Vol.8, No.3

EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION

September, 2009

Earthq Eng & Eng Vib (2009) 8: 459-467

DOI: 10.1007/s11803-009-9058-8

Engineering vibration monitoring by GPS: long duration records
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Abstract: Monitoring the performance of any structure requires real-time measurements of the change of position of
critical points. Different techniques can be used for this purpose, each one offering advantages and disadvantages. The
technique based on satellite positioning systems (GPS, GLONASS and the future GALILEO) seems to be very promising at
least for long period structures. The GPS in particular provides sampling rates that are able to track dynamic displacements
with high accuracy. Its service ability is independent of atmospheric conditions, temperature variations and visibility of the
monitored object. This paper investigates the reliability and accuracy of the measurements of dual frequency GPS receivers.
A linear electromagnetic motor moves an object along a given direction. The changes of position are compared with their
estimates as recorded by a GPS receiver, whose antenna is located on the reference object. The comparison is based on

sufficiently long records.
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1 Introduction

In civil infrastructure monitoring, the use of terrestrial
positioning systems, such as laser displacement sensors,
is incompatible with negative atmospheric conditions or
large temperature variations.

The global navigation satellites systems (GNSS) have
been proved to be useful for monitoring applications in
structural engineering. The American Global Positioning
System (GPS) is becoming an alternative to common
accelerometers to measure the dynamic response of
long-period structures (Celebi, 2000; Nickitopoulou
et al., 2006; Kijewsji-Correa et al., 2006; Li et al.,
2006; Psimoulis et al., 2008). The high-precision GPS
technology has been used to monitor the wind-induced
deformation of tall flexible buildings (Kijewsji-Correa
and Kareem, 2003; Campbell et al., 2006; Seco et al.,
2007; Hristopulos et al., 2007), to assess the vibrations
of suspension and cable-stayed bridges (Xu et al.,
2002; Lekidis et al., 2005), the displacements of high
chimneys (Breuer et al., 2002) and large dams (Barnes
and Cranenbroeck, 2006; Cazzaniga and Pinto, 2006).
Many applications were developed by installing GPS
receivers at key locations of the structure to capture their
static and dynamic displacements in real-time and in all
weather conditions (Tamura et al., 2002). In other cases,
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the GPS was incorporated in the monitoring of a major
suspension bridge (Wong, 2004), or of tall structures
(Psimoulis and Stiros, 2008).

The GPS guarantees its operability in all weather
conditions and offers continuous long term acquisitions.

A real-time structural health monitoring system
requires the absolute displacements of critical points to
be collected. The relative displacements are then the key
to assess drift and stress conditions in a structure. The
GPS provides absolute displacements directly, without
single or double integrations, as velocimeters and
accelerometers require, thus removing all the problems
related to the integration process (i.e., selection of filters,
baseline correction, constants of integration, etc.).

In this study, the accuracy of GPS measurements
is assessed by testing a GPS system made by a fixed
reference receiver and a rover. The latest one moves
along rails driven by a linear motor. The aim is to
simulate harmonic displacements with the rover GPS
receiver moving in the horizontal plane. By comparing
the recorded coordinates of the receiver with the known
parameters of the motor movements, the accuracy of the
entire acquisition system can be verified.

2 Governing relationships

GPS positions are calculated using the concept of
triangulation. The known position of overhead satellites
allows the position of a GPS receiver/antenna pair
on the Earth (Fig. 1) to be determined. Each satellite
continuously transmits the current time kept by its
atomic clock, as well as its current position »/, )/, 7 along
its orbital path. The distance 7 of the jth satellite to the
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Fig. 1 Satellite — receiver distance

unknown position of the receiver on the Earth, x, y, z,
is computed by measuring the propagation time (At/)
required to move from the satellite to the user receiver
antenna.

The coordinates x, y, z, of a static or moving
receiver can be obtained in a static mode (a GPS antenna
is fixed in a certain position and receives the information
sent by a number of tracked satellites) or in a differential
kinematic mode. In the latter case, the signal recorded
by a moving receiver (rover) is corrected, in real-time or
in post-processing, by a stationary receiver (reference)
fixed in a nearby position.

In an ideal case, the true (i.e., geometric) satellite-
to-receiver distance can be computed by multiplying
the propagation time Az’ by the speed of the light (¢
= 290,000 km/s). The distance 7/ for anyj (j = 1,2, ...

) can be written as:

satellites

2

(v —yl.)2 +(2’ —zi)2
(D
where T represents the time at which the signal reaches
the receiver, and 77 is the time at which the signal leaves
the receiver. However, the satellite and receiver clocks
are not perfectly synchronized. Thus, the satellite-to-
receiver distance can be computed by introducing the
distance ./ which is the sum of two terms: (i) the
geometric range and (ii) an offset due to the difference
between the reference time and the receiver clock:

W =edt) =e(T-T') =[x -x)

v =1 st )

where §¢/ represents the offset of the receiver clock.
The satellite-to-receiver measurements are also corrupted
by independent errors such as uncorrected satellite
ephemeris and multipath. These errors are regarded as
satellite signal delays to be added in Eq. (2) as:

.= . . . . . .
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Equation (3) represents a fictitiously increasing
distance that is usually referred to as “pseudo-range
satellite-receiver”. Furthermore, in Eq. (3) dt, is the
signal delay producing a total time offset, resulting
from the following effects: Jz, which represents the
delays due to atmosphere (i.e., ionospheric effects and
tropospheric delay); J¢ multipath offset, ¢ receiver
noises and hardware offset.

To make the terms in Eq. (3) explicit, the different
sources of positioning errors, which are expressed as a
signal delay, must be separated.

Equation (3) can be solved for the unknown terms by
employing either (i) closed form solutions, (ii) iterative
techniques based onlinearization, or (iii) Kalman filtering.
The linearization technique is adopted by the software.

The atmospheric effects, summarized in J¢, , can
be computed by separating its two components: the
ionospheric delay and the tropospheric delay. Since
the ionospheric delay is frequency dependent, it can
be removed by exploiting dual-frequency (L, and L.,
which are the two carrier frequencies that transmit the
GPS signal) GPS receivers. Note that the atmospheric
error is strictly related to the adopted baseline (distance
reference-rover): when the two antennas are close (say
some meters) to each other, the ionospheric delay is the
same for the reference and the rover, and hence the the
error can be neglected. The tropospheric delay is not,
on the contrary, frequency dependent and can be only
reduced by considering a computational model such as
the Hopfield scheme (Hopfield, 1969).

The multi-path error (which is difficult to remove
within urban zones) is the result of a signal arriving
at the receiver with a slight delay J¢ because it was
reflected off by objects; that is, obstructing the line-of-
sight from the satellite to the receiver.

Due to the 6t errors producing a signal delay, the
position (x, y, z) of a receiver can be computed by
detecting at least four of the satellites available in the sky.

To summarize, the positions of the GPS antennas
have to be chosen to satisfy the following requirements:
(1) the antennas must have a clear view of the sky above
to track the orbiting satellites, and (ii) the reference
and the rover should be in close proximity to minimize
baseline errors.

In addition, the quality of the GPS position estimates
depends on the number and geometric distribution of
available satellites.

Equation (3) contains an error term (&; ) to which
one associates a deterministic feature to the extent that it
is expressed as a fictitious extra-time-delay, i.e., a single
value for a given receiver.

It should be time dependent during a single day,
since the satellites are not geo-stationary. This suggests
that the estimate should be regarded as extracted by
a population with mean and standard deviation; their
values can be obtained from a record of one or more days.

However, the repetition day after day is affected
by uncertainties and this further aspect is known in the
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literature (Leick 1995) as “signal geometric dilution of
precision” (GDOP), which is mainly due to a deviation
from the idealized geometric distribution of satellites.

The GDOP is modelled as a geometric factor that
describes the effect of the actual geometric satellite
distribution on the accuracy of the position solution.
From an analytical point of view, GDOP represents
the amplification of the standard deviation of the
measurement errors.

In others words, the standard deviation (o) of the
“pseudo-range” ( p;) is affected by a factor, £, that
allows the corrected standard deviation of the “pseudo-
range” cr(p,:/ ) to be obtained as a function of the
geometric satellite configuration, as shown in Eq. (4):

E(pi/)zd(pij)'fcl)op “)

GDOP is inherent in the satellite technology and can be
removed only by adding further satellites.

3 Experimental mock-up

The system architecture is made up of an outdoor
part, the antennas (6.2 cm height, 17.0 cm of diameter,
0.4 kg weight) and an indoor part, the receivers and a
computer running two Leica software products.

The devices which were installed are (Leica, 2005):

e adual frequency high precision Leica GMX902
GPS receiver, working as a reference, with a maximum
sampling rate of 20 Hz;

e adual frequency high precision Leica GM X902
GPS receiver, working as a rover, with a maximum
sampling rate of 20 Hz;

e two dual frequency Leica AX1202 antennas,
recording signal with a sampling rate up to 20 Hz.

The GPS signals are recorded by the Leica GPS
Spider software that furnishes information on the
configuration of the satellites and allows data corrections
for real-time positioning. The recorded displacement
signals are then analyzed using a system identification
toolbox (Matlab, 2004).

The two GPS antennas were anchored on a stiff
concrete surface in an open field location and in a
position that is guaranteed to track a minimum of six
satellites during the day.

Two scenarios were conceived. First, the two
antennas were placed on a concrete block at a height
of around 3 m near an industrial steel building in
Pavia (Casciati et al., 2008). In a second experimental
campaign, the antennas were located on the roof of the
same industrial building at the height of about 11 m and
at a distance of 13 m.

The first case, with the GPS antennas placed at a
height of 3 m next to the steel building, was used to
calibrate the resolution of the GPS system in acquiring
known and fixed longitudinal displacements. Many tests
were conducted and the results showed an interesting and

promising agreement with the imposed displacements.
The idea was to install the moved antenna on a Linmot
linear motor (Fig. 2). The linear motor moves, following
assigned displacement time histories of different
amplitudes and periods, through a software program.
The antenna fixed on the moving part of the motor is
forced to move to a known position, along the direction
of the linear motor, working in the horizontal plane. The
coordinates of the point where the antenna is fixed are
recorded by the roverreceiver. They can then be compared
with the change of position imposed by the linear motor.

The main conclusion achieved by the first GPS
network set-up is summarized as follows.

The tests carried out were influenced by the poor
localization of the GPS antennas. In fact, the position
near the steel building does not completely satisfy
the requirement of a clear view of the sky above the
antennas and this led to instantaneous loss of signal.
Therefore, the achieved results were sometimes very
good, sometimes not very good (in terms of precision),
and other times no data were recorded at all when the
building was obstructing its view.

This suggests that a different location of the sensors
should be identified, that would be able to provide
open sky conditions above the sensors and continuous
reception of the satellite signal.

In the new arrangement, the antennas were placed
on the roof of the industrial steel building in an open
field environment, free from sources of multi-path
errors and from buildings that may obstruct the view of
the low elevation satellites (those that formed an angle
with the horizon of around 15°-30°). The antennas
were linked to their receivers by wire connections, with
other wires connecting the receivers to a computer for
acquisition of the GPS signals. Dual frequency L /L,
GPS receivers were used to guarantee the maximum
achievable accuracy. The rover and the reference
receivers communicated each to the other to allow the
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Fig. 2 Lateral (top) and frontal (bottom) view of the linear
motor with the rover antenna
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correction of position errors. For this purpose, the GPS
Differential Point Positioning (DGPS) is used (Dana,
1997). The correct position of the reference is sent via
a wire connection to acquisition software, that acquires
the coordinates and information from the reference
position in real-time, computes new coordinates and
transmits the correction of the position to the rover.
This positioning allows the rover errors of position to be
removed and the correct position to be obtained within a
resolution of sub-centimetres.

4 Experimental results

Two types of tests were carried out to collect all
possible information needed to assess the achievable
accuracy of the GPS units for long-term precise
monitoring applications: static and dynamic.

Static tests were carried out to quantify the
background noise in the GPS configuration, and to
investigate the influence of GDOP on the recorded
signal. The tests provide answers to two main questions:
a) repeatability of long-period oscillations in both
the longitudinal and transversal directions for two
consecutive satellite configurations; and b) evaluation
of the best resolution possible when adopting dual
frequency GPS receivers.

Dynamic tests were designed to quantify the
range of frequencies and amplitudes that can be
successfully tracked by GPS sensors in civil engineering
applications.

4.1 Static tests

Some preliminary static calibration tests were carried
out to assess the performance and stability of the DGPS
system when no motion was imposed on the movable
antenna. This phase allows the background noise in
the GPS configuration to be quantified and, within 48
hours of acquisition, the influence of the GDOP on the
recorded signal can also be quantified. The experiments
were conducted using two GPS antennas that stayed in
a known position for about two consecutive days. The
GPS sampling rate was chosen to be 10 Hz.

Since the full 24 h day registration is too long to be
depicted, extracts of ten hours in the E-W direction, in
the N-S direction and in the vertical direction are plotted
in Fig. 3 over the two days.

The correlation between the values recorded at
instants shifted of 24 h can be studied. For all three
components, a strong correlation between the two days
peaks is made evident.

Figure 4 shows the correlation between the two
days in the East, North and vertical directions. In these
tests, relative motions along the N axis are marked as
AN, while those along the E axis as AE; those along the
vertical axis are marked as AH.

Note that the East component is also reported as
the longitudinal component in this paper, and the North

component as the transversal one.

The three root means square (RMS) values
corresponding to the East, North and vertical components
of displacements, respectively, for the two days were
also calculated. Table 1 summarizes these values, which
can be considered as the radii of rms ellipses.

The simultaneous couple (AN, AE) are collected in
the diagram on Fig. 5, where the ellipse with a radius
of two root mean square (RMS) values is also drawn. It
denotes a slightly lower level of accuracy in the North
direction than along the East direction. For this reason,
in the dynamic tests, the longitudinal component of the
motion is directed along the East direction.

A power spectral analysis of the recorded time
histories was also carried out to compare the frequency
content over two consecutive days for the East, North
and vertical components. In Fig. 6, the PSDs for the
three directions are plotted. Note that for the three
components and the two days, the PSD of the recorded
displacements shows a nearly white noise spectrum.

The test is repeated by selecting the baseline along
the North direction. The results are plotted in Fig. 7,
which shows a slightly better resolution along the North
direction than in Fig. 5.
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Fig. 3 Correlation between two consecutive days (day 1 in
black and day 2 in grey)



No. 3 F. Casciati et al.: Engineering vibration monitoring by GPS: long duration records 463
0.30 0.30 0.30
0.15 015 . 0.15
g 5 g
S ™ 0 Q
S 0 > el 0
& 8 a
o)
-0.15 -0.15 -0.15
-0.30 -0.30 -0.30
203 -0.15 0 0.15 0.30 -0.3 -0.15 0 0.15 0.30 -0.3 -0.15 0 0.15 0.30
Day 1 (cm) Day 1 (cm) Day 1 (cm)
Fig. 4 Correlation between days: East component response (left); North component response (middle); Vertical component

response (right)

Table 1 RMS values of the North, East and vertical components for two consecutive days

Day 1 RMS Day 2 RMS Difference RMS
East 0.0465 cm 0.048 cm 4.2%
North 0.0494 cm 0.0506 cm 2.5%
Height 0.0927 cm 0.0935 cm 0.9%
4.2 Dynamic tests
. r . . 0.30
Dynamic calibration tests were designed to quantify
the range of frequencies and amplitudes that can be
successfully tracked by dual frequency GPS receivers. 0.15
The dynamic tests were carried out for different _
combinations of frequency and amplitude by imposing §
sinusoidal time histories on the linear motor. In particular, 3 0
attention is focused on a frequency range of oscillations
lower than 4 Hz, which is typical of the main modal 015
frequencies of large engineering structures (i.e., high-
rise buildings, suspension bridges, etc.). The recorded
coordinates of thg moving receiver are prqcessed and 030 ST 018 o ol5 030
then compared with the real values of the linear motor AE (cm)
movement. The GPS raw data were recorded in real-time
Fig. 5 Correlation between E-N components during two

by the Leica GPS software and then processed into the
Matlab environment.
The amplitudes of the oscillations imposed on the

consecutive days with the calculated E-N RMS in white
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Fig. 6 Power spectral density function: East component (left), North component (middle); Vertical component (right)
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Fig.7 Correlation between E-N components over two consecu-
tive days

moving GPS antenna vary in a range from +0.5 cm
up to £5 cm with frequencies of 0.1; 0.2; 0.5; 1; 2 Hz.
The time history of any possible combination of these
parameters has the duration of 300 s, assumed to be
long enough to assess the stability of the measurements.
Note that the data comparison was made with real linear
motor longitudinal movements, as the actual imposed
displacements are not always the same as those that are
assigned.

Preliminary dynamic tests were carried out by
imposing sudden variations of movement in amplitudes

AL (cm)
S

0 100 200 300 400
t(s)

and frequencies to the linear motor. In these tests, the
sampling rate was chosen to be 20 Hz.

In Figs. 8 and 9, two displacement time history
records of uni-axial 4L motion are plotted, showing
the behavior of the rover GPS in response to these
sudden variations in the linear motor displacements.
In particular, in Fig. 8, both the frequency (with values
of 0.2, 0.5 and 1 Hz) and the amplitude (from 1 to 12.5
cm) were varied, while in Fig. 9 only the amplitude
was changed in a range from 1 to 10 cm, maintaining
a fixed frequency of 0.5 Hz. The two power spectral
density diagrams are plotted at the bottom of Figs. 8
and 9. In Fig. 8, the frequencies of 0.2, 0.5 and 1 Hz are
clearly detected, while in Fig. 9, the PSD only shows the
frequency of 0.5 Hz.

Two main considerations were seen in the plotted
diagram: (i) the GPS was able to follow sudden changes
in the displacement amplitudes; and (ii) the GPS was
able to detect the change in frequencies that occurred in
a short time period.

The dynamic tests were carried out by varying
the amplitudes and the frequencies of the motion. The
sampling rate was chosen to be 10 Hz.

As the entire tests were too long to be reported, a
synthesis is presented in terms of (i) displacement time
series; (ii) root mean square variations with time; and
(iii) power spectra density changes with time.

The three plots in each subplot of Fig. 10 show
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Fig.8 GPS longitudinal displacement time history with frequencies 0.2, 0.5 and1 Hz and amplitudes 1-12.5 cm (left); corresponding

PSD (right)
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Fig.9 GPS longitudinal displacement time history with frequency 0.5 Hz and amplitudes 1-10 cm (left); corresponding PSD (right)
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the time history and the variation in time of an rms
measurement and the associated power spectral density
(PSD) function, respectively.

The comparison between the displacement
estimates recorded by the GPS moving receiver and the
displacements recorded by the linear motor is shown
in the first graph. The rms values of the second plot
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are calculated as the rms of the ratio between the GPS
estimate and the motor displacement at each instant, for
each 60 s segment of the recorded time history. The PSD
calculated in the third plot is computed for each separate
60 s segment of the recorded GPS and linear motor
movements.

Figure 10 shows results from four tests with different
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(b) Test with displacement amplitudes of +£1.75 cm and frequency of 0.2 Hz
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Fig. 10 Results from dynamic tests: GPS (grey) and linear motor (black) displacements time history (top); variation in time of the
rms of the ratio between GPS estimate and linear motor amplitudes (middle); corresponding GPS (grey) and linear motor

(black) power spectral densities (PSD) (bottom)
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displacement amplitude and frequency combinations.
In all these figures, the middle plot, which reports the
variation in the time of the rms of the ratio between
the estimate and the motor displacement, shows an
interesting trend of convergence in time. The trend
is confirmed by similar plots for tests with different
amplitudes and frequencies, but not illustrated here.
Nevertheless, to formulate a conclusion based on these
results requires further validation. The bottom plots
show perfect agreement in the frequency domain.

1.30 — . ; )

1.15;

0.85+ =im

T
0.70 - : : -
0102 05 1 2

Frequency (Hz)

A synthesis of the results is achieved with the plots
in Fig. 11, where the ratio of the rms values is plotted
versus the frequency and the amplitude.

The results plotted in Fig. 11 may appear as a
negative feature for the GPS acquisition system.

Indeed, the equivalent plots for measurements
collected with a non-contact laser sensor of good
precision are collected in Fig. 12. The comparison
confirms the better quality of the GPS measurements.

RMS

10 15 25 35
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Fig. 11 Ratio between the RMS values computed along the entire record for the GPS estimate and the motor movements versus

frequency (left) and amplitude (right) of oscillations
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Fig. 12 Plots equivalent to Fig. 11 but achieved by measuring the displacement with a non-contact laser sensor

5 Conclusions

This paper discusses the level of accuracy that can
be achieved by dual frequency GPS receivers to detect
static and dynamic movements.

First, static tests were performed to quantify the
geometric dilution of precision (GDOP) of the GPS
measurements over two consecutive days (i.e., for two
consecutive satellite configurations) and to assess the
resolution that can be achieved. The static tests were
conducted in an ideal environment, free from any
external source of errors. The results show the accuracy
of the GPS along the East, North and vertical directions.
In particular, it is shown that the GPS measurements
are more accurate for horizontal displacements than for
vertical ones.

Dynamic tests were then performed to assess the
precision of GPS measurements to detect and identify

dynamic movements of different amplitudes and rates.
Fixed longitudinal oscillations were imposed by a linear
motor to a moving GPS receiver.

The major outcome of the study shows that the GPS
allows displacements on the order of sub-centimeters
to be monitored with frequencies of motion up to 2
Hz. Furthermore, the precision of the GPS depends on
the combination of amplitude and rate of the imposed
movements.

In conclusion, the test program confirms that the
GPS is a promising tool in the field of civil engineering,
and its accuracy is consistent with the monitoring
requirements for flexible structures.
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