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Abstract

Pulse-wave propagation velocity and resonance frequency measured in civil engineering
structures are both related to structural design. Monitoring their variation following seismic
strong shaking provides information about the immediate building capacity. Joint-interpre-
tation of frequency and velocity variation requires a better understanding of the processes
controlling seismic structural health. In this study, we analysed 8 years of earthquake data
recorded by the vertical array installed in the Te Puni building in Wellington, New Zea-
land, as part of the GeoNet building instrumentation programme. Co-seismic variations
of pulse wave velocity and fundamental frequency are analysed and interpreted through a
Timoshenko beam-like building model. This study shows that even though no structural
damage was visually reported over the considered time of monitoring, co- and post-seismic
variation of both parameters’ values are observed for almost all earthquakes, including a
permanent shift following strong ground shaking. Variations of pulse-wave velocity and
resonance frequency are cross-interpreted in terms of the building model. They reflect a
time variant building response, correlated with the seismic loading. In addition, time delay
of the pulse-wave velocity as a function of the building height provides relevant informa-
tion on the location of the changes and confirms the efficient cross-interpretation of both
methods for seismic Structural Health monitoring.
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1 Introduction

Earthquakes are responsible for some of the most catastrophic and costly damages to civil
engineering structures. Rapid and objective structural damage assessment, through visual
and detailed inspections is usually lengthy and difficult. Making this process faster and
more precise is one of the goals of Seismic Structural Health Monitoring (S2HM, Limon-
gelli et al. 2019), which can be defined as a process of implementing a damage identifica-
tion strategy for large variety of infrastructures including buildings (Farrar and Worden
2006), with specific application to post-earthquake case. S2ZHM involves long-term imple-
mentation of observation strategy using continuous or/and temporary and periodical meas-
urements, identification of the damage-sensitive features and statistical analysis of those
features in order to estimate the current state of a structure and its safety or operability
(Limongelli et al. 2019).

Snieder and Safak (2006) pioneered seismic interferometry by deconvolution (SIbyD)
to estimate the dynamic properties of a structure. SIbyD had since been applied to earth-
quake data (e.g. Kohler et al. 2007, 2018; Todorovska and Trifunac 2008; Newton and
Snieder 2012; Wen and Kalkan 2017; Michel and Guéguen 2018; Guéguen et al. 2019)
and ambient vibrations (e.g. Prieto et al. 2010; Nakata and Snieder 2014; Mordret et al.
2017). Structural earthquake response recorded by sensors is a combination of (1) the
ground input shaking into the structure, (2) the coupling of the building with the ground
(i.e. soil-structure interaction SSI), and (3) the mechanical properties of the building. The
deconvolution of the signals from a vertical array of sensors distributed at very floor of a
building, allows separating the building response from the input earthquake shaking and
from the SSI.

The relationship between wave velocity and resonance frequency proposed by Snieder
and Safak (2006) was based on pure-shear beam model assumption. However, many actual
buildings do not in principle behave in a pure shear response. The Timoshenko beam
model, initially proposed by Boutin et al. (2005), applied to real-cases buildings by Ebra-
himian and Todorovska (2014) and Perrault et al. (2013), and later applied by Michel and
Guéguen (2018) and Guéguen et al. (2019) for SIbyD interpretation, is a fairly effective
beam-like building model that includes bending effect in terms of cross-interpretation of
velocity and fundamental frequency. For a proper interpretation of the structural response
with SIbyD, Michel and Guéguen (2018) proposed a correction factor to take into account
shear-to-bending ratio in the frequency-to-velocity relationships, assuming a stationary
response at low level of deformation. However, several studies (e.g., Clinton et al., 2006;
Michel and Guéguen, 2010; Astorga et al. 2018, 2019) reported the co-seismic shift to the
lower values of the building resonant frequency as well as over long seismic sequences.
This raises the question of the invariant nature of the frequency-to-velocity relationship
over these two-time scales, and its effect on the interpretation of the behaviour of the
structures.

The main aim of this study is to improve our understanding of the dynamic response
of buildings to earthquake shaking, in particular we focus on the interpretation of wave
propagation pattern in presence of seismic damage. We take advantage of an instrumented
New Zealand structure having experienced strong earthquake shaking over eight years to
confirm the significance of SIbyD method for S2HM. In addition, related to S2ZHM activ-
ity, post-earthquake evaluation of the building state is crucial for building safety manage-
ment. In this study, earthquake data are considered for studying the structural changes dur-
ing earthquake using seismic interferometry-based method. We first present the earthquake
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data used in this study, the building structural characteristics and seismic array. We then
describe the methods used for the analysis, explaining briefly seismic interferometry by
deconvolution, building transfer function and Timoshenko beam model. In the following
section, we present our results, focusing on changes in structural parameters over time and
as a function of seismic loads. Finally, we present the conclusions of this study.

2 Building description and seismic array

The building of interest (Fig. 1) is the Victoria University Wellington Student Accom-
modation Te Puni Apartments building (VUWB building), part of the GeoNet monitor-
ing programme in New Zealand (station code: VUWB) (Uma et al. 2010). The Te Puni
building is a complex of three buildings of five, ten and eleven storeys (Fig. 1a). Two 14 m
long structural steel truss link bridges span between the Tower and Edge buildings. Gravity
loads are supported at each end by independent structural steel SHS columns. A central pin
connection at the end of each span allows for transverse loads to be braced by the adjoin-
ing buildings, while allowing for longitudinal movement via a slotted bolted connection.
Base shear is resisted by a number of fixed-head bored concrete piles. The seismic array is
located in the 37 m high tower, in the middle part of VUWB (in rectangle in Fig. 1a). This
is a high-rise (according to Hazus classification, FEMA 2020) and relatively light struc-
ture built in 2009. Design of the Te Puni building follows a ‘Damage Avoidance Design
(DAD)’ philosophy. The DAD system featured coupled Concentrically Braced Frames
(CBF) with prestressed Ringfeder Springs transversely between columns and foundations
and Sliding Hinge Joints (SHJ) between columns and beams in the longitudinal direction
(Gledhill et al. 2008). The coupled CBF’s behave similarly to a coupled shear wall and is
effectively a “steel shear wall”. The longitudinal bracing consists of steel moment resisting
frames with sliding hinge joints at beam and column joints, and, additionally, vertical slid-
ing hinge joints for column base protection. SHJs are essentially semi-rigid beam column
connections and they are suitable for moderate ductility, high rotation applications (Gle-
dhill et al. 2008; Uma et al. 2010). The building is situated on a hillside at the university’s
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Fig. 1 View of the Te Puni Apartments building and its instrumentation. a VUWB building cross section
(Architectus 2019). The middle part in the rectangle is the instrumented "Tower" building analysed in this
study. b Side view (top) and plan view (bottom) of the building seismic array with the location of the accel-
erometers. Dimensions on the drawing are in meters. Y and X correspond to longitudinal and transverse
direction of the building, respectively
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Kelburn Campus in Wellington. According to the New Zealand Standard for Structural
Design Actions (NZ 1170.5:2004), VUWRB is situated on class B-rock, equivalent to class
A/B in the Eurocode 8 (EC8) (Khose et al. 2012), around 1 km from the Wellington active
fault. The site condition consists of highly weathered greywacke rock overlaid with a softer
soil lens (Uma et al. 2010). Due to the fairly stiff site conditions, substantial site effects and
soil-structure interaction (SSI) during earthquakes are not expected (Uma et al. 2010; Gle-
dhill et al. 2008). Unfortunately, there were no free field station located close to the build-
ing to capture potential SSI.

Since 2010, the building has been permanently instrumented with CUSP-M sensors dis-
tributed at several levels, connected with the CUSP-M central recording unit through Eth-
ernet cables (Fig. 1b). CUSP-M accelerographs use tri-axial MEMs silicon sensors, and
the full technical description is provided by the Canterbury seismic instruments website
(http://www.csi.net.nz/index.php/general/products/) and illustrated in Uma et al. (2011).
The whole instrumentation consists of 12 seismic sensors and 5 LVDT (Linear Variable
Differential Transformer) instruments, a wind sensor at the roof to monitor wind parame-
ters (speed, direction) and a GPS for time synchronization. All seismic sensors are tri-axial
strong motion accelerometers mounted at various levels with data-logger sampling fre-
quency 200 Hz. For the need of this study we used only data from eight vertically aligned
sensors in the central part of the building (sensors 1-8 Fig. 1b). We consider Y axis (along
longer side of the building) as the longitudinal direction, and X axis (along shorter side)
as transverse. The azimuth of the Y axis is 23°. In this paper we consider only earthquake
data in relation to the S2ZHM objectives of this study.

3 Data

Since the start of the instrumentation programme in 2010, raw data has been stored at GNS
Science (New Zealand Crown Research Institute). In this study, we analysed data from
July 2010 to March 2018, including multiple sequences of moderate to strong earthquakes
(Fig. 2). A first selection was performed based on estimation of the signal to noise ratio
from accelerometer recordings. Once selected, data was cross-validated with the GeoNet
earthquake catalogue, and, finally, a total of 208 recordings make up the dataset used in
this study, represented on map in Fig. 2a. The magnitude of selected earthquakes ranges
from 2.4 to 7.2 with epicentral distances from 8.6 to 630 km (Fig. 2b) and depths from 5
to 241 km, corresponding to maximal acceleration recorded at the building top (Peak Top
Acceleration PTA) ranging from about 3x 10~ to 2x 107! g.

We divided data in five periods (Table 1) in order to monitor changes during major
earthquakes sequences (P2 and P4), and in-between (P1, P3 and P5). The second sequence
(P2) contains the Cook Strait (M 6.5) earthquake on 21.07.2013, which was followed by
Lake Grassmere (M 6.6) on 16.08.2013 and many strong aftershocks. The fourth sequence
(P4) is the aftershocks sequence of the M7.8 Kaikoura earthquake (13.11.2016). Due to the
temporary breakdown of the device, the Kaikoura main shock and early aftershocks were
not recorded.

Figure 3 presents an example of the observed waveforms and their Fourier transform
corresponding to the Cook Strait earthquake (M 6.5) on 21.07.2013. This earthquake pro-
duced the greatest acceleration at the top of the building in our dataset (PTA equal to 0.2 g
in longitudinal direction).
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Fig.2 Description of the dataset. a Location of the earthquakes selected for this study. The white square
represents the location of the Te Puni building and the black crosses the earthquake epicentres. b Magni-
tude versus epicentral distance for the selected events. Grey scale corresponds to the peak top acceleration
(PTA) value recorded in the transverse direction. ¢ PTA for both directions versus structural drift for the

selected events

Table 1 Data sequences

considered and corresponding Sequence Dates #EQ
L Pl Before cook strait EQ 07.06.2010-19.07.2013 54
P2 Cook strait sequence 21.07.2013-16.08.2013 26
P3 After cook strait EQ— 17.08.2013-17.10.2016 63
Before Kaikoura EQ
P4 2 days post Kaikoura EQ ~ 13.11.2016-14.11.2016 10
P5 After Kaikoura EQ 15.11.2016-02.03.2018 55
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Fig. 3 Examples of recorded data. Unfiltered acceleration waveforms a, b and their Fourier transform ¢, d
for the Cook Strait earthquake (M 6.5) recorded by each sensor along the vertical array in Te Puni building,

in the longitudinal and transverse direction
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Time histories of accelerometer data were processed following Boore’s recommen-
dations (Boore 2005; Boore and Bommer 2005), including mean and trend removal.
The resonance frequency of the building (Fig. 4) was first roughly estimated by com-
puting the mean Fourier transform (FT) of the ten early weak motion recordings that
corresponds to about 5% of the dataset, and picking the frequency corresponding to
the maximum amplitude of the FT considered as fundamental resonance frequency.
The resonance frequencies are estimated to oscillate around 1.56 Hz and 1.44 Hz in the
transverse and longitudinal direction, respectively. This information is used to define the
frequency band considered in the rest of the manuscript. In addition, structural design
and the spectral response of the building may suggest the presence of torsion (rotation
around vertical axis), as suggested by the double peak in the transverse direction (and
lesser in the longitudinal). The torsional motion of the building response could be as a
result of several components (e.g., static eccentricity related to the design, accidental
related to the rotational seismic ground motion, with nonlinear aspects, etc.), that would
require a full and extensive analysis in further studies (Guéguen et al. 2021; Guéguen
and Astorga. 2021). This point will not be discussed more herein.

The structural drift corresponding to data from our dataset is calculated as the rela-
tive displacement between bottom and top sensors divided by the inter-sensor distance
(33.3 m). Acceleration waveforms are integrated twice and filtered with 4-th order But-
terworth filter between 0.5 and 3.5 Hz for transverse component and 0.5 and 2.9 Hz
for longitudinal (vertical lines in Fig. 4). In this way, the study focuses on the first
mode in both directions, considering its high modal participation. Average structural
drift values range from 5x 10™% to 0.2%. Figure 2c shows the distribution of the aver-
age structural drift values versus PTA, representing at the first order the experimental
strain—stress curve of this building. A bilinear curve is observed, with a first segment
up to PTA=3x10"* g for a structural drift of about 10™%, followed by a second linear
curve up to PTA=2x 10" g. Assuming a conventional yield deformation value for such
steel-frame structure of about 10°% (FEMA 2020), the dataset should contain post-
yield data, without, however, a beginning of the plastic behaviour generally considered
for these deformation values, as reported in-situ.
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Fig.4 Fourier transform (FT) of the early weak motion data recorded at the top of the Te Puni building.
Thin grey lines: Fourier transform of unfiltered signals from ten early events. Thick black line: correspond-
ing average of Fourier transforms. Peak for transverse direction is around 1.59 Hz and for longitudinal
around 1.44 Hz. The considered frequency bands are in between the grey vertical lines. Most of the energy
for both directions is distributed between 0.5 and 10 Hz
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4 Methodology used

Seismic interferometry by deconvolution method (SIbyD), popularized by Snieder and Safak
(2006), provides a wave propagation model for the building, removing the effect of seismic
ground motion by considering the sensor of the last floor as a reference for deconvolution.
Time delay of the pulse between sensors gives the pulse-wave velocity, considering an equiva-
lent homogenous medium. For the analysis of the velocity changes in the Te Puni building,
recordings were band-pass filtered using Butterworth filter with cut-off frequencies of 0.5 and
10 Hz where the seismic energy is concentrated (Fig. 4). Deconvolution was performed using
water-level regularisation technique (Clayton and Wiggins 1976) as follows:

h(t) = FT™! 1) (1)

max{X(f), wl X max{|X(f)|} X X(f)/|X(f)| }

with wl water-level value set to 10%, h(t) the impulse response between the sensors, Y,(f)
the Fourier transform of the output signal recorded by i-th sensor in the vertical array, and
X(f) the Fourier transform of the reference signal. FT~! indicates inverse Fourier transform.
In this study, X(f) refers to the recordings at the top floor. The deconvolution by the top sen-
sor provides a clear up- and down-going pulse wave (Fig. 5a) to assess time delays of the
pulse travel time (At), by picking the time of the maxima of the deconvolved traces in time.
Pulse-wave velocity (f) is calculated as follows:

_H
ﬂ_At @

with H the inter-station distance (Fig. 5b). Under pure shear assumption, Snieder and Safak
(2006) linked the observed velocity with the resonance frequency f of the building, as
follows:

(a) T T — (b) (C) Transverse
rans. 0
L AR =Py
33.3 k 4 € S8 |
©
296 :
—_ T 383 ~— £
E o259t 1 A= S
S AN\ — ] & R -
S 222 D296 TR 10° 2 o i
Q g5 \__/\/\_’__ g 10 10 10
= = Frequency [Hz]
O 1481 E Q 259
g 1.4 e N\ S g 0 Longitudinal
Q . . 10
()] N o —BTF
74 N~ 202 /\ o £ \M!'*V M"‘n
87 e N\~ _/ £
Z
} i ; 107 ,
05 0 0.5 05 o 0. 5 05 o 10" 10
Time (s) Time (s) Frequency [HZ]

Fig.5 Example of the SIbyD derived from acceleration time-history considering Cook Strait earthquake
(M 6.5). a Interferogram in the transverse and longitudinal directions b Principle of time delay assessment
in SIbyD. Data filtered between 0.5 and 10 Hz. ¢ Comparison of BTF and Fourier transform of acceleration
signal from sensor 8. Data filtered between 0.5 and 3.5 Hz for transverse component and 0.5 and 2.9 Hz for
longitudinal
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f=7= 3)

SIbyD was applied to each pair of recordings in both directions contained in the data-
set. The deconvolved traces were resampled 2 times for a better accuracy of the time
delay. First, we consider the whole time delay between top and bottom sensors to get
information on the variation of the global building properties, in relation to the reso-
nance frequency. Second, we applied SIbyD to all sensors (1-8) for locating the level
along the building height with the maximum contribution to the observed changes.

In the Fourier domain (Fig. 5c), the FT of the top recording is also compared to
the building transfer function (BTF) of the Te Puni building, for all earthquakes in our
dataset. According to Chandra and Guéguen (2017), BTF refers at the first order to the
structure response removing the soil structure interaction effects and the FT to the soil-
structure system. BTF is computed using Eq. 1 without performing FT~! with X(f) that
refers to the signal from sensor 1 and Y(f) to the signal from sensor 8. All signals were
filtered with the 4-th order Butterworth filter with cut-off frequencies 0.5-3.5 Hz for
transverse component and 0.5-2.9 Hz for longitudinal, to focus on the fundamental fre-
quencies of the structure. Very slight differences are observed between BTF and Fourier
transform (Fig. 5¢) that suggests a very slight contribution of the soil-structure interac-
tion in the whole response of the structure, in coherence with the stiff-rock site condi-
tion of the building.

For a large number of existing buildings with different design and typology, the shear
beam model (Eq. 3) is not always appropriate (Michel and Guéguen 2018). Boutin et al.
(2005) proposed a model based on the Timoshenko beam theory, which takes into account
shear and bending behaviour of the structure, neglecting the rotation inertia. Based on
Jensen (1983), they introduced a dimensionless parameter C to evaluate behaviour of the
structure as follows:

El
(2

V1

C =

where L is the length of the beam, EI is the bending stiffness, K=k;AG is the shear stiff-
ness with A the cross section of the beam, G the shear modulus of equivalent medium and
k¢ the shear adjustment factor depending on the shape of the cross section of the beam
and reflecting the non-uniform distribution of shear stress and shear strain over the section
(Cowper 1966). 2L/z characterises the dispersive nature of the beam. For pure bending,
C tends to O and for pure shear C tends to+ oco. Michel and Guéguen (2018) linked the
resonance frequencies with the shear wave velocity ¢ and dimensionless parameter C by
introducing the correction factor y(C) as follows:

_ Cs\/E k%l\/E p

J; ~ —x(0) 5
A firec 4 )

where f; is the jth resonance frequency of the beam and k,; are roots of the wave equation
of the Timoshenko beam (see Michel and Guéguen 2018 for details). Michel and Guéguen
(2018) introduced the correction factor y(C) to account for bending effect, that depends
only on the dimensionless parameter C as follows:

@ Springer



Bulletin of Earthquake Engineering (2021) 19:3551-3569 3559

©BAC

20) = ——— (6)
V1+K,C

x(C) for pure shear behaviour tends to 1 and degenerates Eq. 6 into Eq. 3. In this study,
x(C) is considered as the proxy of the structural behaviour used for monitoring the co-seis-
mic and the long-term variation of the response. In practice, C coefficient is assessed based
on the ratio of the two first modes frequencies extracted from BTF (Michel and Guéguen
2018) computed for each event contained in the dataset, as follows:

f2 k%2 1+k2C
L = 7
f 2

The second mode frequency is obtained by filtering data using 4-th order Butterworth
filter with cut-off frequencies 2.5-6 Hz for transverse component and 2.5-5 Hz for longitu-
dinal, defined on Fig. 4. A Konno-Ohmachi smoothing window (b=230) is applied in order
to facilitate the picking of the second frequency to avoid artefacts.

5 Velocity monitoring results

Figure 6 presents the variations of the velocity f obtained by SIbyD (Eq. 2) between top
and bottom sensors. Figure 6a presents variation of f as a function of structural drift. The
results in Fig. 6b present the variation of velocity in time and show a step-like decrease of
the velocity values right after each earthquake in both directions, with a significant drop in
period P2. Mean velocity values, standard deviations and coefficients of variation for each
sequence for both directions are listed in Table 2.

Both transverse and longitudinal components show the decrease of velocity correlated
with increased loading (PTA or/and drift). The slope of decrease in lin-log scale (Fig. 6a)
has greater value for transverse direction than for longitudinal. Mean values of velocity
(+standard deviation) for 16 subsequent earthquakes are given in Fig. 6a. For the small-
est values of drift in the transverse direction, velocity is stabilised around 229 + 12 m/s for
drift between 1.54x 10~ and 2.94 x 10~*%. For the larger values, we observe a constant
decrease up to drift value larger than 107'%, i.e. for post-yield behaviour with expected
structural damage. For the longitudinal direction, the mean values of each 16 events
show stable decrease of mean velocity with increasing drift. In addition, the scattering
of the velocity values is larger for the transverse direction that reflects different structural
response for two directions. The wave velocity variation also depends on the time period
of the data considered. Figure 6b and Table 2 show the shift of the mean velocity from
243.03+9.28 m/s in P1 to 213.92+9.79 m/s in P5 that corresponds to average shift of
12% in transverse direction. In longitudinal, the decrease of the mean velocity is slightly
smaller of about 11% from 192.07 +9.09 m/s in P1 to 170.30+11.33 m/s in P5. Step-like
drops of co-seismic velocity are observed for high PTA connected with the sequences of
strong earthquakes. During the Cook Strait sequence (P2), the average velocity dropped
by 10% in transverse and 14% in longitudinal direction. The lowest velocity was observed
for Lake Grassmere earthquake (P2), with f in transverse direction shifted to 162.44 m/s
that corresponds to 33% decrease in comparison to average velocity from period P1. In
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Fig.6 Time variation of the wave propagation velocity: a as a function of calculated drift. Error bars repre-
sent the average (white circles) and standard deviation (vertical lines) computed by bins of 16 events sorted
by increasing drift value. Blue lines are semi-log fits to the data defined with the equation in the top part of
the plots. b as a function of time. Horizontal dashed lines correspond to average velocity value calculated
for periods P1, P3 and PS5 defined in Table 2. Vertical lines are the limits of period considered. For both:
Colour scale corresponds to PTA

Table 2 Mean value (p), standard
deviation (o) and coefficient of

variation (c/p) of the velocity Sequence p(m/s) o(m/s) o/p(%) p(m/s) o (mis) ofp (%)
for each sequence

Transverse Longitudinal

P1 243.03 928  3.82 192.07  9.09 4.73
P2 217.82 20.83  9.56 164.94 17.21 10.43
P3 22494 11.19 498 174.15 10.92 6.27
P4 203.02 17.69 8.71 158.37 11.28 7.12
P5 21392 9779 458 17030 11.33 6.65

longitudinal direction, for the same event, velocity shifts to 121.09 m/s, that is equivalent
to 37% decrease (comparing to P1). In period P4, the velocity drops could have had even
greater values for the Kaikoura earthquake, which was not recorded. In this period, the
average velocity dropped by 10% in transverse and 9% in longitudinal direction in compari-
son to the previous period P3.

In addition, for a given PTA value, the velocity shift varies also according to the period
considered. Astrorga et al. (2018) reported that considering permanently instrumented
building in Japan, coefficients of variation of the velocity decrease in time, as a conse-
quence of the structural degradation of the structural elements. This is not the case in our
study, same coefficient of variation being observed for period P1, P3 and P5 (Table 2). For
periods following the strongest earthquakes (for periods P2 and P4, immediately after the
Cook Strait and Kaikoura main shocks), a recovery of velocity values is observed, already
reported for other buildings by Astorga et al. (2018, 2019) as a consequence of the slow
dynamic consequences, that produce larger coefficient of variation. Note also that for about
the same PTA values, coefficient of variation during P2 is much larger than for period P4,
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that may reflect the cumulative internal degradation process as reported by Astorga et al.
(2018, 2019). The monitoring of the velocity changes in permanent monitored building
may then reveal relevant information about the structural dynamics of existing structures,
providing insights about physical processes acting in structural elements. Actually, Astorga
et al. (2018, 2019) linked the decrease of the coefficient of variation and the post-earth-
quakes recovery of the elastic properties to a proxy of the structural state of buildings that
could be implemented for S2ZHM.

6 Frequency-to-velocity monitoring

According to Guéguen et al. (2019), frequency and velocity are correlated to the nature
of the structure behaviour, characterized by the beam-like structure response using the
Timoshenko model (Eq. 5). Figure 7 presents the fundamental frequency (BTF frequency)
in the same way as velocity (Fig. 6). At the first order, same variations are observed for
velocity and frequency that confirms the close relationship between these two parameters,
also confirmed by the same tendency for coefficients of variation over time. Figure 7a pre-
sents the variation of frequency as a function of drift and Fig. 7b as a function of time.
We observe anti-correlated values of frequency versus PTA; a progressive decrease of fre-
quency in time with step-like drop during Cook Strait sequence (P2); a reduction of disper-
sion of frequency values over time. Frequency values in longitudinal direction are more
scattered than in transverse. Mean velocity values, standard deviations and coefficients of
variation for each period for both components are listed in Table 3.

In the transverse direction the mean frequency drops from 1.54 +0.07 Hz in period P1
to 1.42+0.06 Hz in period P5, what corresponds to 8% decrease of the fundamental fre-
quency, i.e. in the same order of magnitude of 12% for velocity. In the longitudinal direc-
tion, the fundamental frequency shifts from 1.42+0.09 Hz in period P1 to 1.23+0.08 Hz
in P5, what corresponds to 13% reduction. However, the coefficients of variation are
smaller for transverse direction than for longitudinal.
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Fig.7 Same as Fig. 6 for frequency computed by BTF. Data are filtered between 0.5 and 3.5 Hz and 0.5 and
2.9 Hz for transverse and longitudinal components, respectively
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Table 3 Summary of the mean

(). standard deviation (o) and Sequence Transverse Longitudinal

coefficient of variation (c/p) p(m/s) o(m/s) o/p (%) p(m/s) o(m/s) ofp(%)

of the resonance frequency

computed by BTF for each Pl 154 007 454 141 0.09 6.46

sequence P2 141 011 795 119 014 1221
P3 1.46 0.06 4.34 1.25 0.09 7.50
P4 1.38 0.06 4.16 1.12 0.11 9.59
P5 1.42 0.06 3.96 1.23 0.08 6.51

The step-like variations of fundamental frequency are also observed for events with
the highest PTA values. This is clearly visible during the Cook Strait sequence (P2),
where average frequency in transverse direction decreases to 1.41+0.11 Hz, what indi-
cates 8% reduction, and in longitudinal direction to 1.19+0.14 Hz, what is equiva-
lent to 16% reduction, which corresponds to a fairly significant reduction in relation
to structural integrity. In the transverse direction, the minimal fundamental frequency,
1.13 Hz, is observed during the Cook Strait earthquake, corresponding to a 27% co-seis-
mic reduction compared to the average value in period P1. In the longitudinal direction,
the minimal fundamental frequency is observed for Lake Grassmere earthquake, i.e.
0.81 Hz corresponding to a 42% co-seismic reduction in comparison to the mean value
in period P1. It is certain that the mainshock of Kaikoura earthquake could have caused
an even greater decrease of the fundamental frequency. As for velocity, co-seismic vari-
ations of resonance frequency associated with slow dynamics process provide relevant
information for S2HM, as suggested by Astorga et al. (2018, 2019).

Based on the Timoshenko beam model, the variation over time and according to
structural drift of the correction factor y(C) is shown in Fig. 8 and Table 4.

We observe different structural behaviour in both directions. For the transverse direc-
tion, y(C) is scattered and does not show one clear value, indicating a modification of
the structural response according to the loading. Over time, even though the variation
of y(C) between events is significant, the average is decreasing insignificantly, with the
total reduction of correction factor around 4%. We did not observe significant drop of
mean value in period P2, although this period is characterised by the biggest dispersion
of the data. The total average of all y(C) values is around 0.77 +0.08, i.e. with a signifi-
cant contribution of bending.

For the longitudinal direction, the y(C) values are oscillating around 1, corresponding
to pure shear behaviour, with an average value of 0.94 +0.08. During periods P1 to P4,
the correction factor drops below 1, but after the Kaikoura earthquake, y(C) stabilises
close to 1 and we do not observe any more dispersion of y(C) results. In this direction,
we do not observe clear correlation between y(C) and loading and the post-earthquake
process characterized by the recovery of the frequency and velocity does not exist for
x(C). When compared to frequency and velocity, this observation enforces the fact that
slow dynamics properties observed in civil engineering structure (Astorga et al. 2018,
2019) must reflect more the macroscopic properties of the structural elements, than the
permanent damage of the structure. This confirms the relevance of this observation for
structural health assessment. This is also confirmed by the lack of any structural damage
reported in-situ over the monitoring period. However, Fig. 8a shows clear correlation
of the decrease of y(C) with increased loading, reflecting the co-seismic variability of
the beam-like model: the frequency-to-velocity relationship is then not stable with the
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Table4 Summary of the mean L
S T L tudinal
(1), standard deviation (o) and equence Transverse ongitudina
coefficient of variation (o/ ) p(m/s) o(m/s) o/p(%) p(m/s) o(m/s) o/p(%)
of the y(C) coefficient in each
period of monitoring Pl 079  0.07 854 096  0.07 7.16
P2 0.75 0.08 11.26 0.90 0.11 11.83
P3 0.78 0.08 10.50 0.93 0.09 9.47
P4 0.76 0.06 7.72 0.89 0.10 11.42
P5 0.76 0.08 9.92 0.97 0.07 6.83

loading that provides dispersion and misinterpretation of the velocity values in terms of
behaviour.

7 Location of the changes

The distribution of sensors installed at nearly every level allow us to identify the floors that
have contributed most to the parameter changes (Picozzi et al. 2011; Nakata et al. 2013). In
this study, we compared pulse wave velocity between sequence P1 and P35, considering the
mean interferograms obtained by stacking all events in both specific periods. The differ-
ences of time delay between P1 and P5 are shown in Fig. 9a, converted into absolute differ-
ence with respect to the top sensor along the building height in Fig. 9b.

Deconvolution of signals recorded by sensor 7 shows zero-time delay difference
between P1 and PS5 in transverse and longitudinal directions, because of its location close
to the reference top sensor. Note also that in the transverse direction, the separation of up-
going and down-going waves is not possible, because of the faster wave velocity in this
direction, with more bending effect.

Figure 9a clearly shows that the overall shape of interferograms remains the same
between periods P1 and P5 for both directions. In this study, we focus only on the up-going

@ Springer



3564 Bulletin of Earthquake Engineering (2021) 19:3551-3569

(g) Transverse 0 Longitudinal (b) Transverse Longitudinal
=2 A
—FP5 —P5 ——P5 ——P5
35 I'sensor s 35 ['sensor 8 ]
0 - 0 -
sofsen N4 sofSemar? o~ T 37 1E 37
5 5
Eos| { Eosf 3 7.4 3 7.4
S 6
i e S - A VA S T 181
(=) (=)}
-5 20 [ 1 -5 20 1 o Q
EQOM/\’\/‘ Ezow S1as 12148
5 5 L2 2
151 1 @15F 1 185 1 @185
S
» W o (S G 222 { 8222
10F 17 10F 1 % 3
ELEVA PV W 259 1 D259 :
5 W 5 W\/\/\,_ 296 \ 29.6 \ -
S 1
PN e~ 0 EW\_/W/\— 333 333 -
5 . . . 5 . . . . . . .
0.2 0 0.2 0.2 0 0.2 0 01 02 0 01 02
Time [s] Time [s] Time delay [s] Time delay [s]

Fig.9 Location of damage along the Te Puni building height. a Stacked deconvolved traces from periods
P1 and PS5 in transverse and longitudinal direction at each instrumented story in the building derived from
acceleration time-history. b Converted time delays of the pulse wave propagation reported along the build-
ing height with respect to the top sensor. Horizontal dashed lines correspond to the levels with accelerom-
eters

wave time delay, as a similar observation is being reported for the down-going part. We
observe delay appearing in the lower part of the building, starting from sensor 6. In the
transverse direction, differences are the largest between sensors 5 and 4 and constant from
sensors 4 to 1. In this direction, time delay reported along the building height (Fig. 9b)
change slopes significantly between sensors 4 and 5, and to a lesser degree between sen-
sors 5 and 6. Below sensor 4, the slopes of the time delay in period P1 and P5 are similar,
that reflects the stability over time of the structural elements between these two periods. In
the longitudinal direction, differences start from sensor 5 followed by a relatively constant
increase from sensors 5 to 1 confirmed in Fig. 9b. Indeed, between sensors 6 and 4, the
slope of the time delay in PS5 is largest than in P1 that reflects the location of the biggest
changes between P1 and P5. Below sensor 4, slight differences are observed, as a conse-
quence of uniform slight structural changes in the lower part of the building.

8 Discussions

Through the analysis of pulse propagation velocity and fundamental frequency of the Te
Puni building seismic array we were able to detect changes in seismic parameters. Because
velocity and frequency are directly related to the stiffness of the structure, they are both
showing variations over time and with loading. After the 2013 Grassmere earthquake, no
clear damage was reported by engineers (personal comment from Aurecon NZ lead engi-
neers). However, the significant variation observed for fundamental frequency (up to 42%)
or velocity (up to 37%) during co-seismic shaking of let us suppose a non elastic response
of the structure. Permanent monitoring of building provides then an efficient tool for even
slight damage detection, as also confirmed by Guéguen and Tiganescu (2018) in previous
study.

Our results show also that both parameters, even though they are related to the structural
stiffness, do not evolve in the exact same way, with slight differences observed over time
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or with the loading. Average velocity over time drops by 12% in transverse and by 11% in
longitudinal, and average frequency 8% in transverse and 13% in longitudinal direction.
This observation indicates different sensitivity of both parameters to the changes in time.
Figure 10 presents normalised velocity and frequency values as a function of drift. Both
parameters present strong anti-correlation with drift. The semi-log fit of the velocity data
is similar for both components, but for frequency, results from longitudinal direction show
higher sensitivity to the increase of loading than for transverse. The slope of the decrease
of frequency is lower for transverse direction (2.9%) than for longitudinal direction (4.7%).
Differences between sensitivity of parameters in both directions might be related to the
presence of sliding hinge joints in one direction, which are essentially a semi rigid beam
column connection.

Results from correction factor y(C) calculations are coherent with the design of the
building. We observe shear behaviour of the structure in longitudinal direction and influ-
ence of bending in transverse. It is worth noting the co-seismic change of the correction
factor values as function of the seismic loading. In transverse direction, we notice slight
decrease of the average value of y(C) in time and anti-correlation with PTA values. In con-
trast, results from longitudinal direction do not show correlation with the loading and the
average value is clearly oscillating around 1. A possible explanation for this observation
might have been related to the presence of sliding hinge joints, which activate for certain
level of shaking. Shaking from the Kaikoura earthquake, which was not recorded by the Te
Puni building seismic array, might have triggered the earthquake resistant mechanism mov-
ing the structural response into pure shear. However, these were not activated as the joints
have a small guide bolt to centre the connections, and these shear off when the load levels
reach a certain level. According to Michel and Guéguen (2018), estimation of C parameter,
and consequently evaluation of correction factor y(C), could be influenced by SSI effect
(even slight), the effect of bending or non-linear elastic effects. Because Te Puni building is
located on rock, the soil-structure interaction (SSI) effects can be expected as negligible in
the whole response of the structure. The dispersion of the y(C) in longitudinal direction in
periods P1-P4 might be then caused by non-linear elastic effects, confirming the co-seismic
variation of the beam-like building response and then the co-seismic demand.

To illustrate, Fig. 11 presents comparison frequencies extracted from BTF and reso-
nance frequencies calculated from the Timoshenko correction factor y(C). We observe
clear differences between the two directions. In transverse direction (Fig. 11a) TB fre-
quencies for lower y(C) tend to underestimate the frequencies values comparing to the
BTF results. With increase of y(C) up to ~0.9 we observe results closer to the reference

x velocity X H
O velocity Y

frequency X | |
* frequency Y

-
T

o
©
T

o
3
T

y =-0.036log(x) + 0.565
y =-0.038log(x) + 0.576

Normalized parameters
o
[e¢]
T

o
o
T

y = -0.047log(x) + 0.460
1l ! ! M

o
3

10 108 1072 107! 10°
Drift [%]

Fig. 10 Normalised seismic parameters of the Te Puni building as a function of drift. Lines correspond to
semi-log fit of the data defined by the equations in corresponding colour (left bottom corner of the plot)
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1:1 line. For the largest values of y(C) (close to 1), TB values overestimate the BTF
values, illustrating the modification of the structural response. On the contrary, in lon-
gitudinal direction (Fig. 11b), there is a good agreement between frequencies evaluated
using both methods: the linear fit of the data is almost 1:1 with a small shift. Figure 11b
shows that TB frequencies with lower correction factor y(C) underestimate the BTF fre-
quencies. TB frequencies with y(C)x~1 (i.e. pure shear behaviour) present the best fit
with the BTF frequencies. Because resonance frequency of Timoshenko beam model
(TB) is directly related to the wave propagation velocity in the equivalent homogenous
medium and the considered beam-like model, differences between small and high values
of y(C) reflect structural response variation in term of velocity. Even though in longitu-
dinal direction we expected a pure-shear behaviour based on the design of the structure,
lower y(C) clearly indicate this is a bending dominated system.

The clear differences between both components are strongly connected with the
design of the structure, but this cannot fully explain all the observed behaviours. Both
models, TB and BTF, are based on the assumption of the fixed base conditions, but our
results suggest that they are representing different behaviour. This observation was also
reported in Chandra and Guéguen (2017). We also noticed there are clear changes of the
structural behaviour as a function of loading, even for moderate earthquakes.

Based on the analysis of changes in time delay of the pulse wave propagation in
the building, the variation of the velocity over time can be clearly located. As other
researchers suggested (e.g. Kohler et al. 2018), detection of the velocity-based variation
might indicate the location of the potential damage. In this study, changes of the time
delay are located at sensors 4 and 5 and only sensor 5 in transverse and longitudinal
direction, respectively, corresponding to a change of the floor design, i.e. irregularity
in elevation where the seismic stresses may be the highest. The fourth floor, which con-
tains the cafeteria and services areas, is a large open space in contrast to all other floors
which are heavily partitioned into many student rooms, and therefore structurally stiffer.

The same analysis revealed that even though there were no structural damage visu-
ally reported by the engineers after any of the events from our dataset (even after the
Kaikoura earthquake), in this study, changes in the non-structural elements (e.g. par-
titioning walls) but also in structural elements of the Te Puni building could explain
velocity changes, confirmed by the post-sequence stability of y(C) values.
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Fig. 11 Comparison of frequencies from BTF and Timoshenko beam model (TB) with x(C), calculated
using Eq. 6. Dashed grey line presents reference 1:1 line. Black lines are representation of linear fit of the
data defined by the equations in the top left corners of the plots
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9 Conclusions

In this paper, we analysed seismic data from the actual Te Puni building, designed with
innovative damage avoidance features, and we studied its response to 208 earthquakes
recorded over eight years. We analysed variations of wave propagation velocity and funda-
mental frequency as proxies of structural health, due to their direct relation with the struc-
tural stiffness. Our study revealed, that even though no structural damage was observed in
the analysed period of time, the decrease of both parameters is strongly correlated with the
increase of seismic loading and we observe permanent decrease in time. Based on com-
parison of the above two parameters, we found that their sensitivity differs even if they
are related to the same feature, which reflects their different sensitivity to seismic load-
ing, boundary conditions (e.g., soil-structure interaction) and the evolution of the overall
response of the structure on different time scales (co-seismic or long-term).

Thanks to the adjustment of beam-like model to the structure, we observed changes in
the y(C) values in our dataset. Although correlation with loading is not clear for longitu-
dinal direction, we observed that in the transverse direction, there is a trend of decreased
x(C) with increasing loading, reflecting a non-linear-like behaviour of the equivalent
beam-like model. According to Michel and Guéguen (2018), parameter C, and therefore
x(C), depends on the contribution of the bending, non-linear behaviour effects or/and soil-
structure interaction effects. Our results showed that for the longitudinal direction, y(C)
is not stable with seismic loading (and then over time). Under the assumption of no SSI,
this observation could be explained either by non-linear elasticity effects or changes in the
shear-to-bending ratio over time, according to the state of the building.

By comparing frequencies from building transfer function approach and Timoshenko
beam model approach, we found quite good agreement for the longitudinal direction (i.e.
shear case with y(C)~1). For lower values of y(C) corresponding to lower seismic load-
ing, TB model tends to underestimate frequencies values in comparison to BTF frequen-
cies. For the transverse direction, where more bending effects are observed, the agreement
between BTF and TB is poor for y(C) below ~0.85 and above ~0.95. This observation
indicates that the direct relationship between frequency and velocity, which is the basis for
the interpretation of velocity by the SIbyD method, is not invariable over time and reflects
the evolution of the behaviour of the structure as a function of time and seismic loading.

With instrumentation at almost each floor it is possible to localise the area in the build-
ing where changes in wave propagation time delay are the most significant. In our case,
SIbyD was sensitive enough to detect the change in the design of the Te Puni building and
indicate clearly the floor with lower structural stiffness (large open space, less partition
walls) concentrating the most the seismic stress. Interferograms provides the detection and
location of the changes that could be related to possible non-structural earthquake damage.
Combining frequency and velocity, a better interpretation on the amount of the changes
is expected, and then the structural health, once the interpretation of the velocity change
related to nonlinear mechanisms and structural response variation improved.
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