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Abstract. This work studies the effect ambient seismic noise can have on building constructions, in comparison
with the traditional study of strong seismic motion in buildings, for the purpose of structural health monitoring.
Traditionally, engineers have observed the effect of earthquakes on buildings by usage of seismometers at vari-
ous levels. A new approach is proposed in which acceleration recordings of ambient seismic noise are used and
horizontal to vertical spectra ratio (HVSR) process is applied, in order to determine the resonance frequency of
movement due to excitation of the building from a strong seismic event. The HVSR technique is widely used
by geophysicists to study the resonance frequency of sediments over bedrock, while its usage inside buildings is
limited. This study applies the recordings inside two university buildings attached to each other, but with differ-
ent construction materials and different years of construction. Also there is HVSR application in another much
older building, with visible cracks in its structure. Sensors have been installed on every floor of the two univer-
sity buildings, and recordings have been acquired both of ambient seismic noise and earthquakes. Resonance
frequencies for every floor of every building are calculated, from both noise and earthquake records, using the
HVSR technique for the ambient noise data and the receiver function (RF) for the earthquake data. Differential
acceleration drift for every building is also calculated, and there is correlation with the vulnerability of the build-
ings. Results indicate that HVSR process on acceleration data proves to be an easy, fast, economical method
for estimation of fundamental frequency of structures as well as an assessment method for building vulnerabil-
ity estimation. Comparison between HVSR and RF technique shows an agreement at the change of resonance
frequency as we move to higher floors.

1 Introduction algorithm in order to present the S velocity without P wave

effect on an ambient vibration measurement. They use an
Horizontal to vertical spectra ratio (HVSR) method was first empirical model which may not be applicable at every site
proposed by Nogoshi and Igarashi (1971) and was subsedue to the need for training based on stable data values whigh
guently widely spread by Nakamura (1989). HVSR has beemmay vary with geographical location.
applied by Dimitriu et al. (1999), who found the fundamen-  The classic method of spectral ratio has been used by Parp-
tal frequency of the ground. Yuncha and Luzon (2000) testedai et al. (2004), who observed that fundamental frequency is
the HVSR technique in low and high impedance contrast bestable in time but unstable in amplitude for a site. They con
tween surface and bedrock. Their results show that the HVSRIude that HVSR should be verified with a lot of measure-
technique can give reliable results when the impedance comments, and they address that the spectrum analogy remains
trast between surface layer and bedrock is high. The abovalmost the same for seismic and environmental noise. They
authors introduce the problem of superposition of differ- also conclude that high impedance contrast between surface
ent incoming P-SV waves in HVSR. This problem is dis- sediment layer and bedrock can reveal the fundamental fre
cussed in detail by Fah et al. (2001), who apply the HVSRquency when the higher harmonics are hidden. The comb
method using both classical and wavelet techniques, findhation of HVSR results combined with geological data is
stable recordings and use an inversion method of genetic
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100 building and inside the building. They apply HVSR method
in both ground and buildings in order to study the natural
o frequency, the index of vulnerability, the amplification factor
Q T of the ground as well as indexes of vulnerability of buildings

Q/; and ground.
10 ne Ambient noise in concrete reinforced building, affected by
subway trains, is also studied in Beijing by Luo et al. (2011),
| who present the resonance frequency of the building on each
5 floor. They study the range of the fundamental frequency of
the building (around 2.4 Hz), the frequency which is gener-
. ? + ated by the nearby traffic on the building (around 10 Hz) and
0 1 2 3 4 5 the geological fundamental frequency of the region in which
pamage Class the building is located (around 2—3 Hz). They indicate that,
Figure 1. Damaged and calculated inter-storey displacement index@lthough the amplification of the site is critical for the spe-
correlation by Mucciarelli et al. (2001). cific building, its damping ratio of 0.17 is very effective in
structural integrity.

Mucciarelli et al. (2001) claim that study of microtremors
applied by Panou et al. (2005), in the large area of Thesand weak motion provides fast and reliable data for site am-
saloniki, where they find similarities between HVSR results Plification and structure vulnerability compared with other
and the geological data and suggest that HVSR is a reliabléraditional methods (like geological study by drilling), and
method for site characterization. HVSR is applied by Lom- the correlation of damage and structural integrity is with
bardo and Rigano (2007), who use this method in order tgohysical parameters and not normalized adimensional in-
characterize the terrain in an urban area, by recording meadexes. Furthermore, they apply the technique (filtering of the
surements from different terrains and Comparing the ambi_signals and aVOid Wind, tl’af'fiC and man'made disturbance ef'
ent noise with preliminary seismic recordings. They addresdect) based on empirical decomposition method to estimate
the need for validation of the results with earthquake recordthe structural vulnerability of buildings under seismic excita-
ings. HVSR has also been applied by Sokolov et al. (2007)ion. Figure 1 presents their proposed index of damage with
in earthquake recordings in which they study rock site am-inter-storey displacement.
plifications in the large area of Taiwan. Wavelet analysis in Liu etal. (2014) applied ambient noise survey on a seven-
HVSR has been applied by Carniel et al. (2008) using thefloor building using seismometers in order to assess the site
key point advantage of wavelet analysis method (namely théimplification in an urban area and to study the ability of
ability to analyse data in both time and frequency domain) inHVSR to assess building vulnerability under strong motion
order to improve the ability of HVSR for site effect estima- €xcitation. The HVSR results are shown in Fig. 2. They con-
tion. The main disadvantage is the high complexity of the al-Sider that ambient noise could be used for earthquake and
gorithm application. Another technique for improving HVSR seismology engineering in urban areas, but they do not cor-
is by self-organizing map (SOM) applied again by Carniel etrelate these HVSR results with specific building vulnerabil-
al. (2009), who apply this neural network technique (SOM) ity characteristics. Vertical red dashed lines present the reso-
for site characterization, but this method is computationallynance frequencies.
inefficient as it requires educating the neural network, for ~Literature reveals that HVSR application of ambient seis-
every site amplification analysis. Accelerometers and seisMic vibration in structural health monitoring is limited.
mometers recording seismic and ambient noise activity havé!VSR is used to evaluate the fundamental frequency of the
been used by Chavez-Garcia et al. (2010), estimating spectr&Hrface layer over bedrock. By studying HVSR in buildings,
ratios of a site, presenting the local transfer function of casehere is the ability to study the fundamental frequency of the
study buildings. Their main finding was the requirements for building excited by environmental noise of seismic activity,

lower noise of accelerometers and seismometers in order t8nd compare it with the fundamental frequency of the sur-
study efficiently the ambient vibrations. face around the building. The study of HVSR outside and

inside the building potentially can provide two factors: ini-
tially, how close the fundamental frequency of the building
2 Related work on HVSR method in structural health is to the fundamental frequency of the surface layer, and also
monitoring how high the amplitude of this frequency is.

Displacement

Trlwu_lan et al. (2010) claim th_at _geolog|cal_characterlst|cs Of2.1 Case study infrastructures

a region, structural characteristics of a building and also the

correlation of both geology and structure can be described byCase study includes two different university buildings, which
the application of HVSR data recorded on the ground of theare attached to each other on one side. They have different
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Figure 2. HVSR with black colour, N-S/V with red colour and E-W/V with blue colour on each floor for both sides (east and west) by

et al.(2014).

construction materials and different years of construction. In
more detail, the two buildings host the Chania branch of the
Technological Institute of Crete (TEI). Building (A) was built
on the west side in 1995, with concrete, glass and steel, while
building (B) was built on the east side in 2007 with concrete.
Table 1 presents characteristics for both buildings, and Fig. {
illustrates the schematic diagram of the two buildings, show-
ing the sensor’s location.

Sensors recorded data at various instances throughout
day, in order to study the effect of human activity during day
and night.

HVSR method is applied for every floor of the buildings
in order to discover the effect of floor amplification on each
floor and the similarities which may exist under seismic and
environmental noise. The approach of studying the HVSR
on each floor in a building, under seismic activity, and ambi-
ent noise and correlate the increase of HVSR value with the
building internal drift, is done for first time. In this context
this work proposes an index which is correlated with HVSR
disturbances from floor to floor in a building and could prob-
ably present the vulnerability of a building (under excitation)
on every floor.

Figure 4 presents a map of the HVSR frequency for the
large area of the city of Chania. Case study buildings are lo-

cated in the geographical region where recorded HVSR fre, igure 3. Schematic plan of the TEI building at Chania. The loca-

quency is in the range of 0.49-0.69 Hz (in the red square o
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ion of the sensors is presented for each building.
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Table 1. Characteristics of the TEI buildings at Chania

Building Age Size Shape Floor Number  Number

code (years) (m) (direction) height of rooms  of floors

A 19 30.62x 18.03 Rectangle (N-S) 3.65 75 44
11.29x 43.30 Rectangle (E-W)  3.65

B 7 51.55x 21.85 Rectangle (N-S) 3.67 15 4

) Meters 5 5 egend
7t 700 1,400 F § ©  Ambient Noise Measurements]

esonance Frequency FO
0282869399 - 0.340247454 ||
N 0.340247454 - 0368188703
| 10368188703 - 0.425566759
0.425566759 - 0.543394031
0.543394031 - 0.785355284
0.785355284 - 1.282228771
1.282228772 - 2.302570913
2.302570914 - 4397869038
4.397869039 - 8.700616174
8700616175 -17.5364151 |

Pindos Carbonates
Plattenkalk Limestones
Quaternary Deposits

Trypalion Carbonates

polis Carbonates

Figure 4. Case study building location is indicated. This map presents frequency of recorded HVSR for the broader area of Chania (Pa-
padopoulos, 2013).

Fig. 4). The HVSR amplitude for the area close and on thesensitivity 2x 1000V (ms 1)~ and dynamic range higher
case study university buildings is in the range of 2.40-2.54. than 140 dB. More details about Guralp Seismometer are
The instrumentation that is used in this work is from the on http://www.guralp.com(last access: 1 December 2013).
wired structural health monitoring (SHM) system which is Also HVSR is studied by seismometer Lennartz Le3D/5s.

deployed in the Technological Educational Institute of Crete, The sensitivity is 400V (mst)~1 with a frequency spec-
Chania, with accelerometers of high sensitivity, sample raterum from 0.2 to 100 Hz. The sensitivity of the seismometer
at 125Hz, and configured in triggered mode (Pentaris et al.is flat between 0.4 and 100 Hz. Details about the ground ve-
2013). locity sensor Lennartz LeD/5s can be founchétp://www.
lennartz-electronic.d@ast access: 10 November 2013).

2.2 Instrumentation for HVSR recordings 2.3 Comparison of velocimeter and accelerometer

In this study three kinds of sensors are used, in order to ~ S€nsors for HVSR method

present the recording capabilities of each approach. IniHjysR is applied in seismometers and accelerometer, in or-
tially a Reftek accelerometer 130-SMA is used with a der to study whether they have the same sensitivity, the same
scale range oft4g, dynamic range of 112dB at 1Hz |evels of electronic noise, and whether the recorded data have
and a sensitivity of 1.6V (gm")~!. The frequency re- the same ability to reveal the HVSR data. The recording of

sponse is from flat DC up to 500Hz. More information the ambient noise will be divided in specific length segment

about Reftek accelerometer 130-SMA can be founshatv.  and will be processed by Fourier transform, presenting the
reftek.com (last access: 1 December 2013). Next a Gu-frequency spectrum with the resonance frequencies.

ralp CMG-3ESP velocimeter is used, which is a broadband

seismometer with response from 0.016 Hz until 50 Hz,
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Figure 5. Data of Guralp velocimeter (left graph) and REFTEK accelerometer 130-SMA (right graph), analysed with HVSR technique for
a recording of 60 min length on the ground floor of the old building of TEI Chania.

131213_1250.002 energy of ambient noise is slightly weakens, from the oper
field to the building infrastructure. In the case study experi-
ment the fundamental frequency of both new and old build1
ing is much higher than 2Hz (around 5.5 Hz). Fundamental
frequency was computed from fast Fourier transform (FFT
of acceleration recordings at every floor of both buildings.
HVSR method through specific accelerometers can function
properly for the suggested approach of HVSR in SHM. The
fundamental frequency of almost 5.5 Hz was recorded in eV,
ery floor of the building. From the recordings of seismome-
ters in both buildings, the FFT reveals that below 2 Hz the
seismic acceleration has very low amplitude. As a result of
the specific structures, the accelerometers that have an eiggn-
Frequency (Hz) frequency of 1 Hz and are able to measure frequencies higher
than 1Hz are very efficient for studying HVSR method at
Figure 6. HVSR analysis of Lennartz LeD/Ss velocimeter, for these puildings. Other measurements that applied in the sur
recordlng_of 60 min length, on the ground floor of old building of round area outside the buildings of TEl Chania (with ac-
TEI Chania. celerometer) presented that HVSR resonance frequency |is
very close to the values of frequency spectral of velocime
ter for frequencies higher than 2 Hz (Fig. 5).
Figures 5 and 6 agree with the findings of Chavez-Garcia
etal. (201.0)_in which both ingtrum_entations present the Sams 4 Recordings of acceleration for both buildings
characteristics for frequencies higher than 2Hz. Also the
HVSR frequency and amplitude, from Figs. 5 and 6, recordedn this work, recordings from high-sensitivity accelerometers
on the ground floor of old building of TEI at Chania, and are going to be analysed with HVSR method. The record
for frequency spectrum higher than 2 Hz, are strongly relatedngs are from earthquakes that occurred in the wired arep
to the recorded HVSR frequency and amplitude of the sur-of the buildings and affected them, from midnight and noon
rounding area of TEI buildings (see Fig. 4, which presents therecordings of ambient noise (each of 20 min recording du
HVSR map of the large region and shows HVSR frequencyration). Each recording has been captured from every wired
close to 0.5-0.6. The lower HVSR amplitude (2.0) on the accelerometer (in every floor) of the new and the old build-
ground floor of TEI (related to the HVYSR amplitude of 2.5 ing. The analysed data are discussed in detail in order tp
for the surrounding open field of TEI) is expected as building present similarities and differences. HVSR data are stud
functions like a filter with specific transfer function, where ied, from earthquakes, midnight ambient noise and midda
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Figure 7. 10 min recording of ambient noise on the second floor of the new building of TEI Chania.

131213_1520.005 2

131213 1520.005 N

131213 _1520.005E

15h21lm 15h22m 15h23m 15h24m 15h25m 15h26m 15h27m 15h28m 15h29m 15h30m
Time

Figure 8. The time window (top) of 25s for the previous recording with the HVSR result (bottom). Different colours corresponding in
different time windows. Grey background colour presents the automatic recognition of fundamental frequency of the Geopsy program.

ambient noise, all recorded from the accelerometers of thelata process enquires specific procedures. Initially there is
wired structural health monitoring system of Technological mean removal in the recordings. Then there is the specifica-
Educational Institute in the city of Chania. One measuremention of time.This section includes band pass filtering of the
of each kind for each sensor is presented. The analysis of allata in the frequency spectrum 0.5-30 Hz, range that it in
recorded data proves that there are very few and low-rangéhe range of interest for in structural health monitoring (this
disturbances in the measurements, and almost all the anfrequency range includes the majority of resonance frequen-
plitudes and resonance frequencies are the same in HVSRies for structures and buildings), application of time window
graphs, for each kind of measurement. of 25s according with the minimum frequency measured
(0.5Hz), no overlap of the windows and finally computation
of frequency spectrum with fourier transform for the com-
ponents north—south, east—west and Vertical and every time

Analysis of data with HVSR method is achieved by specific window. The next process part is referred in the parameters
software (Geopsywww.geopsy.orglast access: 1 Novem- of smoothing of data. The Ohmachi and Konno smoothing
ber 2013), developed in the frame of SESAME program method is applied with smoothing constant value at 40 and
(Site Effects assessment using Ambient Excitations). ThefOSine taper width at 59%. Finally there is computation of

2.5 Analysis of HVSR with specific processing software

J. Sens. Sens. Syst., 3, 145-165, 2014 WWW.j-Sens-sens-syst.net/3/145/2014/
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Figure 9. The time window of 25 for the above recording (left) Figure 10. The 28 April 2013, 16:33UMT time seismic
with the HVSR result (right). Different colours corresponding in event at 37.45 (latitude) 22.70 (longitude) 58.0km (depth) by,
different time windows. Grey background colour presents the auto-EMSC (ittp://www.emsc-csem.oyg

matic recognition of fundamental frequency of the Geopsy program.

to approximate the real HVSR value there is a statistical ap

horizontal to vertical ratio for every time window with log Proach of many time windows in order to indicate the con-
step of 100 number of samples and presentation of HVSR retaining artificial noises and minimize their effect.

sults. The horizontal component is computed by the geomet-

ric mean of N-S and E-W component for every time window 3  Data analysis

with the relationH (r) = «/N=S(r) x E-W(z). In case study

recordings all time windows are kept (even if they presentin this part of study there is process analysis of an earthquak
very high amplitudes) in order to reveal the effect that theythat occurred at 28 April 2013 at 16:31 UTC 250 km away
have on the structures. There is interest also for microtremorfrom the buildings at TEI Chania, with a magnitude of 47
(man-made excitation) and not only for microseismicity (en- Data were recorded by 130-SMA instrumentation. On Fig. 1(
vironmental noise) because both affect the structural charads depicted the map epicentre of the case study earthquake
teristics of a structure. Below, Fig. 7 presents the three com- Figure 11 reveals the HVSR analysis of the seismic even

ponents of a 10 min duration recording. (Vertical componentof Fig. 10, as it was recorded by the SMA accelerometers

is Z, north—south N and east-west E.) As the figure showspn TEI buildings at Chania (old and new building). The ac-
some noises excitations are presented on three componentsleration time series have been separated in three time d
and other only on two or one. ration zones (red, green and blue) with 25s time duration
Figure 8 presents the same recording (with Fig. 7) ofeach time window. Red window contains the “primary wave”
ambient noise acceleration on three components, windowedf the earthquake, green the “secondary wave” and blue th
with specific length of 25s (with different colour each time “after the secondary wave”. Figure presents that the ampli
window), in order to separate specific time durations of thetude of HVSR plot is higher as the energy is getting higher
recording signal and analyse it with HVSR technique. Fig- Such the HVSR amplitude plot o wave is much lower
ure 9 presents the HVSR of the corresponding time windowthan theS wave plot. Also the HVSR amplitude rises as the
(for each colour). Such Fig. 9 presents the sum of HVSRfloor rises. Another four seismic tests will reveal if the HVSR
plots of all the time windows of 25s duration. The highest remains stable due to different parameter seismic excitatio
amplitude of HVSR plots is indicated with grey bold line on on both case study buildings. Figure 12 presents broad regid
the background of graph in Fig. 9. The specific frequency ismap of these four seismic events with code names 1 (top left
presented for the highest amplitude around 5.5 Hz. The cor2 (top right), 3 (bottom left) and 4 (bottom right).
responding amplitude reach up to 9. There is a dispersion on Below Fig. 13 presents the computation of HVSR for seis-
amplitudes because each time window (of Fig. 8) containamic event with code names 1 (top left), 2 (top right) of
different amount of energy. Artificial noises that induces in Fig. 12. On Fig. 13, HVSR plot graph with label A3OB is
case study recordings, contain more energy. Such in ordethe recording of old building third floor, HVSR plot graph

WWW.j-sens-sens-syst.net/3/145/2014/ J. Sens. Sens. Syst., 3, 145-165, 2014
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Figure 11. HVSR recordings on 28 April 2013, 16:33 UMT (28 April 2013, 19:33LT) on the old (left) and new (right) building of TEI in
Chania for the above seismic event. With red colour is 25 s windol whve, with green the 25 s window 6fwave and with blue the 25 s
window of afterS wave window.

with label B20OB is the recording of old building second frequency. Furthermore, the increase of the amplitude for old
floor, HVSR plot graph with label C10B is the recording of and new building follows the same pattern. For the old build-
old building first floor, HVSR plot graph with label DOOB is ing, on the third floor, the first resonance frequency is in the
the recording of old building ground floor, HVSR plot graph range of 6 Hz and second at 8 Hz. The same resonance fre-
with label ELOB is the recording of old building lower floor, quencies are reveal on the second floor and first floor with
HVSR plot graph with label F30OB is the recording of new lower HVSR amplitude, during noon and midnight. On the
building third floor, HVSR plot graph with label G20B is ground floor and lower floor of the old building the energy of
the recording of new building second floor, and HVSR plot the ambient noise is so low, that there is no effect from the
graph with label HLOB is the recording of new building transfer function of the building, and the ambient noise of the
lower floor. surround area is revealed on the lower floors of the building

On Fig. 14 are presented the computations of HVSR for(the HVSR outside TEl is in the range of 0.55-0.65 Hz). For
seismic events with code names 3 (bottom left), 4 (bottomthe new building on the third floor the first resonance fre-
right) of Fig. 11. quency is presented in the range of 5.7 Hz and the second in
the range of 8 Hz. On the second floor the value of HVSR
lower. On the lower floor of the new building the energy of
ambient noise is again so low, that it is not able to excite the
resonance frequencies of the building and such the HVSR
It is going to present an HVSR recording of 30 min duration plot is aimost a smooth curve, highlighting the HVSR value
atnoon (13:00 LT) in order to study the HVSR rise from floor of the area outside TEI.
to floor. Figures 15 and 16 present the HVSR recordings at
noon and at night, on the old building of TEI with the presen-
tation of, 25 s time duration windows, which are extended in3 1.1 Measurements with Lennartz seismometer
the whole length of the recording.

On Fig. 17, is presented the HVSR analysis of ambientin this section it is going to analyse HVSR measurements
noise, five months later for the old and the new building of that were recorded in old and new building of TEI Chania
TEI at Chania. The label of the HVSR plot graphs, refers toand also in a public building located in the city of Chania
the same floor and building, as with Figs. 13 and 14. Technical Chamber of Greece (TEE). Below Fig. 19 presents

From Figs. 15, 16 and 17 we conclude that resonance freHVSR recordings for lower ground, first and second floor of
quencies of both buildings remain stable for each floor andhe old building TEI. Length of time duration recording is on
also the amplitude remains the same for each corresponding0 min. The same time duration of acceleration recording is

3.1 One-hour time duration HVSR recordings of ambient
noise during noon and midnight

J. Sens. Sens. Syst., 3, 145-165, 2014 WWW.j-Sens-sens-syst.net/3/145/2014/
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Figure 12. Four seismic events with code names 1 (top left), 2 (top right), 3 (bottom left) and 4 (bottom right) by EMtBOQViww.
emsc-csem.oig

on Fig. 18 which presents HVSR recordings for outside and Every kind of HVYSR measurement in the old and new
inside the building of TEI. building, reveals that HVSR rises with higher rate in the
On Fig. 20 is presented HVSR recordings for lower, old building and with lower in the new building. Under
ground and first floor of the new building TEI. Length of time earthquake excitation or under ambient noise, old building
duration recording is on 10 min. Figure 21 presents HVSRwhich has been affected by much more load from seismi¢
recordings for second and third floor of the new building TEI. and man-made excitation but also from the time (as it is
On this part of the study will be presented the HVSR from much older than the new building), presents higher HVSR
acceleration recordings of the TEE building located in therise, from floor to floor. Also the TEE building which is a
city of Chania. Figure 22 presents the HVSR plots for thevery old building, with many visible cracks on its structure
lower ,ground and first floor of the case study building. presents much higher HVSR rise than the two buildings of
TEI. HVSR rise could function as an indicate from possible

WWW.j-sens-sens-syst.net/3/145/2014/ J. Sens. Sens. Syst., 3, 145-165, 2014
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Figure 13. HVSR analysis of seismic events with code names 1 (left) and 2 (right).

high vulnerability of a structure. From the above recordings,4 Results

it is observed that in both earthquakes the FR was almost the

same for the old and the new building for each floor. As the ]

floor goes higher the FR also goes higher. The windows thap\c.cel_erometers present Iowe-r H_VSR than sepmometers.
includeS waves have much higher FR than the windows with 1S i éxpected as acceleration is the derivative of speed.
P waves and the windows aftsrwaves. In the programmed The HVSR recordings of accelerometers are the derivative

recordings of 30 min at noon and night the HVSR is much of HVSR of seismometers. The resolution of accelerome-
more lower at every floor but it also rises as the floor getst€rs: from frequency spectrum higher than 2Hz is very high,

higher with a much more low rate that in seismic events. compared with resolution of seismometers, presenting all
the resonance frequencies of the structures with great de-

tail. For buildings that fundamental frequency is higher than

J. Sens. Sens. Syst., 3, 145-165, 2014 WWW.j-Sens-sens-syst.net/3/145/2014/
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Figure 14. HVSR analysis of seismic events with code names 3 (left) and 4 (right).

2 Hz accelerometers could be used of HVSR measurements. — Analysis of acceleration recordings under seismic ac
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As the floor gets higher the amplitude of the HVSR index

rises in the range of resonance frequencies. This indicates

that the differential acceleration from floor to floor increases
and such increase the vulnerability of the structures as the
getting higher. (There is specific threshold of differential ac-
celeration from floor to floor that indicates damage when the
value overpasses this threshold).

HVSR plots of ambient noise of old and new TEI build-
ings, for each floor reveal that:

WWW.j-sens-sens-syst.net/3/145/2014/

tivity present the same frequency spectrum under FFT

analysis and under FR analysis.

— Processing of ambient data with HVSR method and
earthquake data with FR method, present almost th
same analogy of amplitudes increase, for the same freg
guencies.
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Figure 15. Programmed 30 min HVSR recordings on 8 May 2013, 10:00 UMT (8 May 2013, 13:00 LT) on the old building of TEI. On the
right is the presentation of 25 s time duration windows which are extended in the whole length of the recording.
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Figure 16. Programmed 30 min HVSR recordings on 7 May 2013, 22:00 UMT (8 May 2013, 01:00LT) on the old (left) and new (right)
building of TEI. On the right is the presentation of 25 s time duration windows which are extended in the whole length of the recording.

— Old building of TEI, is revealed to have higher re- floor gets higher in each condition (under earthquake excita-
ceiver function (RF) under earthquake excitation, buttion, and/or under ambient noise during night and noon).
also higher HVSR under night and day ambient noise.

5 Description of the proposed index
Conclusively ambient noise analysed with HYSR method
could present the amplitudes that affect each floor of a strucThe specific index presents the change of HVSR of the fun-
ture and also present an index (Figs. 23 and 24) of effect oHamental frequency of the structure from one floor to an-
seismic activity on each floor of a building. This index is the other. In ideal conditions this index should be stable. As
tilt of the graph from floor to floor in each building for each the HVSR increase the influence of site amplification in the
kind of measurement and presents how the HVSR rises as thepecific structure increases. And if the HVSR increase on
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Figure 17. HVSR analysis of ambient noise recording with time duration of 1 h.

higher floors it indicates that there is higher vulnerability of scenarios (night, noon and under seismic excitation) for th
the structure in higher floors. The fundamental frequency ofold and the new TEI building respectively.

HVSR recordings at each floor is being measured and there There is effort to approach this index from the field of
is comparison of the increase of the value of HVSR, and itdigital signal processing rather than the civil engineering
is correlated this rise with the increase of probably vulnera-and correlate the increase of HVSR with the increase of th
bility of the structure. On Figs. 23 and 24, is presented theamplitude of structure acceleration of the building. This ap-
rise of HYSR maximum amplitude value, for the three caseproach is instead of a simple value of horizontal to vertical

spectral rations to study the rate of increase or decrease
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Figure 18. HVSR plots of outside area (left figure) and inside building of TEI on the lower floor (right figure).
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Figure 19. HVSR plots of acceleration recordings for lower floor old building (top left figure), ground floor old building (top right figure),
first floor old building (bottom left figure) and second floor old building (bottom right figure).

this value as the floor gets higher or lower. The RF under6 Laboratory validation
seismic excitation, as well as the HVSR under night and day

ambient noise, is higher for the old building in relation with
the new one.

J. Sens. Sens. Syst., 3, 145-165, 2014

The proposed approach is verified by results of laboratory
model. On a metallic model (Dexion) of dimensions 2m
(height) 1.2m (length) 50 cm (width) with four rack levels
have been placed four accelerometers Reftek 130-SMA, one
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Figure 20. HVSR plots of acceleration recordings for lower floor new building (left figure), ground floor new building (middle figure) ahd

first floor old building (right figure).
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Figure 21. HVSR plots of acceleration recordings for second floor new building (left figure), and third floor new building (right figure).
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Figure 22. HVSR plots of acceleration recordings for lower floor of TEE building (left figure), ground floor of TEE building (middle figur
and first of TEE building (right figure).

on each level. The metallic columns of model is connectedcase study artificial damage has been introduced in the mod
with the racks through screws. Two damage scenarios aréhrough the relax of specific screws in the right corner of the
applied in the specific case study. Initially there is no dam-third rack. The results of the data analysis reveal that HVSH
age at all. All screws are absolute screwed. HVSR recordtises as the damaged introduced to the system (as stiffness
ings of 1-hour time duration are applied in every level during model is reduced). This is also correlated with higher struc
day and night. The same HVSR recordings of 1 h are aptural vulnerability of the model. The accelerometer sensor
plied also for the second scenario (damaged scenario). In thisave specific maze which is added on the total maze of th

WWW.j-sens-sens-syst.net/3/145/2014/ J. Sens. Sens. Syst., 3, 145-165, 2014
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Figure 23. HVSR recordings from the 9 March 2013, 07:43 UMT
time seismic event (blue line), the 12 March 2013 midnight record-
ing (red line) and the 12 March 2013 noon recording of the old
building of TEI in Chania.
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Figure 25. Metallic Dexion model.

Resonance frequencies (at 6 and 8 Hz) are almost stable

<-Earthquake and very close to the value of 2 for all levels. The HVSR rise

y=1,6571x+1,8714 is very low. The range of the values is from 1.5 until 2.5.
R*=0,7371 Resonance frequencies have an HVSR range from 1.8 up

4-Night to 3.5. Also there is frequency shift at all response frequen-

¥=0,8643x+0,7929 cies in damaged scenario related the undamaged scenario. At
R*=0,9998 damaged scenarios, ambient noise creates HVSR rate much

“rNoon higher than in undamage scenario. Also the increase of the

0 - : . y=0,3929x+0,8786 HVSR index from level to level is higher in damage case
0 1 2 3 4 R?=0,9912 than the undamaged.
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Figure 24. HVSR recordings from the 9 March 2013, 07:43UMT 7 Discussion

time seismic event (blue line), the 12 March 2013 midnight record- ) ] ]
ing (red line) and the 12 March 2013 noon recording of the new HVSR technique has been used in order to present the im-

building of TEI in Chania pact of seismic activity in two building (different age), and
how it differs from floor to floor. In this work there is a
prototype approach of HVSR method in SHM recordings.
rack-based model. Also they are stable related the metalliSHM data gathered from wired SHM system are analysed
model. On Fig. 25 is presented the photo of metallic Dex-by HVSR method. These data present the effect of ambi-
ion. Figures 26 and 27 present the HVSR analysis of ambi-ent noise on the ground floor, the second and the third of
ent noise acceleration recording of the metallic model, for thetwo university buildings and also present the effect of am-
undamaged scenario. Figures 28 and 29 present the increapéfication site which could define vulnerability of each floor
of the maximum amplitude of the HVSR value, for the dam- and the whole building. This work uses HVSR technique to
aged scenario. Also on Figs. 26, 27, 28 and 29 the HVSRcompare ambient noise in both buildings (an old 19 years
plot graphs with label 1_LEYV is the recording of first (lower) and a new 7 years), search the site amplification in ground
rack of the metallic model, and respectively label 2_LEV is floor, second and third and try to find out if these record-
the recording of the second rack, 3_LEV the recording of theings extract interesting findings in terms of site amplifica-
third rack and 4_LEV the recording of the fourth (highest) tion. Also is trying to find out possible differences and sim-
rack. ilarities in the structural response of both buildings under
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Figure 26. HVSR analysis of ambient noise recording, for undamaged scenario 1 of the metallic model.

seismic and ambient excitation. From the earthquake data ihigher. In this study the increase of HVSR is strongly re-
is observed that HVSR is much higher in every floor than thelated to the age of the buildings and the visible cracks in thI
programmed time measurements and also that these valubgams. HVSR also indicates higher differential acceleratio
follow the pattern of the seismic acceleration of the building from floor to floor and such higher structural vulnerability.
(the transfer function of the building) where the amplitude This work presents for first time an approach of HVSR by
of seismic acceleration of the second floor is higher than thémplementation of the method for structural health monitor-
amplitude of the third floor. ing. More specifically it applies HVSR in each floor of build-
ings, finds out the different HVSR values and suggests a ne

index which compares and analyses the HVSR of the funt
damental frequency in each floor of a building and how thig

<

8 Conclusions

Horizontal to vertical spectral ratio (HVSR) and receiver
function (RF) methods, have been applied in microtremor
and earthquake acceleration recordings, in order to study th
resonances frequencies and their spectral amplitude, that e
ist in two concrete buildings, in a high seismogenic region.
These frequencies are in the range 5.5-6.5Hz. The site a
plification on the area that case study buildings are located
is much lower (around 0.7 Hz). The HVSR rise as floor gets

WWW.j-sens-sens-syst.net/3/145/2014/

S

X_

m-

value changes. Also it searches the possibility of correlatiof
of this value with the vulnerability of a building and presents
that as HVSR rises as floor gets higher the vulnerability of
fhe building could rise for these floors. Analysis of building
vulnerability provided by HVSR and/or RF method, is a very
cost effective and fast method which use simple acceleratio
recordings and provides information for structural vulnera-
bility. The data results of this study reveal that earthquake
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Figure 27. HVSR analysis of ambient noise recording, for undamaged scenario 2 of the metallic model.

excitation follow the same analogy of RF rise (as the floor
rises) as the HVSR of ambient noise excitation. This could
indicate the way that a structure could response under strong
seismic excitation, by recording simple environmental noise
(microtremors).
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Figure 28. HVSR analysis of ambient noise recording for damaged scenario 1 of the metallic model.
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Damaged scenario 2
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Figure 29. HVSR analysis of ambient noise recording for damaged scenario 2 of the metallic model.
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