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Abstract: Accurate dynamic characteristics of super high-rise buildings serve as a guide in their
construction and operation. Ground-based real aperture radar (GB-RAR) techniques have been
applied in monitoring and analyzing the dynamic characteristics of different buildings, but only
few studies have utilized them to derive the dynamic characteristics of super high-rise buildings,
especially those higher than 400 m and under construction. In this study, we proposed a set of
technical methods for monitoring and analyzing the dynamic characteristics of super high-rise
buildings based on GB-RAR and wavelet analysis. A case study was conducted on the monitoring and
analysis of the dynamic characteristics of the Wuhan Greenland Center (WGC) under construction
(57 July 2017) with a 636 m design height. Displacement time series was accurately derived through
GB-RAR and wavelet analysis, and the accuracy reached the submillimeter level. The maximum
horizontal displacement amplitudes at the top of the building in the north-south and east-west
directions were 18.84 and 15.94 mm, respectively. The roof displacement trajectory of the WGC was
clearly identified. A certain negative correlation between the temperature and displacement changes
at the roof of the building was identified. Study results demonstrate that the proposed method is
effective for the dynamic monitoring and analysis of super high-rise buildings with noninvasive and
nondestructive characteristics.

Keywords: dynamic characteristic; GB-RAR; super high-rise building; displacement

1. Introduction

The population and public infrastructures in large cities have intensively increased with limited
land resources in recent years. Numerous super high-rise buildings have been built in large cities,
and some of them exceeding 400 m in height have been constructed as new landmarks to improve the
land resource utilization rate and demonstrate the prosperity and development of a city. At the end of
2017, China had 14 out of the top 20 completed super high-rise buildings in the world, in which all
of them are more than 420 m in height. Super high-rise buildings will produce sway motions under
the influences of sunlight, wind load, construction vibration, temperature, and other factors [1-3].
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The structure of a super high-rise building will be destroyed when its horizontal displacement
exceeds a certain limit value. The dynamic characteristics of a building directly affect the construction
measurements that require a stable reference. Therefore, the dynamic characteristics of buildings
should be accurately obtained and the performance of structures should be appropriately monitored
and diagnosed for the safe construction and healthy operation of super high-rise buildings.

The main methods used to monitor and analyze the dynamic behavior of super high-rise
buildings include total station [4], accelerometer sensor [5-7], digital vertical meter [8], and Global
Navigation Satellite System (GNSS) technology [9-13]. Among the above methods, the total station
method needs to install a prism on some feature points of the building, and the data sampling
frequency of automatic tracking total station is low, making it difficult to achieve high-frequency
data acquisition. The accelerometer sensor method obtains the vibration acceleration of a building by
mounting a sensor and acquires the displacement changes by processing the acceleration data from the
accelerometer [14,15]. Mounting of accelerometers are typically time-consuming tasks associated with
the test. Furthermore, the installation of sensors for some special buildings (such as super tall towers)
can be difficult, and accelerometers cannot directly provide accurate structural displacement responses.
The digital vertical meter method uses the reserved holes in the floors of super high-rise buildings
as the installation channel of the digital vertical meter system to obtain the diurnal oscillation law of
the tower body. However, the vertical line is easily affected by the construction factors, wind load,
and tower crane operation during the dynamic monitoring period. The total station, accelerometer
sensor, and digital vertical meter methods cannot efficiently realize automatic real-time continuous
dynamic monitoring of super high-rise buildings. With the improvement of GNSS satellite timing
accuracy and the development of the corresponding data processing software, GNSS technology can
realize high-frequency data acquisition in the dynamic monitoring of super high-rise buildings. GNSS
has all-weather and all-day characteristics, making it widely used in automatic real-time continuous
dynamic monitoring of super high-rise buildings, such as La Costanera Tower [4], Canton Tower [7,16],
and Tianjin 117 Tower [17]. However, tower crane operation will seriously block the GNSS signal,
the steel structure on the roof can cause serious multipath errors, and the vibration and wind load
during construction will exert huge noise influence on the GNSS signal for super high-rise buildings
under construction. On this basis, a large noise component is found in the GNSS-based deformation
signals, making it difficult to accurately extract the high-precision dynamic characteristics of super
high-rise buildings. Although the aforementioned methods are accurate and reliable, they only evaluate
construction safety by retrieving and analyzing the dynamic characteristics of several feature points
on the structure. Thus, effective monitoring and analysis of the overall structural characteristics are
difficult. These methods are limited when they are used to monitor high-risk structures because
physical contact is required with the monitored structures.

Interferometric Synthetic Aperture Radar (InSAR) has been gradually used in building deformation
monitoring because of its noncontact, high monitoring accuracy (centimeter-to-millimeter level), and
high spatial resolution. Kui et al. [18] adopted InSAR to monitor the deformation of Bohai Building in
Tianjin, China using TerraSAR-X images. The InNSAR-derived deformation was verified by leveling
at an accuracy at the millimeter level. Wu et al. [19] used a Persistent Scatterer INSAR (PSInSAR) to
measure the deformation of urban high-rise buildings and analyzed the temporal-spatial characteristics
of building deformation combined with a Google Earth 3D model. InSAR can overcome the drawbacks
of conventional monitoring methods (i.e., invasiveness, high cost, and low spatial resolution) and
can retrieve the overall structural characteristics. However, this technique cannot be used for
dynamic deformation monitoring of structures with high accuracy [20,21] because of the limitations
related to its satellite platform (e.g., low revisiting time, geometrical distortion, and atmospheric
delay) [22,23]. Ground-based interferometric radar technique has been proposed [24-26] to overcome
the shortcomings of satellite-based InNSAR. This technique can achieve real-time acquisition rates of
200 Hz and can perform high-resolution structural monitoring that reaches less than 1 m [27-29].
Additionally, Pieraccini et al. [30] proposed a high-speed CW step-frequency coherent radar that
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is portable and can be rapidly installed and operated. Ground-based interferometric radar can
simultaneously obtain the responses over numerous points, and the radar sensor can be installed
by selecting the most favorable orientation for the monitored structure on the basis of monitoring
requirement [31]. The significant superiorities of ground-based interferometric radar are related to
high-accuracy measurements, limited influence of atmospheric delay on measurement performance,
and noninvasive monitoring [32]. This technique has been extensively used in building safety
monitoring and analysis since its proposal. Luzi et al. [33] monitored the vibration of buildings (e.g., the
Collserola Tower of Barcelona and multistory high-rise residential buildings) using a ground-based
real aperture radar (GB-RAR) interferometer. Their results showed that the deformations ranging
from micrometers to centimeters can be derived using GB-RAR under good monitoring conditions.
Atzeni et al. [34] adopted GB-RAR to acquire the modal shapes of the Leaning Tower of Pisa vibrations
and identify its resonance frequency under the effect of natural excitation. Gentile [35] used a
ground-based microwave interferometer to measure the dynamic response of the cables of two different
cable-stayed bridges, and the results were validated by a piezoelectric accelerometer, demonstrating a
good consistency.

Montuori et al. [36] combined GB-RAR, ground-based synthetic aperture radar (GB-SAR),
and satellite-based INSAR. The proposed method enabled the estimation of the dynamic characteristics
of buildings and deformation monitoring over the surrounding areas at different spatial and temporal
scales. Castagnetti et al. [37] discussed the performance of GB-RAR on the structural monitoring of
ancient masonry towers. This technique was tested on the Saint Prospero bell tower in Northern
Italy, and the results showed a high consistency with an accelerometer-based acquisition system.
Previous studies have focused on many different types of buildings, but few studies have concentrated
on super high-rise buildings, especially those more than 400 m in height. Therefore, this study proposed
a method based on GB-RAR for the monitoring and analysis of dynamic characteristics of super
high-rise buildings.

In this study, we used the Wuhan Greenland Center (WGC) which is under construction with
a 636 m designed height as the research object. First, GB-RAR was utilized to derive the dynamic
deformation information of the WGC from the north—south and east-west directions. Wavelet analysis
was used to eliminate the noise in dynamic deformation signals and the accurate dynamic characteristics
of the building, such as horizontal displacement, oscillation amplitude, and displacement trajectory,
were extracted. Finally, the correlation between the building displacement and temperature was
discussed and analyzed. A set of technical methods for monitoring and analyzing the dynamic
characteristics of super high-rise buildings using GB-RAR was studied and established.

2. Methodology

The radar monitoring data from the north-south and east-west directions of the WGC were
processed using the time series INSAR analysis to derive the dynamic time series (e.g., displacement
and oscillation amplitude) of the building. First, the reference time of data processing was selected.
Subsequently, the radar data collected during the dynamic monitoring period were processed through
differential interference based on the reference time and the deformation changes between the
corresponding time intervals were calculated. Finally, the deformation time series of target points
of the building was acquired based on the deformation changes obtained in the previous step.
Other parameters of dynamic characteristics of the building were obtained. The main data processing
and analysis steps are described as follows.

2.1. Reference Time Selection

The start time of radar data acquisition was selected as the reference time for data processing.
Assuming that the deformation of the building at this time was zero, the deformation calculated based
on the radar data at other times were all related to the reference time.
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2.2. Window Processing

The radar data acquired by the IBIS-S system (i.e., the ground-based interferometric radar) were
the frequency domain sampling data of the radar signal echo. The frequency domain data must be
transformed into the spatial domain through discrete inverse Fourier transform, that is, focusing to
extract the deformation information of each resolution range [38]. Since many steel frame structures
are found around the monitored building. The echo signal of these resolution units is generally strong,
and their side lobes can interfere with the signal of adjacent resolution units, which may distort their
deformation signals. Therefore, the Hann window function was applied to process the radar signal
before focusing the radar monitoring data in the range direction to eliminate the sidelobe effect.

2.3. Differential Interferometric Processing

GB-RAR is a zero-baseline observation compared with satellite-based SAR. Thus, flat-earth and
topographic phases have no influence on the interferometric phase model. Therefore, the differential
interferometric phase model obtained by comparing the phase information difference of the target
points acquired at different times can be expressed as follows [39]:

47‘(dd
deiff = 1 o + ¢atm + ¢noise/ (1)

where ¢;¢¢ denotes the interferometric phase, (arn represents the phase generated by the atmospheric
disturbance between the radar and the target, and ¢,,s is the random noise phase. Given that
high-frequency (20 Hz) dynamic monitoring was adopted in the monitoring of the WGC, the phase
produced by the atmospheric effect is basically negligible after differential interferometric processing.
After removing the noise phase, the interferometric phase was unwrapped in one dimension.
The monitoring point of deformation dgf, in the line-of-sight (LOS) direction can be obtained
using Equation (1). The deformation time series of the target points in the range direction can be
derived based on the monitoring time span.

2.4. Gross Error Detection

Considering that the WGC is in the construction state during the monitoring period, the actual
monitoring environment is complex, and the radar signal is simultaneously affected by various factors,
such as construction vibration, wind load, temperature, and sunlight. Gross errors may be found
in the deformation time series obtained based on the radar signal. Therefore, the gross error in
the deformation time series of the monitoring target point should be detected. The deformation
corresponding to this moment is removed when the gross error is detected in the deformation time
series. The deformation at this moment is interpolated based on the deformation data before and after
this moment. Gross error detection was performed on the deformation time series until no gross error
was found in the time series.

2.5. Wavelet Analysis Denoising

After gross error detection, the deformation time series of the target point may still have a certain
amount of noise. To reduce the influence of noise and improve the signal-to-noise ratio, a wavelet
threshold denoising method was used to process the deformation time series of the target point.
During the processing, the wavelet function “sym4” was selected, the deformation time series was
decomposed into seven layers by wavelet multi-scale analysis, the threshold value was estimated by
Heuresure criterion, and the threshold value was quantified by soft threshold method [40-42]. On this
basis, denoising analysis of the deformation time series of the target point was carried out.
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3. Experiment Description

3.1. Monitored Object

The monitored object is the WGC in Wuhan, China, which is a super high-rise main building on
plot A01 of the Wuhan Greenland International Financial City (Figure 1a). The building is located in
the core area of the Wuchang Bin Jiang Business District, which is approximately 250 m away from the
Yangtze River flood dyke. The main building of the WGC has five basement floors, with a building
area of 70,171 m2. The building has 125 floors above ground, with a building height of 636 m and
building area of 302,399 m?, and the average building area of each floor is 2419 m2. The total steel
consumption of the building is approximately 80,000 tons.

Figure 1. Wuhan Greenland Center (WGC): (a) architectural rendering; (b) architectural structure drawing.

The structural system of the WGC is a “steel frame concrete core tube” structural system, with a
concrete core tube inside and steel frames on the outside and on top (Figure 1b). The main tower has
four sets of wind grooves from top to bottom. Wind can pass through the hall to reduce the harm of
strong wind to the building. The steel structure of the main tower is composed of 12 mega stiffening
columns in the outer frame, 18 outer frame gravity columns, reinforced concrete core tubes with shear
wall steel ribs, floor steel beams, 10 ring trusses, 4 outrigger trusses, and a 60 m high tower crown and
canopy. The partial floor adopts profiled steel plate and cast-in-place concrete composite floor, and the
pressed steel plate adopts galvanized steel plate with color coating. The total height of the concrete
core tube is 552 m, the core tube is adducted twice at the 72nd and 88th floors, and the floor area is
reduced accordingly. During the construction of the WGC, the construction progress of the external
steel structure lags behind that of the concrete core tube. The concrete core tube is constructed in the
top formwork, which adopts a steel platform structure climbing system to facilitate the construction
and measurement of the workers.

3.2. Monitoring Scheme Design

The WGC under construction underwent dynamic deformation because of solar radiation,
construction vibration, wind load, temperature, and other factors. Traditional monitoring methods
(e.g., GNSS, total station, and sensors) need to be in contact with the building, and the monitoring
points are difficult to arrange when monitoring the dynamic characteristics of the building. The large
tower crane on top of the building during construction caused serious effects (such as signal blocking
and multipath effect) on GNSS measurement, making it difficult to effectively obtain the dynamic
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characteristics of the building using GNSS. Satellite-based SAR cannot obtain the high-accuracy
horizontal displacement dynamic information of the building because of the influences of the revisit
period, imaging angle, and monitoring distance. GB-RAR can set reasonable monitoring base points
based on the monitoring requirements, adjust the most favorable radar imaging angle to achieve the
noncontact high-accuracy continuous deformation monitoring of the building, and can simultaneously
monitor multiple target points in the radar field of view. Therefore, the IBIS-S system was adopted
to conduct high-accuracy continuous monitoring of the WGC under construction, and the dynamic
characteristics of the building were extracted and analyzed based on the acquired radar signal data.

In this study, two IBIS-S systems were simultaneously used to conduct high-accuracy continuous
deformation monitoring of the WGC. Working base points S1 and S2 were established in the north-south
and east-west directions of the building, and IBIS-S systems were installed in S1 and S2, as shown in
Figure 2. The IBIS-S systems were used to conduct radar scanning of the WGC along the north-south
and east-west directions for acquiring high spatial-temporal resolution radar images of the building
and continuously obtain multiscene radar images. The displacement changes of the building along the
monitoring direction can be obtained through interferometry, and the precise oscillation amplitude
of the building can be calculated based on the GB-RAR-derived displacement. Radar monitoring
adopted the high-frequency data acquisition mode (sampling frequency was 20 Hz). The horizontal
displacement variation of the building and the displacement trajectory of the roof were computed
through straightforward geometric projections based on the radar incidence angle, because the IBIS-S
systems can only obtain the deformation of the radar LOS direction.

S2

S1

Figure 2. Schematic of ground-based real aperture radar (GB-RAR) working base points.

3.3. Measurement Campaign

We used GPS positioning to determine the field positions of working base points S1 and S2 in
the two monitoring directions on the basis of field investigation, the intervisibility condition between
radar and the monitored object, and the main monitoring building of the WGC within the main lobe of
radar scanning. Working base points S1 and S2 were located in the north and west directions of the
building, respectively, as shown in Figure 3.

We installed the IBIS-S-1 system on working base point S1, and the distance between the radar
installation location and the WGC was 246 m. S1 was located at the roof of a two-story building
of a farmer, as shown in Figure 4. The IBIS-S-2 system was rigidly fixed on working base point S2,
which was located in the Wuchang River Beach Park with a distance of 241 m from the monitored
building, as shown in Figure 5.
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Figure 3. Distribution map of the two IBIS-S system installation locations (S1 and S2). The red triangle
denotes the location of the IBIS-S system, and the monitored object (i.e., the WGC) is outlined by a
red rectangle.

Figure 4. Location of the IBIS-S-1 system in the north-south direction. (a) View of the IBIS-S-1
interferometric radar on S1 (located in a farmhouse roof). (b) Weather station installed on the roof of the
monitored building. (¢) Ground view of the WGC from the location of the IBIS-5-1 interferometric radar.

Continuous dynamic monitoring of the WGC was conducted from 12:21 on 5 July 2017 to 12:14
on 7 July 2017, with a total duration of approximately 48 h. The times of starting and ending of the
monitoring of the two IBIS-S systems are the same. Continuous and uninterrupted measurement was
adopted for both IBIS-S systems. The two IBIS-S systems were configured to monitor the building up
to a distance of 800 m with a sampling frequency of 20 Hz. The two systems used the same resolution
(0.75 m) in range during the monitoring period. The configuration parameters of the two IBIS-S
systems are the same, and the main configuration parameters of the measurement campaign are listed
in Table 1. A weather station was fixed on the roof of the building (as shown in Figure 4b) to monitor
the dynamic changes of meteorological parameters (such as temperature, atmospheric humidity, etc.)
on the roof during the dynamic monitoring. The data collection time of the weather station ranged
from 12:40 on 5 July 2017 to 09:40 on 7 July 2017, with a data sampling interval of 10 min.
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Figure 5. Location of the IBIS-S-2 system in the east-west direction. (a) View of the IBIS-S-2
interferometric radar on S2 (located in the Wuchang River Beach Park). (b) Ground view of the WGC
from the location of the IBIS-S-2 interferometric radar.

Table 1. Configuration of IBIS-S systems for the measurement campaign.

Parameter Value
Vertical tilt 50°
Antenna type Type3 (Azimuth 17°, Vertical 15°)
Maximum range 800 m
Resolution in range 0.75m
Sampling 20 Hz
Start time 12:21 5 July 2017
End time 12:14 7 July 2017

4. Results and Discussion

4.1. Horizontal Displacement and Amplitude Extraction Analysis

The power profiles obtained from working base points S1 and S2 are shown in Figures 6 and 7,
respectively. Many peaks are visible in Figures 6 and 7. These peaks correspond to the positions of the
monitored points characterized with good electromagnetic reflectivity. To analyze the displacement
of the WGC, we selected the monitored points with good electromagnetic reflectivity located on the
roof of building (i.e., the location of point A) and the middle position of the main structure of the
building (i.e., the location of point B) to analyze its horizontal displacement during the monitoring
period. Point A in the two figures is located on the roof of the WGC. The height of the roof relative
to working base point S2 was 447 m, whereas Point B was 300 m high from the building relative to
working base point S2 when we used GB-RAR to monitor the building. The heights of points A and
B in the analysis are relative to working base point S2. As shown in Figures 6 and 7, the thermal
signal-to-noise ratio (SNR) of the radar signal is basically greater than 30 dB within the range of 100 m
to 447 m relative to the height of the building. The thermal SNRs of points A and B in the north-south
monitoring direction are 37.4 and 60.8 dB, respectively, and the thermal SNRs of points A and B in the
east-west monitoring direction are 39.0 and 62.2 dB, respectively. The above analysis demonstrates
that the data collected by the radars at S1 and S2 are of good quality.
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Figure 6. (a) Power profile of the WGC obtained from working base point S1 and selection of monitoring
points. The red triangle denotes the monitoring point. The relative height of the building in the left
figure is relative to working base point S1. Point A in the right figure is at the top of the building, with a
height of 447 m relative to working base point S2. Point B is 300 m high relative to working base point
52. (b) Ground view of the WGC from the location of the IBIS-S-1 system.
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Figure 7. (a) Power profile of the WGC obtained from working base point S1 and selection of monitoring
points. The red triangle denotes the monitoring point. The relative height of the building in the left
figure is relative to working base point S1. Point A in the right figure is at the top of the building, with a
height of 447 m relative to working base point S2. Point B is 300 m high relative to working base point
52. (b) Ground view of the WGC from the location of the IBIS-5-2 system.

We selected and analyzed some feature points of the WGC to analyze its horizontal displacement
during monitoring. The feature points were distributed at points A and B of the building. The LOS
displacement time series of feature points was extracted using the method described in Section 2,
and the horizontal displacement time series of feature points was calculated through geometric
projection based on the geometric relationship between the feature points and the radar position.
Figure 8 shows the horizontal displacement time series in the north-south and east-west directions at
the top of the WGC during the monitoring period, and the red and black curves represent the original
and denoised horizontal displacement time series, respectively. The negative values in Figure 8a
indicate that the building is moving westward, whereas the positive values indicate that the building
is moving eastward. As shown in Figure 8b, the negative values indicate that the building is moving
northward, whereas the positive value denotes that the building is moving southward. As shown in
Figure 8b, the maximum negative horizontal displacement of the roof in the north—south direction is
7.99 mm, and the maximum positive horizontal displacement is 10.85 mm. Therefore, the maximum
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displacement amplitude of the roof of the WGC in the north—south direction during the monitoring
period is 18.84 mm. For the east-west direction, the maximum negative and positive horizontal
displacements of the roof are 7.10 and 8.84 mm, respectively, and the maximum east-west direction
displacement amplitude of the roof is 15.94 mm. The displacement monitoring accuracies in the
north—south and east-west directions at the top of the building are 0.15 and 0.17 mm, respectively.
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Figure 8. IBIS-S-derived horizontal displacement time series in east-west (a) and north-south (b)
directions at 447 m height of the WGC. The red line denotes the displacement time series without
denoising, and the black line represents the displacement time series after denoising.

Figure 9 shows the horizontal displacement time series in the north-south and east-west directions
at the building height of 300 m during the monitoring period. The maximum negative and positive
horizontal displacements in the north—south direction at the building height of 300 m are 6.99 and
7.74 mm, respectively, and the maximum horizontal displacement amplitude is 14.73 mm. For the
east-west direction, the maximum negative and positive horizontal displacements are 4.94 and 7.30 mm
respectively, and the maximum horizontal displacement amplitude reaches 12.24 mm. At the building
height of 300 m, the monitoring accuracies of displacement in the north-south and east-west directions
are 0.09 and 0.10 mm, respectively. The maximum horizontal displacement amplitudes at the building
height of 300 m in the north—south and east-west directions are 4.11 and 3.70 mm less than that
compared with the roof of the building, respectively.

The comparative analysis of Figures 6 and 7 shows that the displacement change of the building is
relatively large before 7 July 2017, whereas the subsequent displacement steadily changes. The original
displacement curve obtained based on radar data immensely fluctuated and was accompanied by many
burr points. After denoising the original displacement curve through wavelet analysis [41,42], the burr
phenomenon in the original displacement curve was basically eliminated, and the displacement curve
became smooth, as shown in Figures 8 and 9 (black line). However, the displacement curve after
denoising still exhibited a certain fluctuation, and the displacement curve at the building height of 447 m
was more obvious than that at the building height of 300 m. This phenomenon may be attributed to the
serious effect of noise caused by construction vibration, instrument system error, external environment,
and other factors on the radar signal during the monitoring period. Although most of the noises were
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removed through wavelet analysis, a slight vibration still existed in the building itself when it swung
because of the influences of construction vibration and other factors. Therefore, the displacement curve
after wavelet denoising still had a small fluctuation, and this part of fluctuation may be caused by the
slight vibration of the building itself when it swung.
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Figure 9. IBIS-S-derived horizontal displacement time series in east-west (a) and north-south (b)
directions at 300 m height of the WGC. The red line indicates the displacement time series without
denoising, and the black line denotes the displacement time series after denoising.

GB-RAR can realize high-accuracy continuous dynamic monitoring of super high-rise buildings,
and the monitoring accuracy can reach submillimeter level. However, the monitoring accuracy
gradually decreased with the increase in floors.

4.2. Roof Displacement Trajectory Analysis

To investigate the roof motion of the WGC, the displacement trajectory of the roof during the
monitoring period is presented in this section on the basis of the horizontal displacement time series of
the roof in the north—south and east-west directions obtained in the previous section, and the results
are shown in Figure 10. As shown in Figure 10, the color bar on the right represents the time change,
the negative value on the vertical axis denotes the westward movement, and the negative value on the
horizontal axis indicates the northward movement. As illustrated in Figure 10, during the monitoring
period, the general direction of roof movement was first toward the northwest for approximately
3 h, then moved toward the southeast to the maximum value, and subsequently moved along the
northwest to the maximum value, and finally moved along the southeast to approximate the initial
position (approximately a few millimeters deviation with respect to the initial position). The oscillation
magnitude of the roof is basically less than 20 mm. To analyze the oscillation rule of the roof for a
whole day, Figure 11 shows the displacement trajectory of the roof from 00:00 to 24:00 on 6 July 2017.
Figure 11 intuitively reflects the diurnal oscillation rule of the roof, and the displacement trajectory is
accompanied by slight fluctuation when it moves with time, which may be caused by the combined
influences of construction vibration, wind load, and other factors.
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Figure 10. Displacement trajectory of the roof (from 5 July 2017 to 7 July 2017).
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Figure 11. Displacement trajectory of the roof (from 00:00 to 24:00 on 6 July 2017).

4.3. Correlation between Roof Displacement and Temperature Changes

The roof displacement time series in the north-south and east-west directions and the roof
temperature changes observed by the weather station were selected to compare and analyze their time
series changes for determining the correlation between the displacement and temperature changes
at the roof of the WGC. Given that the temperature data were collected from 12:40 on 5 July 2017 to
09:40 on 7 July 2017, the overlapping period data of the displacement time series derived by GB-RAR
and temperature data were selected for comparative analysis. Figure 12 shows the comparison results
between the temperature and displacement changes in the north—south and east-west directions during
the study period.
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Figure 12. Displacement time series in east-west (blue line) and north-south (black line) directions
versus temperature changes (red dotted line) at the roof of the WGC.

As illustrated in Figure 12, the temperature ranged from 26.8 °C to 53.4 °C during the study
period, and the temperature difference reached 26.6 °C. The temperature was relatively stable from
21:00 to 6:00 at night and reached the maximum value of the day around 15:00 every afternoon.
The maximum displacement amplitudes of the roof monitored using GB-RAR were 18.84 and 15.94 mm
in the north-south and east-west directions, respectively. We conducted correlation analysis to analyze
the time series between displacement and temperature changes for determining their correlation.
The correlation coefficient between the displacement changes in the north-south direction and the
temperature changes is —0.56, and that between the displacement changes in the east-west direction
and the temperature changes is —0.65. A certain negative correlation is found between the temperature
and displacement changes in the two directions, and the correlation between the displacement changes
in the east-west direction and the temperature changes is strong. Additionally, the correlation
coefficient between the displacement changes in the north-south and east-west directions is 0.84,
indicating the displacement changes between the north-south and east-west directions show a
relatively strong correlation.

Although the temperature changes have a certain influence on the displacement changes at
the top of the super high-rise building, the construction vibration of the large tower crane on the
top of the building, wind load, and other factors also have a great influence on the displacement
changes at the top of the building because the WGC is under the construction stage. The displacement
changes at the top of the building are caused by the joint action of temperature, construction vibration,
wind load, and other factors. Therefore, a certain correlation is found between the temperature and
displacement changes.

5. Conclusions

In this study, we utilized the GB-RAR to monitor and analyze the dynamic characteristics of the
WGC under construction. We proposed and investigated a set of technical methods for monitoring
and analyzing the dynamic characteristics of super high-rise buildings using GB-RAR. The GB-RAR
was used to monitor the dynamic displacement information of the building in the north-south
and east-west directions. The accurate dynamic characteristic information of the building, such as
horizontal displacement, oscillation amplitude, and displacement trajectory, was extracted through
wavelet analysis. The main conclusions are summarized as follows:

(1) During the monitoring of the WGC, the GB-RAR effectively extracted the dynamic characteristics
(e.g., horizontal displacement and oscillation amplitude) of the building. The maximum
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horizontal displacement amplitudes at the top of the building in the north-south and east-west
directions were 18.84 and 15.94 mm respectively, and the corresponding accuracies were
0.15 and 0.17 mm, respectively, suggesting that the accuracy of GB-RAR monitoring was
high. However, the monitoring accuracy gradually decreased with the increase in floors.
The roof displacement trajectory of the WGC was clearly identified. The displacement trajectory
was accompanied by slight fluctuation, which may be caused by the combined influences of
construction vibration, wind load, and other factors. The results demonstrate that the GB-RAR is
effective for dynamic monitoring of super high-rise buildings.

(2) A certain negative correlation was identified between the temperature and displacement changes
in the north—south and east-west directions at the roof of the building, and the correlation between
the displacement changes in the east-west direction and the temperature changes was strong.
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