Identification of modal parameters: radar measurements
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SUMMARY:

The paper presents the diagrams of instrumentation and the results obtained by two techniques of building
ambient vibration measuring: Interferometric Real-Aperture Radar (RAR) and microtremor. This paper mainly
discusses the capability of RAR technique to identify the modal properties accurately. Comparisons between, on
one hand, the two measurement techniques and, on the other hand, a numerical model of the structure and the
real observations, are presented.

Finally, a conclusion can be drawn that the RAR used for identification of modal properties of the structure by
ambient excitation yields to a good agreement with results of the velocimeter and numerical model models.
Further work will be related to the estimation of the damage of the structure since RAR directly measures the
displacements of the structure.
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1. INTRODUCTION

Several approaches have been developed using data from ambient, forced vibration measurements and
earthquake records. Among these approaches, ambient vibration tests can be performed with less
labour, time and cost, because unlike forced vibration testing, the forces applied to the structure in
ambient vibration testing are not controlled and there is no need of vibration source (Trifunac, 1972;
Ventura et al. 2002; Wenzel and Pichler 2006). The structure is assumed to be excited by wind, traffic
and human activity. Generally, the main purpose of conducting ambient vibration testing is to obtain
the dynamic characteristics of a structure, its natural frequencies, corresponding mode shapes and
damping estimates. The measurements, typically accelerations or velocities, are taken for a long
duration in order to be sure that all the modes of interest are sufficiently excited.

Literature reviews on structural monitoring, methods for vibration measurements, detections on
changes in several physical parameters of a system (such as natural frequencies, modal shapes and
modal damping ratios) or the damage detection for structural systems are nowadays quite important. A
sampling of such studies for the modal characteristics evaluation can be found in Blandford et al.,
1968; Udwadia and Trifunac, 1973; Beck and Jennings, 1980; Beck et al. 1994. Moreover
microtremor analysis has some others important applications : to validate modelling for linear analyses
(Daniell and Taylor, 1999; Cunha at al., 2006), to highlight the phenomenon of soil structure
interaction (liba et al., 2004; Mucciarelli, et al., 2004), to detect the change in several physical
parameters of a system throughout its normal exploitation or after experienced an earthquake (Luco et
al., 1987; Liu, 1995; Celebi, 1996; Sone et al., 1996; Masri et al., 1996; Celebi, M., 2000).

Recently, new concepts for record microtremors on buildings have been proposed. Such methods use
ground based remote sensing techniques instead of seismometers or accelerometers and can be called
“non-contact microtremor measuring methods”. Uehan and Meguro (2004) presented a new method
(based on laser technology) for quick damage inspection (post-earthquake assessment) of RC
structures by using the damage judgment criteria based on the change of natural frequency and the



non-contact microtremor measuring method. For this, they use an improved Laser Doppler
Velocimeter (LDV) that detects the relative velocity between LDV itself and the measuring object.
Gueguen et al. (2009) used velocity measurements based on Laser remote sensing techniques for
building frequency assessment and they compared the results with the seismometer sensors
measurements.

The interferometric Real-Aperture Radar (RAR) technique was introduced in nineties as an
operational tool for health monitoring of large civil engineering structures (Farrar et al., 1999). It
reduces the cost of acquiring and operating. Furthermore, an interferometric RAR as compared to
other remote sensing techniques has many advantages such that it is capable to measure relative
movements with a submillimeter accuracy from distance up to a hundred of meters and also making it
possible to measure in bad weather as during heavy precipitation. Due to all these advantages, it has
received an increasing interest for health monitoring of structures in the last decade (Tarchi et al.,
1997; Bartoli et al., 2008; Tarchi et al., 1999; Pieraccini et al., 2000; Pieraccini et al., 2004).

Several techniques are used for large structures (bridges, dams) with millimetric amplitudes including
the innovative radar approach (Gentile & Bernardini, 2008). The paper deals with vibration of smaller
amplitudes and investigate the potential of the radar interferometric technique in such conditions, by
comparing the results with the ones of velocimeter sensors measurements; till now sub-millimetre
amplitudes of displacement in similar conditions have been detected through interferometric radar but
missing validation data (Luzi et al. 2012).

2. MEASUREMENT TECHNIQUES

Two different measurement techniques were adopted to monitor the selected building, located in Font
Romeu (France) and described in details in the following section 3 of this paper: conventional
velocimeter sensor measurements and RAR interferometric measurements. The main difference is that
using velocimeters (or Laser) the velocities of the structure are measured while using Radar instrument
the displacements are measured. In the latter case, more exactly, the displacements along the line of
sight (LOS) are recorded.

3. BUILDING DESCRIPTION

The measured building is the central tower of the Font Romeu sportive complex that was conceived in
1966 by the French architect Roger Taillibert. The building (Figure 1) has a RC walls structure, with
double-basement, ground floor and 10 storeys.

The structure has a curved form that can be described by a central part and two asymmetric wings with
different lengths and inclinations. The resistant structure is composed by RC walls. The RC walls are
continuous on the concave side and discontinuous on the other side. For the short wing and the central
part the discontinuous RC walls are parallel with Y axe (X and Y orthogonal axis are defined by the
most frequent wall orientations, X correspond to the direction of major length of the building), while
for the long wing the discontinuous RC walls are perpendicular to the Y axe. The sensors are placed in
order to have the North component parallel to the axe Y and the South component parallel the axe X.
The staircase and the lifts are placed in the central part of the structure. The thickness of the RC walls
varies between 25 and 70cm

The walls are made of cast in place reinforced concrete C 20/25. Height floor is 2.8 m, the ground
floor has 4.5 m, and the total height of the building is 33m (without including the basement). The
basement has two levels (having 2.8m height). The foundation is continuous on the building contour
and under the RC walls. The structure is positioned near different buildings with smaller heights, but
these structures should not influence the dynamic behaviour of the measured structure.
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Figure 1. Measured building

4, MEASUREMENT SETUP
4.1 Microtremor measurements

For the microtremor measurements, the eight sensors are placed in two different configurations on the
roof of the structure and on the height of the structure. For the roof configuration, three sensors are
placed on the central part (107, 108 and 105), three sensors are placed on the shorter wing (103 and
104) and two sensors are located on the longer wing (102, 106 and 109). As the structure has an
irregular geometry (from geometrical and rigidity point of view) with the RC walls positioned
different from a part to another of the structure, the aim of this configuration is to determine the
predominant frequencies in both directions for each part of the structure; central part, and the two
wings.

For the height configuration the sensors are placed as follows: 105 on the ground, 106 on the level -2
(basement), 102 at the second level, 108 at the third level, 103 at the fifth level, 108 at the seventh
level, 104 at the ninth level and 107 at the eleventh level. For this configuration the sensors 105, 103
and 104 do not record. The main objective of this configuration was to determine the shape mode of
the central part of the structure and to check if there is a SSI effect. Unfortunately, as the sensor on the
ground did not record, the later objective regarding SSI effect cannot be checked. Anyway, this issue
is not the purpose of the current paper, for which the objective is to compare the contact and non-
contact results and not to investigate the SSI effects. The sensors positions are presented in the Figure
3 for roof configuration and Figure 2 for height configuration.



104‘ - EEEDI';L |r:|:'
* FE — L=
109 & |1 _%L__j'._-'
103§ ﬁ
108 & d
108 102‘
106*

Figure 2. height configuration

Figure 3. roof configuration
4.2 RAR measurements

The acquisition geometry used in the Radar monitoring of the building is dictated by the radar
position: different ranges and angles have been tested to search for the highest SNR. Data here
discussed refers to a position of the RAR at 7 meters distance from the fagade, with a LOS direction at
an elevation angle with respect to the horizon, 6, approximately ranging from 72° to 82°. Fig 4 shows a
simplified scheme of the radar view. With such geometry, the measurable component of the
displacement dos is given by:

dios =AS%=AS -C0S(9) Q)

where L is the distance between the radar position and the building, R is the slant range, and AS is the
actual displacement.
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Figure 4. Typical radar acquisition geometry; FOV: field of view of the radar system, L distance between RAR

and the building; 6 elevation angle

5. COMPARISON OF THE MEASUREMENT TECHNIQUES

For the comparison of the records obtained through the two measuring techniques, due to its higher
SNR, BIN53 situated at 9" level is used for the radar and sensor 107 for the microtremor

measurements.
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Figure 5. Comparison between microtremor and radar measurements in terms of displacement for the record

corresponding to the top of the structure

The radar location only allowed measuring vibration along one direction associated with the North
direction of the microtremor sensors. Figure 5 shows a comparison between the displacement recorded



directly with radar instrument and the displacement obtained from the integration of the velocity
recorded with the velocimeter. In the Figure 5 are represented the displacements of the seismometer
located outside on the top of the structure (seismometer outside), the seismometer located inside at the
highest storey of the structure (seismometer inside) and the radar displacement.
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Figure 6. Comparison of the normalized power spectral density functions from the records by radar remote
sensing technique (BIN53-green line) and velocimeter sensor (# 107-violet line)
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Figure 7. : Comparison of the normalized Fourier spectrum from the records by radar remote sensing technique
(BIN53-green line) and velocimeter sensor (# 107-violet line)

The seismometer outside and the seismometer inside the structure at the top level did not measure at
the same time. As expected, the noise level of the signal outside the building is higher than the one
inside the building. The signal inside the building and the radar signal show comparable values. In
order to compare the frequencies and to determine the mode shape of the structure, we processed the
radar Time Series and, for the seismometer, the last part of the signal recorded inside the structure.
These signals are compared in the Figure 5b). Before processing of both recorded displacements, a
band-pass filter (0.3Hz-20Hz) was applied. Figure 6 presents the normalized power spectra and Figure
7 normalized amplitude spectra for the radar and microtremor measurements. It can be noticed that the
three predominant frequencies of the structure were identified by both measurement techniques: 2.14,
2.46 and 2.72Hz. Moreover, higher vibration mode frequencies of the structure are well identified: 6.8
and 8.8Hz.



The frequency corresponding to the torsional mode at around 4.05Hz seems to be little shifted for
BIN53. In addition in Figure 6 the PSD corresponding to BIN 69 shows a 4.05 Hz peak: taking a mean
value between the two data, the 0.05 Hz error is of the order of frequency accuracy available from the
radar technique. The location of the measurements points can also explain the differences of the
amplitude that are noticed to the three predominant frequencies. The microtremor sensor is placed
inside the central part but not inside the rigid core formed by the reinforced concrete walls of the
staircase and the elevator. This rigid part is related to the left wing that has the predominant frequency
of 2.7Hz, while the central part outside the rigid core present similar behaviour with the right wing
that has the predominant frequency of 2.1Hz. The radar measuring directly on the wall of the rigid
core show more amplified the frequency of 2.7Hz. Moreover, the higher frequencies of the structure
of 6.8 and 8.8Hz are well detected by the radar measurements. Figures 6 and 7 show a good agreement
between the two techniques to assess the frequencies of existing building.

The non-normalized spectra of radar and velocimeter measurements show different amplitudes with a
scaling factor of about 10. This difference is reasonable because the radar processing includes
windowing and filtering missing data normalization, so during the processing energy is loss.

To go further with the intercomparison of the methods, we propose to check them against a simple
numerical model. Mode shapes from each source will be reformulated are estimated through the
wavelet transforms (Le and Tamure, 2009; Wijesundara et al., 2012) of output response at point k and
the reference point as shown below:
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For the modal shape using radar records we treated BIN 53 situated at 8" story and BIN 69 situated at
the top of the structure. For the microtremor measurements we use sensors 108 situated at the 2™ level,
sensor 109 situated at the 6th level and sensor 107 situated at the top of the structure.
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Figure 8. Modal shape of the structure in North-South direction coming from microtremor record and numerical
model

In the framework of interreg ISARD project, the same building was modelled by CSTB (Taillefer and



Delmotte, 2006). The two predominant frequencies obtained by the numerical modelling fit quite well
the frequencies obtained by the two measurement techniques. CSTB document shows the mode shape
corresponding to the first mode of vibration of the structure presented in Figure 8. The study does not
give supplementary information of the periods corresponding to the higher vibrations mode of the
structure.

Table 1 shows the frequencies values obtained using microtremor measurement, radar measurement
and numerical modelling.

Table 1. The main frequencies values obtained using microtremor measurement, radar measurement and
numerical modeling in North-South direction (axe Y)

Method Frequencies (Hz)

1 2 3 4 5
Microtremor 2.14 2.72 4.05 6.8 8.8
measure
Radar measure 2.14 2.72 3.95/4.05 | 6.8 8.8
Numerical 2.22 2.76 - - -
modelling

5. CONCLUSIONS

In this paper, we assessed the potentiality of RAR instrument for measuring building vibration by
comparing the results with microtremors measurements results. The RAR measurements allowed
evaluating correctly the modal information even in the case of an irregular building, as is the case of
the observed building. The fifth periods of vibration presented in the Table 1 are almost identical with
both technics. Moreover, RAR instrument measures the higher modes of vibration of the building. The
first mode shape is similar using the records from radar and microtremor measurements. These
promising results were obtained without any retro-reflector on the structure for radar measuring and
without any solicitation except the ambient noise.

The RAR and microtremor measurements are complementary. RAR instrument implementation is
very fast and the measurements can give more global information of the structure with respect to the
point-wise microtremor sensor. The RAR can measure in specific points of the structure that cannot be
accessible for installing velocimeter instruments. One of the advantages of RAR instrument that will
be investigated in a further work is that it measures directly the displacements of the structure, which
are related to the damage of the structure. For measuring the vibration of a structure, RAR is working
at the highest level of precision of instrument. The installation of the velocimeter instruments is
longer, but the record is not affected by spurious vibrating targets as is, in the case for RAR
measurements where, due to a limited spatial resolution, they can add unexpected contributions; for
this reason RAR data demands a fine analysis and radar bins with the highest SNR. On the other hand
the interpretation of the velocimeter record is easier because the measurements are less sensitive to the
external conditions and noise.

Until now, radar instruments were widely used to measure structures with milimetric amplitude, but
this paper shows that the RAR instrument can be successfully used for the structures with vibration
amplitudes around the micron.
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