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ABSTRACT

With the increasing use of permanent, continuous and real-time networks, ambient
vibrations can provide a simple tool for the identification of dynamic building
parameters. This study is focused on the long-term variation of frequency and damping
in several buildings, using the Random Decrement Technique (RDT). RDT provides a
fast, robust and accurate long-term analysis and improves the reliability of frequency
and damping measurements for structural health monitoring. This reveals particularly
useful information in finding out precisely how far changes in modal parameters can be
related to changes in physical properties. This paper highlights the reversible changes
of the structure’s dynamic parameters, correlated with external forces, such as
temperature and exposure to the sun. Contrasting behaviours are observed, including
correlation and anti-correlation with temperature variations.
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1 INTRODUCTION

Since the design forces in structures are frequency and damping dependent (based on the seismic
coefficient C(T,§) where T is the period of the building and & is the damping ratio), these two
parameters are the subject of special attention and focus of many research activities. Most losses
produced by earthquakes throughout the world are due to deficient seismic behaviour in existing
buildings in spite of improvements made to seismic codes [1]. A critical step in seismic risk
assessment is therefore to be able to predict the expected damage for a given earthquake in existing
structures. Spence et al. [1] asserted that the adjustment of structural models should assume a large
set of unknown parameters influencing the response of existing buildings and introducing a large
range of errors and epistemic uncertainties for the establishment of fragility curves, generally due to
the lack of structural plans, aging and structural design. Knowing frequency and damping can then
reduce the range of errors and epistemic uncertainties for representing the vulnerability as fragility
curves [2].

New instrumentations and new signal processing methods provide information on ageing effects
or after extreme events. The basic idea is that any modifications of the stiffness of a system alter its
dynamic response [3] [4]. Variations in these modal parameters can result from a change in the
boundary conditions (e.g. fixed- or flexible-base structure), mechanical properties (e.g.
reinforcement or retrofitting) or the elastic properties of the material (e.g. Young’s modulus). The
causes may also be related to non-linear responses of the buildings, transient variations having been
observed during seismic excitation due to the non-linear response of the soil-structure boundary [5]
[6] or to the closing/opening process of pre-existing cracks within the elements of the reinforced
concrete buildings [7] [8]. Finally, these variations can also be long-term, reversible and slight, as
recently observed by Clinton et al. [7] and Todorovska and Al Rjoub [9], often correlated to the
temporal variations of the atmospheric conditions (temperature, humidity, etc.) Most previous
studies conducted in civil engineering structures (e.g., [7][10][11][12]) have shown that temperature
is the most significant cause of variability of modal frequencies.
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The main purpose of this paper is to analyse the long-term variations of the frequency and
damping of one building. After presenting the Random Decrement Technique (RDT) applied to the
data in section 2, the experiment is applied to the data in section 3 and the variations in frequency
and damping are discussed in section 4. Concluding remarks are presented in section 5.

2 THE RANDOM DECREMENT TECHNIQUE

An effective solution to track frequency and damping variations over time is to apply the random
decrement technique, RDT. By stacking a large number of windows with identical initial
conditions, ambient vibrations remain stationary and the impulse response of the structure is
revealed. Vandiver et al. [13] and Asmussen et al. [14] provide details on the theory of RDT and its
mathematical formulation that can be simplified by:

RDT(r)=%§s(t, +T) (1)

i=1

where N is the number of windows with fixed initial conditions, s is the ambient vibration window
of duration 7, and ¢, is the time verifying the initial conditions. The choice of initial conditions is a
key point in ensuring the stability of the Random Decrement signature. The null displacement and
positive velocity conditions proposed by Cole [15] and verified by Asmussen et al. [14] were used
in the present work. The number of windows N is also critical to obtain a stable and relevant
damping estimation. In our case, we optimised the parameters of the RDT by testing the T and N
values for providing the smallest dispersion. Before the RDT processing, a fourth-order band pass
filter was applied to the raw data, centred on the expected fundamental frequency with a 10%
frequency band. The RDT signature of the mode is exponentially damped and its period is
computed by averaging the time laps between two upward zero crossing points.

Since the first real-scale structure instrumentations at the beginning of the 60’s throughout the
world, the quality of the sensor and the accessibility of the data have increased a lot, providing a
large number of real data for testing as those provided in real-time and continuous recording by
permanent networks. With this new source of data, the RDT is certainly the most appropriate
solution for monitoring the health of the structure, with a good cost/quality ratio. For example,
Mikael et al. [16] tested the RDT in two buildings monitoring by the French Accelerometric
Network and they concluded in the ability for the RDT to detect very small variations that finally
could be related to the integrity of the structure.

3 DESCRIPTION OF THE EXPERIMENT

The building of the present study was constructed before 1970 in the Grenoble city (France), resting
on a huge sedimentary basin made of soft sediments and providing strong seismic site effects. The
number of storeys is 7. They are located at the corner of an urban block (Fig. 1). The building is
designed in RC shear wall elements. The building is instrumented at the 7th floor with a low-
sensitivity/high dynamics 24bit seismic station associated to a CMGS (Giiralp) 3 components
accelerometer. The sensor was aligned with the main orientation of the building, along the
longitudinal (L) and transverse (T) directions. This sensor has a flat response in the 0.5 — 40 Hz
frequency band. The sampling frequency is set to 200 Hz. The GPS is continuously on, in order to
provide the best time correction to the records and to be able to compare them with external
information (e.g. temperature). The instrumentation started in March 2009, and ended in May 2011,
i.e. two years of recording are available.
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location:
23 avenue Alsace-Lorraine — 38000
GRENOBLE (7eme étage)

recording period :

12/063/2009 — 17/05/2011

Figure 1: Description of the building tested

Fourier transforms of one-hour ambient vibrations window show a clear frequency peak,
corresponding to the fundamental frequency of the building in the L and T directions, with values of
2.6 Hz and 3.4 Hz, respectively. For two years, the variations of the frequency in the two directions
are displayed in Fig. 2. The color scale corresponds to the air temperature recorded by a
meteorological station located 2 km far from the building, in the Grenoble basin. As mentioned by
Mikael et al. [16], two scales of variation are usually observed: daily variation as function of the day
and night variation of temperature, and the seasonal variation related with the winter-summer
alternation. In Fig. 2, a time window of 120 hours length smooths the variation of the frequency, i.e.
only the seasonal variations are displayed. First, we observe that the RDT allows a very accurate
assessment of the frequency, providing information on very small and fast shift of frequency. Same
correlation are observed in the L and T direction, that led us confirm the physical origin of the
wandering observed for two years, with alternate variation between hot and cold periods.

FREQUENCY (L/T) - TEMPERATURE, SMOOTHED by a shiding window of length 120 hours,

frequency direction LONGITUDIAL (Hz)
frequency direction TRANSVERSAL (Mz)

07/05/09 15/08/03 2amimns 03/0310 11/06Nn0 13010 zanzno 07/04M1

Figure 2. Variation of the L (blue line) and T (green line) fundamental frequencies
for two years, displayed with the variation of the air temperature (min °C: -10 blue —
max °C: +40 orange).

4 RESULTS

4.1 Frequency

With the RDT method, the damping coefficient of the building can be computed and we can
compare the damping versus frequency variation. Under the single-degree-of-freedom system
(SDOF) assumption, the fundamental frequency is related to stiffness K and mass M, through the
equation:
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W= |— 2

where w=27.f is the resonant circular frequency of the building. To first order, we assume that the
mass M remains constant. The frequency variations are then related to the variation of stiffness K, K
depending on the properties of the building (e.g., Young’s modulus, height, design of the building,
etc.), but also on the cracks opening and the boundary conditions (e.g., fixed- or flexible-base
building).

In order to investigate the effect of the temperature on the building frequency, we focused on one
direction (longitudinal) in the following. The correlation between the temperature and the frequency
is displayed Figure 3, analysing also the two phases of variation: the « cooling » and the « heating »
phases corresponding to the decrease and the increase of the frequency and the temperature,
respectively.

FREQUENCY-TEMPERATURE, SMOOTHED by a sliding window of length 120 hours.
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Figure 3. Variation of the frequency (blue line) and temperature (black line) for

two years and differences of the gradient of temperature and frequency during

the heating and cooling phases. (Color scale - min °C: -10 blue — max °C: +40
orange).

No differences between these two phases are clearly pointed by this figure. At this time scale
(seasonal variations), the response of the structure to the external forcing is about the same
whatever the cooling or the heating periods. However, looking at the faster variations, i.e. related to
the daily time scale, we note (Fig. 4) that the cooling and the heating gradients are different for the
temperature and the frequency variation. In fact, while the increase (heating) of the frequency and
the temperature has the same rate, the decrease of the frequency (cooling) is faster than the
frequency rate let us suppose inertial effect of the temperature on the structure. This is clearly
observed in Figure 5 that shows the rate of the frequency decreases or increases closely related with
phases of heating and/or cooling, but also with the summer-winter period.

2079



EWSHM 2014 - Nantes, France

RAP7-PAUL - Frequency, Temperature

012 T T T T
: : : : T-air

04 b Frequency [

0,08

oosF-f W S5 R e | 0 e X
004

00z2fF -

Frequency, Temperature(relative)

-0.02

Y71 L .......... Ml M 1 NN SR

008 ; i ; i ; .
Sat Sun Mon Tue Wed Thu Fri Sat
Time

Figure 4. Rate of daily variations of the frequency and the temperature for
one week.
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Figure 5. Comparison between the gradient of the frequency and temperature
variation during the increase (heating) and decrease (cooling) phases. The color
plots correspond to the values of the temperature (blue: cold, red: hot).

4.2 Damping

Even though the damping coefficient is a critical parameter for assessment design, it is not usually
easy to determine the damping coefficient in experimental conditions and its physical origin in most
practical systems are seldom fully understood. The free-oscillating response of the SDOF, as
controlled by the ¢ function, is thus proportional to the frequency  and the critical damping
coefficient & The critical damping coefficient & is expressed as follows:

C

&= K ©

where ¢ represents the energy-loss mechanism, and K and M the stiffness and mass of the SDOF
respectively. The physical origin of the damping coefficient in existing buildings remains complex,
mixing material damping, radiative damping at the soil-structure boundary and certainly frequency-
dependent damping related to the scattering of waves in the structure.
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Figure 6. Variation of the L fundamental frequencies (thick blue line) and damping (thin black line) for two
years, displayed with the variation of the air temperature (min °C: -10 blue — max °C: +40 orange).
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We observe Figure 6 the seasonal (smoothed) variation of the damping with the temperature.
The damping varies also with the temperature but this variation seems to be correlated or/and anti-
correlated with the temperature according to the value of the temperature and the season. While we
observed previously a strong correlation between temperature and frequency, this is not the case for
the damping, even if the main parameter controlling damping and frequency is the stiffness (Eqgs. 2
and 3).

If we look at the link between the frequency and the damping as function of the air temperature,
the relationship is strongly non-linear. Mikael et al. [16] have already observed this nonlinear
response of frequency and damping and this observation confirms the lack of knowledge on the
damping phenomena observed in the structure.

5 CONCLUSIONS

The natural wandering of the frequency and damping that control the seismic response of a building
during an earthquake have been analysed under ambient vibrations. The use of RDT has shown its
efficiency for measuring very small variations of damping and frequency for the long-term
monitoring of buildings. In our study, the main parameter controlling the fluctuations is the outside
temperature. This was confirmed by the analysis performed by Mikael et al. [16] that showed
different frequency versus temperature trend, based on independent measurements and for
independent buildings. Conclusion is that these variations are of physical origin. In our case, we
observe two different behaviours depending on the time-scale considered: daily or seasonal.

While almost all previous studies showed a positive correlation between frequency and
temperature, no definitive conclusions can be done from this analysis since non-linear relationship
have been observed.

Further works must be done for improving the analysis of this building, testing additional
information for explaining the variation observed. This information can be related to the water table
level that may wander and change the boundary condition of the structure (e.g., soil-structure
interaction effect) or to the winter-summer differences of behaviour of the building with the internal
and domestic heat flow.
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