflections and the corrections of plane coordinates calculated with different strategies.

Method @) 7 (") Ax (mm) Ay (mm)
EGM2008 +3.21 —6.617 —6.7 +13.9
EIGEN-6C4 +3.00 —6.667 —6.3 +14.0
GZGEOID +4.08 —5.924 —8.6 +12.4

Table 9. Differences between the coordinates of the laser plumbing and GNSS measurements (m).

Laser Plumbing GNSS Measurement Differences
x y x y x Direction y Direction xy Directions
WT 8258.284 3535986  8258.310  3535.976 +0.026 —0.010 0.028

The coordinates of the GNSS measurement can be corrected with the corrections listed in
Table 8. The differences between the coordinates of the laser plumbing and GNSS measurements with
corrections are listed in Table 10.

Table 10. Differences between the coordinates of the laser plumbing and GNSS measurements after

correction (mm).

Method x Direction y Direction xy Directions
EGM2008 +19.3 +3.9 19.5
EIGEN-6C4 +19.7 +4.0 20.1
GZGEOID +17.4 +2.4 17.6

In the x direction, it can be seen that the difference between the coordinates of the GNSS
measurement and the laser plumbing measurement has been reduced by the corrections calculated
with the deflections of the vertical. However, in the y direction, it seems that the corrected difference
becomes worse. In fact, there are two possibilities. On one hand, the accuracy of deflections of the
vertical leads to the results, with a building height of 432 m, when the accuracy of deflections of
the vertical is about 1-2 arc seconds, which may lead to a difference of millimeters. On the other
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hand, the corrected difference may be the actual difference caused by construction and measurement
errors. As shown in Table 10, the difference in position between the GNSS measurement and the laser
plumbing measurement is within 2.0 cm after correction. Therefore, when considering such factors as
the wind, the operation of a tower crane, and the installation of a curtain wall, one may conclude that
the verticality of the W Tower is within 2.0 cm.

6. Conclusions

This paper aims to monitor the verticality and analyze the horizontal motion of the W Tower in
Guangzhou, China via GNSS technology, from which the following conclusions were drawn:

e  The data processing strategy for calculating the monitoring point’s coordinate time series and
deflections of the vertical are introduced. The 24-h observation result shows that the displacement
variations of the W Tower are within £1.0 cm in the horizontal direction at most epochs, so it has
less impact on the vertical reference transmission of the W Tower.

e  Comparison shows that deflections of the vertical calculated by the Earth gravity field model
(e.g., EGM2008) were also very close to that calculated by the GZGEOID model. The high-precision
deflection of the vertical components play an important role in matching the results of the GNSS
measurement and laser plumbing measurement. When considering such factors as the wind,
the operation of a tower crane, and the installation of a curtain wall, one may conclude that the
verticality of the W Tower is within the range of 2.0 cm after correction, which meets the design
requirement of +3.0 cm according to the Technical Specification for Concrete Structures of Tall
Buildings in China.
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