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Determining the natural vibration period of towering
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Abstract: This study explores the use of the Global Naviga-
tion Satellite System (GNSS) precise point positioning
(PPP) technology to determine the natural vibration periods
of towering structures through simulations and field testing.
During the simulation phase, a GNSS receiver captured vi-
bration waveforms generated by a single-axis motion simula-
tor based on preset signal parameters, analyzing how differ-
ent satellite system configurations affect the efficiency of ex-
tracting vibration parameters. Subsequently, field tests
were conducted on a high-rise steel single-tube tower. The
results indicate that in the simulation environment, no mat-
ter the PPP positioning data under single GPS or multisys-
tem combination, the vibration frequency of single-axis mo-
tion simulator can be accurately extracted after frequency do-
main analysis, with multisystem setups providing more pre-
cise amplitude parameters. In the field test, the natural vi-
bration periods of the main vibration modes of high-rise
steel single-tube tower measured by PPP technology closely
match the results of the first two modes derived from finite el-
ement analysis. The first mode period calculated by the em-
pirical formula is approximately 6% higher than those deter-
mined through finite element analysis and PPP. This study
demonstrates the potential of PPP for structural vibration
analysis, offering significant benefits for assessing dynamic
responses and monitoring the health of towering structures.
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Towering structures, such as those used in power,
communication, radio, and television systems, are
tall and slender constructions that play a crucial role in
modern infrastructure. Owing to their geometric configu-
ration, these structures are particularly susceptible to
aerodynamic forces during the structural design process,
especially wind loads. Accurately predicting their dy-
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namic response to wind is essential, and this hinges on
precisely determining their natural vibration period. This
critical parameter helps in developing effective strategies
to mitigate the potential impacts of wind-induced vibra-
12 The natural vibration period is an inherent me-
chanical property of towering structures, mainly influ-
enced by their mass and stiffness rather than external
2 Three primary methodologies exist for deter-
mining the natural vibration period of towering struc-
tures. The first approach is the finite element method,
which uses computer-based simulations during this pe-
riod by considering the structural geometry and the non-
linear behaviors of materials'**). The second approach
involves dynamic field measurements, where sensors are
used to directly record the structure’ s dynamic response
to external forces'®”’. The third approach focuses on de-
veloping empirical models to predict the natural vibration
period. By correlating measured data from various struc-
tures with their corresponding properties, statistical mod-
els can be developed to estimate natural vibration peri-
ods. Relevant parameters influencing the natural vibra-
tion period include type, height, and
stiffness-to-weight ratio. Although empirical models of-
fer a practical method for estimating natural vibration pe-
riods, they might not achieve the accuracy of analytical
or experimental techniques'*'2.

With the continuous development of the Global Navi-
gation Satellite System (GNSS) , the ability to collect
high-rate data and improve positioning accuracy has sig-
nificantly advanced. High-rate GNSS has been widely
used such as wind-induced responses of
high-rise  buildings'"*’ safety monitoring''*'*’,
achieving outstanding success in these applications. In
particular, GNSS is used to measure the horizontal dy-
namic displacement of industrial chimneys caused by
wind to analyze their natural frequencies,
modes, and structural damping ratios''®’. These findings
demonstrate that GNSS measurements taken at various
heights along the vertical profile can effectively deter-
mine the dynamic characteristics and monitor displace-
ments owing to wind loads. GNSS can also be used to
determine the natural frequency of bridges''”’, providing
results that are comparable to those calculated using fi-
nite element models.

tions

forces

structural

in fields
and

vibration



200

WANG Zhiming and WU Jizhong

Traditional real-time kinematic positioning technology
requires at least two high-precision geodetic receivers.
During observations, differences in height and environ-
ment between the base and monitor stations can cause er-
rors owing to the residual tropospheric delay errors, af-
fecting the accuracy of the monitoring results. Advance-
ments in satellite orbit and clock products, along with re-
fined error modeling techniques and ambiguity resolu-
tion, have made precise point positioning (PPP) a lead-
ing method for high-precision geodetic positioning. This
technique allows for determining accurate three-dimen-
sional coordinates using a single GNSS receiver. Empiri-
cal studies show that high-rate PPP can achieve sub-centi-
meter accuracy vertically and millimeter-level accuracy
horizontally''®2!
natural vibration periods of towering structures remains
relatively unexplored. This study aims to bridge this gap
by introducing a comprehensive methodology. It com-
mences with outlining data processing principles, fol-
lowed by a simulation experiment to evaluate processing
strategies and their impact on accuracy. A case study in-
volving a tall single-tube steel tower is used to compare
PPP results with those derived from empirical models
and finite element analysis. The study concludes with a
comprehensive analysis of the findings.

. However, using PPP to measure the

1 Data Processing Methods

1.1 Observation model of PPP

PPP is a geodetic positioning method that relies on pre-
cise satellite orbits and clock data. It utilizes correction
models to address various errors. This method typically
uses an ionosphere-free combination of dual-frequency
pseudorange and phase measurements as its core observa-
tion data. Once errors such as antenna phase biases,
Earth’ s rotation, and tidal effects are corrected, the
equations for the ionosphere-free combination of pseudor-
ange and phase can be expressed as follows '

P,p=p;+c(dt,—de’) + T + b, — by

L p=p;+c(dr,—de’) + TS + Ap(N] . + B, . — By
(1)
where P} . and L; . denote ionosphere-free combination
of pseudorange and phase, respectively, p; defines the
geometric range between the satellite and the receiver, ¢
is the speed of light in a vacuum, dz, and df® represent the
receiver and satellite clock errors, respectively, 7 indi-
cates the tropospheric delay, b . and by, are the code
hardware delays in the receiver and satellite, respec-
tively. Furthermore, A, is the wavelength of the
ionosphere-free combination, N/ is the ionosphere-free
ambiguity parameter, and B, , B} signify the phase
hardware delay in the receiver and satellite, respectively.
After introducing the precise clock product, the satel-

lite clock errors are eliminated, while the observation
equations are expressed as follows:

P o=pl+cdt, + T
_SVIF s 7 s \T S (2)
L p=pr+cdt, + T + AN,

s

where P} . and L} . denote the ionosphere-free combina-
tion of pseudorange and phase after applying precise
clock product. The reparametrized clock parameter, d7,,
and ambiguity parameter,N; ., are defined as follows:

cdt, = cdt, + b,
\ S S s (3)
Niw=Nogt+d p—dy
with
{d:IF :?r.IF _Sbr.IF//\IF (4)
dip = Bip = bip/A

Essentially, the reparametrized ambiguity parameter
comprises a combination of the integer ambiguity and the
hardware delays from both the receiver and the satellite,
affecting both code and phase measurements.

The real-valued ionospheric-free ambiguity can be de-
composed into wide-lane (WL) and narrow-lane (NL)
ambiguities,

sz A7 S ¢

ezt e N’S’NL)/A‘F )

where f, and f, represent the frequencies of the first and
second carrier, respectively, Ny, denotes the float am-
biguity of WL, and N;; indicates the float ambiguity of
NL.

The WL float ambiguity can be determined using the

Melbourne-Wiibbena (MW ) combination.

N?WL _ flLil _sz:,z _flP:,] _f2P:,2 f1 _fz
" hH=1 fi+f ¢
New +d, . = dy, (6)
where L], and L;, represent the phase observations on
two frequencies, P}, and P;, denote the corresponding
code observations, Ny, is the integer ambiguity for
WL, d, , and dy, indicate the WL hardware delays at
the receiver and satellite ends, respectively. These de-
lays are a combination of the code and phase hardware
delays at the receiver and the satellite. The NL float am-
biguity can be determined using Eq. (5), but this calcula-
tion depends on the successful fixation of the WL ambi-
guity, as outlined in Eq. (6).
NSNL — (fl +f2)/\IF]\7:;IF _ fZN:;WL
" ¢ hH=1

\/ S —
Nr,IF_

—_ S S
- Nr,NL + dr.NL - dNL

(7)

where N, is the integer ambiguity of NL, and d, , ,
dy, represent the NL hardware delays at the receiver and
satellite ends, respectively. Both WL and NL ambigui-
ties are influenced by hardware delays. Receiver-based
hardware delays can be mitigated by using inter-satellite
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differencing, while external phase bias corrections ad-
dress satellite-specific effects. Generally, PPP ambiguity
resolution is a two-step process. Initially, WL ambigui-
ties are corrected for hardware delays and fixed. Once
this step is successful, NL ambiguities are corrected and
fixed. Ultimately, the ambiguity of the ionosphere-free
combination is fixed to an integer value'?.

1.2 Coordinate transformation and frequency-do-
main decomposition

Following PPP processing, the receiver’s three-dimen-
sional coordinates are determined within the geocentric
coordinate system. To facilitate subsequent analysis
aligned with the target structure, these coordinates are
transformed into a topocentric coordinate system using
the following equation:

N —-sinB,cosL, -sinB;sinL, cosB,|| X - X,

E|= -sin L, cos L, 0 Y-Y,

U cosBycosL, cosB,sinL, sinB,llZ-Z,
(8)

where X, Y,Z are the three-dimensional coordinates of
the receiver in the geocentric coordinate system, N, E, U
denotes the north, east, and vertical components in the
topocentric coordinate system, X, Y,, Z, represent the
three-dimensional coordinates of the origin in the geocen-
tric coordinate system, and L,, B, indicate the longitude
and latitude of the origin.

To extract vibration-induced components from the raw
coordinate data, which may be affected by noise and re-
sidual errors, a fast Fourier transform (FFT) is applied.
This spectral technique breaks down the
time-series data into its constituent frequency compo-

analysis

nents, helping to identify and measure the predominant
vibration frequencies.

High-frequency coordinates estimated kinematically
are susceptible to various error sources, including un-
modeled multipath effects and a combination of white
and flicker noise. Multipath errors, with amplitudes
ranging from several millimeters to a few centimeters,
significantly affect lower frequencies. To mitigate the
influence of these low-frequency disturbances and re-
store the amplitude of vibration, high-pass filtering is
applied. This technique minimizes undesired noise, al-
lowing for the isolation of high-frequency components as-
sociated with structural vibrations, ensuring a more accu-
rate analysis of amplitude and frequency characteristics.

2 Vibration Simulation Experiment

2.1 Test design

The experiment
small-scale single-axis motion simulator, as depicted in
Fig. 1. This simulator is widely used in experimental re-
search, particularly in earthquake engineering and civil

vibration simulation utilizes a

engineering. It supports various applications, including
traditional structural seismic experiments, semi-active
and active seismic resistance strategies, and structural vi-
bration control. Equipped with computer simulation de-
vices, the experimental system can accurately generate
and adjust various low-power vibration waveforms in real
time. These waveforms include sine waves and seismic
wave simulations tailored to the specific needs of differ-
ent experimental conditions.

Fig. 1 Single-axis motion simulator

The GNSS data were collected using a Trimble Alloy
receiver outfitted with a Trimble TRM115000 antenna.
This setup is capable of tracking multi-frequency signals
from the GPS, Galileo, and BDS constellations. To opti-
mize satellite signal reception, the receiver was placed
outdoors and mounted on the single-axis motion simula-
tor. Data were recorded at a high sampling rate of 20 Hz.
The experimental protocol involved an initial static obser-
vation period, followed by two distinct sinusoidal vibra-
tion cycles. The first cycle had a frequency of 1 Hz and an
amplitude of 4 cm, lasting 30 s. After a 2-min break, a
second cycle was conducted with a frequency of 2 Hz
frequency and an amplitude of 5 cm, also lasting 30 s.

The GNSS data were processed using kinematic PPP,
utilizing final satellite orbit, clock error, and phase bias
products provided by the European Orbit Determination
Center (CODE). Corrections were made for ocean
tides, solid tides, and polar tides following IERS Con-
31 while satellite antenna phase windup was ad-
justed using appropriate models'?*. The Saastamoinen
model was applied to correct the zenith hydrostatic de-
lay, while the zenith wet delay was estimated as a ran-
dom walk. The IGS14 antenna model was employed to
correct for phase center deviationand phase center varia-
tion. The experiment compared two data processing
schemes: Scheme 1, which utilized only the GPS con-
stellation, and Scheme 2, which combined GPS, Gali-
leo, and BDS constellations.

ventions

2.2 Results analysis

Owing to the fixed orientation of the single-axis mo-
tion simulator, the induced vibrations were constrained
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to a north-south axis. Consequently, the analysis fo-
cused solely on the north component of the coordinate
time series. Fig. 2 presents the resulting north component
time series derived from both experimental schemes. The
figure highlights the high-frequency components of the
signal, crucial for understanding the dynamic response,
by enlarging them in specific areas.
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Fig. 2 North component of coordinate time series from two
schemes. (a) Scheme 1; (b) Scheme 2
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As depicted in Fig. 2, the time series from both experi-
mental schemes exhibit comparable trends and numerical
values. The data accurately reflects the fundamental char-
acteristics of the simulated vibration, which includes two
sinusoidal components with approximate amplitudes of 4
and 5 cm. Notably, the second vibration component ex-
hibits a higher frequency. Upon closer examination,
slight differences between the two experimental configu-
rations were observed. Specifically, during periods of in-
activity, Scheme 2 showed coordinate fluctuations with
slightly reduced amplitudes. This improvement is likely
attributed to the increased number of satellites observed,
resulting in enhanced positioning accuracy within the
multisystem set-up. To facilitate the extraction of fre-
quency content from the time series, an FFT was ap-
plied, with the results shown in Fig. 3.

The frequency-domain decomposition shown in Fig. 3
clearly identifies the two predominant vibration frequen-
cies introduced during the experiment. The spectral

Power spectrum/dB

—-100

~120 L 1 1 1 )
0

Power spectrum/dB

fIHz

(b)
Fig. 3 Frequency-domain decomposition of north component
of the coordinate time series. (a) Scheme 1; (b) Scheme 2

analysis demonstrates the effectiveness of both single-
and multisystem PPP approaches in accurately capturing
the induced vibrations. A prominent characteristic of the
spectral density is its higher levels in the lower frequency
band across all directional components. This phenom-
enon can be attributed to the unmodeled multipath ef-
fects, which tend to introduce low-frequency noise into
the measurements. To reduce these disturbances, a
high-pass filter with a cutoff frequency of 0. 5 Hz was ap-
plied to the north component of the coordinate time se-
51 The filtered coordinate time series and the corre-
sponding discrepancies between the two schemes are de-
picted in Fig. 4.

ries

High-pass filtering effectively removed low-frequency
noise, including multipath effects, from the coordinate
time series, enabling a clearer representation of the in-
duced vibration signals, as illustrated in Fig. 4(a). Both
single- and multisystem solutions showed strong consis-
tency regarding the amplitude and duration of the vibra-
tion cycles. Fig. 4 (b) presents the observed discrepan-
cies in the north component between the two schemes, as
quantified by a root mean square of 1.3 mm, primarily
attributed to observational noise. Using Scheme 1 as an
example, Fig. 5 illustrates the vibration signal captured
by PPP.

The amplitude estimates derived from Figs. 5 (a) and
(b) for the first and second vibration cycles are 3. 81 and
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Fig. 5 Vibration signal measured by PPP. (a) First vibration;
(b) Second vibration

5.17 cm, aligning closely with the simulated sinusoidal
amplitudes. In Scheme 2, the amplitude estimates are
3.87 and 5. 01 cm, reflecting a slight improvement over
Scheme 1. These findings demonstrate the ability of PPP
to accurately detect position changes caused by vibrations
generated by a single-axis motion simulator. While the
multisystem set-up yielded marginally improved ampli-
tude estimates compared to using the single GPS system,
both configurations accurately determined the dominant
vibration frequencies. If determining the vibration fre-
quency is the primary goal, a single GPS constellation is
sufficient.

3 Determination of Natural Vibration Period
for a Steel Single-Tube Tower

3.1 Data collection and processing

The study focuses on a slender, steel single-tube tower
characterized by a high height-to-width ratio and limited
bending stiffness, making it susceptible to significant de-
formations under lateral wind loads. To enhance its struc-
tural stability, the steel single-tube tower is anchored at
four different heights using guy wires.

To capture the dynamic response of the tower, an
ASHTECH Z-XII3 receiver equipped with an
ASH700936D_M antenna was installed on the upper-
most truss. Data were collected at a sampling rate of 1
Hz over two consecutive days, with observations taking
place from 6:00 to 7:00 AM to minimize the effects of
temperature changes caused by solar radiation. The data
processing strategy aligns with the methodology out-
lined in Section 2. 1. Previous simulation tests sug-
gested that including additional constellations had lim-
ited influence on identifying vibration signals. There-
fore, the data processing focused solely on the GPS
constellation.

3.2 Extraction of natural vibration frequency

Following PPP processing, the raw coordinate data
were converted from a geocentric to a topocentric coordi-
nate system. Owing to space limitations, the analysis fo-
cuses on the north component of the coordinate time se-
ries. Fig. 6 displays the north component over two con-
secutive days.

To extract the frequency components associated with
structural vibrations, a frequency-domain analysis was
applied to the horizontal coordinate time series, with re-
sults shown in Fig. 6.

The frequency spectra, as depicted in Fig. 7, exhibit a
consistent pattern across both observation days. On the
first day, the predominant spectral peaks were identified
at 0. 384 and 0. 494 Hz, corresponding to natural vibra-
tion periods of 2. 60 and 2. 02 s, respectively. The sec-
ond day revealed similar spectral peaks at 0.378 and
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Fig. 7 Frequency-domain decomposition of coordinate time se-
ries in the north component. (a) Day 1; (b) Day 2

0.494 Hz, corresponding to natural vibration periods of
2. 64 and 2. 02 s, respectively. On average, the natural
vibration periods identified by PPP are 2. 62 and 2. 02 s.
Furthermore, the spectral density exhibits higher levels
in the lower frequency band across different days, indica-
tive of unmodeled multipath influences, consistent with

earlier simulation findings.

3.3 Comparisons with empirical and finite element
modeling methods

To thoroughly evaluate the accuracy of the natural vi-
bration frequencies determined using PPP, it is crucial to
compare these results with those obtained through estab-
lished methods. This comparison involves contrasting
PPP results with estimates derived from both empirical
formulas and finite element modeling.

Empirical formulas, often embedded within building
codes, provide approximate values for the natural vibra-
tion periods of high-rise buildings and towering struc-
tures. Based on the latest code!?®, the estimated natural
vibration period for the tower is 2. 77 s.

Finite element models offer a more detailed and
physics-based representation of a structure, enabling a
more precise estimation of its dynamic characteristics.
For a deeper analysis, a three-dimensional finite element
model of the tower was constructed using the MIDAS
software package. The model incorporated the material
properties of Q355 steel, which include a density of
7 850 kg/m?, an elastic modulus of 206 GPa, a Pois-
son’s ratio of 0.28, and a yield strength of 355 MPa,
along with a tower’ s exact geometric dimensions. Fig. 8
illustrates the first two mode shapes of the single-tube
tower determined by finite element analysis, which corre-
spond to the natural vibration periods of 2.66 and

f

’ (a)

T

(b)
Fig. 8 First two mode shapes of the single-tube tower. (a)
First mode shape; (b) Second mode shape
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2.01 s, respectively.

The comparative analysis of natural vibration periods
derived from PPP and finite element modeling reveals a
strong correlation. The PPP results, with periods of
2.62 and 2. 02 s, closely match those of the finite ele-
ment analysis, with periods of 2. 66 and 2. 01 s. How-
ever, the empirical formula yielded a higher estimate of
2.77 s for the natural vibration period, deviating by
about 6% from the values determined through finite ele-
ment analysis and PPP.

In the field test, a 1-Hz sampling rate effectively cap-
tured the tower’ s main modal periods at 2. 64 and 2. 02
s, corresponding to frequencies of 0. 380 and 0. 494 Hz,
respectively. These frequencies fall comfortably below
the Nyquist frequency of 0.5 Hz, ensuring their reliable
detection within the sampled data.
higher-order modes with frequencies exceeding the Ny-
quist limit, a higher sampling rate would be required.

To measure

4 Conclusions

(1) The frequency-domain analysis of PPP-derived co-
ordinate time series effectively estimated the dominant vi-
bration frequencies, which corresponded closely to the
prescribed excitation frequencies of the single-axis mo-
tion simulator. A high-pass filter effectively mitigated
the influence of low-frequency multipath effects, allow-
ing for a clearer representation of vibration-induced dis-
placements. Both single- and multisystem PPP ap-
proaches successfully captured the dynamic response,
with the multisystem configuration demonstrating mar-
ginally improved amplitude estimates.

(2) The PPP technique exhibited strong repeatability
in measuring the dynamic response of a steel single-tube
tower over a 2-d observation period. Consistent vibration
frequencies were observed in both the north - south and
east-west directions, with frequencies of 0.380 and
0. 494 Hz closely corresponding to the first two modal fre-
quencies determined by finite element analysis. This vali-
dates the accuracy of PPP in capturing structural dynam-
ics. However, the detection of higher-order vibration
modes was limited by the employed sampling rate, requir-
ing an increased sampling rate to accurately capture these
higher frequency components. Notably, the empirical
formula estimated the natural vibration period to be ap-
proximately 6% higher compared to both the finite ele-
ment analysis and PPP-derived results.

(3) The successful application of PPP in accurately de-
termining the natural vibration period of the high-rise
steel tower demonstrates its potential as a valuable tool
for characterizing structural dynamics. PPP can comple-
ment and validate existing empirical formulas and nu-
merical models, providing a reliable experimental foun-
dation for assessing the impact of wind loads and other
dynamic excitations on towering structures.
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