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Abstract
Elastic properties of civil engineering structures change when subjected to a dynamic excitation. The modal frequencies
show a rapid decrease followed by a relaxation, or slow recovery, that is dependent on the level of damage. In this article, we analyze the slow recovery process applying three relaxation models to fit real earthquake data recorded in a
Japanese building that shows variant structural state over 20 years. Despite the differences in conditions, the different
scales and the complexity of a real-scale problem, the models originally developed for laboratory experiments are well
adapted to real building data. The relaxation parameters (i.e. frequency variation, recovery slope, characteristic times
and their amplitudes, and range of relaxation times) are able to characterize the structural state, given their clear connection to the degree of fracturing and mechanical damage to the building. The recovery process following strong seismic deformation, could, therefore, be a suitable proxy to monitor structural health.
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Introduction
Granular consolidated materials such as rock and concrete display unusual nonlinear behavior when subjected to dynamic loadings. For instance, a transient
drop in elastic modulus—assessed through changes in
resonance frequency or wavespeed—can be observed
even at very low (dynamic) strain, order 1026. After the
loading, the modulus recovers to its original or new
equilibrium state at rates that can last from a few seconds to several days, many months, and years.1–3 This
recovery effect is called slow dynamics,4 a phenomenon
associated with slow relaxation of the elastic properties
once the dynamic disturbance terminates. This nonlinear elastic response is considered a universal behavior, given that slow dynamics effects have been
observed in a large variety of rocks and geomaterials,
and in scales ranging from laboratory tests1,5–10 to seismological observations at the surface and crust of the
Earth,2,3,11–15 where the recovery process can be
observed for years. It is also independent of the material or method used.10

Analogously, atypical nonlinear response was also
observed in civil engineering structures. Guéguen
et al.16 observed a rapid decrease in resonance frequency of the UCLA Factor building (California)
under seismic and environmental loadings, followed by
a slow recovery to the initial elastic properties. Astorga
et al.17 analyzed nonlinear elasticity in the Annex
(ANX) building (Japan) throughout variations of its
fundamental frequency during a long sequence of
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earthquakes. They reported recovery effects at shortand long-term monitoring and found that the recovery
rate is linked to the structural health. Although the
underlying physical mechanisms of the slow dynamics
are not fully understood, previous results suggest a single origin based on internal strains related to the material damage.6 What Guyer and Johnson1 first called the
bond system (i.e. structure of defects, inter-grain contacts, dislocations, cracks at different scales, etc.) is
believed to play a fundamental role in the recovery
effect.7,9,13,16–19
Logarithmic time dependence of the recovery was
observed in several laboratory studies.6,19,20 This behavior was also observed in the relaxation of fractured
fault zone materials after earthquakes.2,3,11,12 Shokouhi
et al.10 describe the recovery of slow dynamics with a
relaxation spectrum that quantifies different relaxation
dependencies occurring during the recovery process—
meaning that at early time, the recovery is not logarithmic. Snieder et al.21 propose a relaxation model that
predicts non-logarithmic behavior at early and late
times, which allows us to estimate the initial and the
end times of the process, with a log-linear tendency. In
our study, we applied the relaxation function21 and the
relaxation spectrum10 to real earthquake data collected
in a Japanese building over a 20-year period. Apart
from testing the models with in situ data, we compare
the relaxation parameters and the level of loading and
structural state, intending to find the evidence for a
nexus between the extension of the bond system and
the relaxation process after earthquakes that could be
used to infer the structural health of buildings.
In the following, we describe the building and data
set, the methodology, and applied models. The recovery
of the slow dynamics is analyzed throughout the evolution of the fundamental frequency with time, that is, a
proxy of the elastic properties. Relaxation parameters
are then studied as a function of engineering demand
parameters (i.e. peak top acceleration (PTA) and structural drift). We present and discuss the results in sections ‘‘Results’’ and ‘‘Discussion’’ respectively, followed
by some conclusions.

The ANX building
In this study, we analyzed earthquake data recorded at
the top of the ANX building (Tsukuba, Japan) between
June 1998 and May 2018. The building is a steel-framed
reinforced concrete structure built in 1998 and monitored since then by a dense network composed of threecomponent accelerometers oriented along the main horizontal and vertical directions. The ANX building hosts
the Japanese Urban Disaster Prevention Research
Center. It is an eight-story structure with one basement
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floor.22,23 The building is supported by a spread foundation (;8 m deep). The soil column is layered with
clayey sand and sandy-clay materials to a depth of at
least 40 m. The data consist of triggered time histories
of accelerations, sampled at 100 Hz. Earthquake magnitudes range from 2.6 to 9.1 (Mw) and epicentral distances from 1 to 1726 km. These earthquakes have
produced a total structural drift (DMax)—calculated as
the relative displacement between top and base of the
building, divided by the height (34 m)—that ranges
from 1027 to 1023(cm/cm). In this study, we consider
DMax as the engineering demand parameter (i.e. the
parameter characterizing the response to building loading) that is representative of the strain in the system.
Figure 1 shows the geographic location and plan and
section views of the ANX building, as well as the strong
correlation found between the PTA and DMax values.
PTA corresponds to the maximum absolute acceleration recorded at the top of the building during each
earthquake.
We considered data from a pair of sensors (bottomtop) located at the east corner of the building, oriented
along both X and Y horizontal directions (N270° and
N180°, respectively). The elastic frequency of the building is 1.85 Hz (60.04 Hz) in the X-270 direction and
1.63 Hz (60.08 Hz) in Y-180 direction.17 These values
were estimated from the first 10 events recorded at the
beginning of the measurements in 1998. A total of 1630
earthquakes were analyzed per direction, including several great earthquakes that are listed in Table 1.

Data processing
Time-histories of accelerations were treated following
Boore’s recommendations.24 Mean and trends were
removed from the signals and a second-order
Butterworth filter was used between 0.1 and 50 Hz, the
latter corresponding to the Nyquist frequency. Timehistories of displacements were obtained by double
numerical integration of the acceleration data. With
the displacements computed at the bottom and top sensors, we determined the maximum structural drift
DMax. Moreover, the nonlinear elastic response of the
building is analyzed by monitoring the co-seismic variation of its resonance frequency. To achieve that, we
used an energy distribution of the Cohen’s class25
known as Wigner–Ville (WV) distribution. This is a
time–frequency distribution that allows us to track
instantaneous small frequency variations over time in
the presence of external perturbation.26

The Wigner–Ville time–frequency distribution
The following procedure is similar to that used by
Astorga et al.17 to monitor frequency variations. Here we
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Figure 1. (a) Geographical position of the ANX building (green square) and epicenters of the earthquakes recorded from 1998 to
2018 (circles). Events of Table 1 are highlighted by colored triangles. (b) General scheme of the plan and section views of the ANX
building, indicating the sensors whose data were used in this study. A picture of the structure is displayed at the top-left of (b). (c)
Correlation between maximum values of acceleration PTA and structural drift DMax found in our data.

Table 1. Strong earthquakes recorded in the ANX building and included in this study. DMax: maximal total structural drift; PTA:
peak top acceleration. Both horizontal directions X-270 and Y-180 are reported.
Earthquake

Date

Niigata-Cheutsu
Miyagi
Igate-Miyagi
Izu Islands
Tohoku

Magnitude (Mw)

23 October 2004
16 August 2005
14 June 2008
09 August 2009
11 March 2011

6.9
7.2
6.9
6.6
9.1

present a summary of the methodology. Considering that
the energy of a signal x(t) can be deduced from the
squared modulus of either the signal or its Fourier transform, that is

PTA (cm/s2)

Amax (cm/cm)

X-270

Y-180

X-270

79.30
112.55
94.73
64.09
505.18

67.75
74.59
90.20
32.73
596.84

3.01 3
4.48 3
4.03 3
2.57 3
0.0027

Ex =

‘

jxðtÞj2 dt =

+‘
ð

jX ðvÞj2 dv

1024
1024
1024
1024

2.11 3
2.78 3
3.64 3
1.10 3
0.0028

1024
1024
1024
1024

distribution designed for the analysis of non-stationary
signals, defined as

WVx ðt, vÞ =
+‘
ð

Y-180

+‘
ð

 t 
t
x t + x t  ej2pvt dt
2
2

ð2Þ

‘

ð1Þ

‘

|x(t)|2 and|X(v)|2 can be interpreted as energy densities
in time t and frequency v, respectively. One property
of the energy distributions is that we can integrate the
time–frequency energy density along one variable and
obtain the energy density corresponding to the other
variable.25 In the case of civil structures, where energy
is carried by the resonance modes, we used the Cohen’s
class distribution to track the time variation of energy
at the considered modal frequency. One of the simplest
methods to obtain the time–frequency distribution of
the energy of a signal is throughout the Wigner–Ville

where x* is the complex conjugate of x(t). For discrete
signals, we use a windowed version of equation (2)
called the pseudo WV distribution, PWVx, and given by

PWV x ðt, vÞ =

+‘
ð

 t 
t
hðt Þx t + x t  ej2pvt dt
2
2

ð3Þ

‘

where h(t) is a classical windowing function. To avoid
the trade-off between time and frequency resolutions, a
separable smoothing function q(t) is applied to the distribution and the smoothed-pseudo WV distribution,
sPWVx, is obtained, as follows

4
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sPWV x ðt, v; q, hÞ =
+‘
+‘
ð
ð

ð4Þ
t 
t
hðt Þ qðu  t Þx u + x u  du ej2pvt dt
2
2
‘

‘

The drawback of the equation (4) is that the joint
time–frequency resolution adds new terms to the distribution, producing interferences. Moreover, the energy
band of the distribution is generally broad, making it
difficult to distinguish slight variations of the frequency
carrying the maximum energy. To remove these difficulties, a reassignment method was proposed.27,28 The
reassigned distribution, rsPWVx, whose value at any
point (t#, v#) is the sum of all the distribution values
reassigned to each point, can be written as follows
rsPWVx ðt0 , v0 ; q, hÞ =
+‘
ð
sPWVx ðt, v; q, hÞdðt0  ^tðx; t, vÞÞdðv0  v
^ ðx; t, vÞÞdtdv
‘

ð5Þ

where d denotes the Dirac function. The efficiency of
the rsPWVx for application in building data was proved
by Michel and Guéguen29 and applied by Astorga
et al.17 In this study, rsPWVx was applied automatically
to the whole data set of earthquakes recorded at the
top of the building. We used a fourth order of decimation in frequency and 2048 frequency points (N). Time
h and frequency q smoothing windows are Hamming
windows, with N/10 and N/4 points, respectively. In
addition, instantaneous maximum energy value variations were tracked using a third-order Savitzky–Golay
filter (polynomial smoothing window) with a size equal
to 15% of the time window corresponding to the duration of the recording.
An example of the rsPWVx distribution, Figure 2(c)
is shown with the corresponding Savitzky–Golay
smoothing function. Characteristic values of the fundamental frequency observed during each event are
picked from this curve. For example, the apparent initial frequency, fiapp, corresponds to the elastic frequency of the structure computed on the ambient
vibration pre-event window, that is, between t = 0 s
and the time of the first arrival. To obtain the time of
the first arrival, we applied the short-term average to
long-term average (STA/LTA) trigger algorithm, with
STA/LTA = 2. The co-seismic frequency (fmin) is the
minimum value observed. The recovery process is evidently starting from this point. Laboratory experiments
have reported analogous behavior30 and have demonstrated the influence of loading on the value of fmin.1,31
To consider the loading effect, we used the concept of
strong motion duration (DSM), corresponding to the

Figure 2. (a) Time-history of accelerations of an earthquake
occurred in March 2011 and recorded at the top sensor in the
X direction of the ANX building. (b) Accumulated energy given
by the Arias intensity distribution, with reported characteristic
values of energy and the location of the DSM (between the 5%
and 95% of energy). (c) Example of the reassigned smoothedpseudo Wigner–Ville distribution (rsPWVx). This figure shows the
variation of the fundamental frequency with time during the
earthquake shown in (a). The solid line is the Savitzky–Golay
function applied to the maximum energy values (color scale at
the right). The first vertical line (from left to right) corresponds
to the time of the first arrival wave (i.e. fiapp). Dashed vertical
lines correspond to the limits of the DSM (i.e. strongest motion
duration). Recovery is divided in two segments: segment 1,
between fmin (minimum value of fundamental frequency) and f95
(fundamental frequency estimated at 95% of the earthquake
energy) and segment 2, from f95 to ffapp (i.e. apparent final
fundamental frequency, at 99.9% of the earthquake energy).

maximal loading energy in a time, much shorter than
the total duration of the event. Trifunac and Brady32
propose the DSM to be the time between 5% and 95%
of the total accumulated energy, computed by the
Arias Intensity function, IA33 given by
ðt1
p
IA =
a2 ðtÞdt
2g

ð6Þ

0

where g is acceleration due to gravity, a(t) the timehistory of accelerations, and t1 is the total duration of
the earthquake. Figure 2(b) shows an example of the
cumulated energy curve for one earthquake.
Frequencies that correspond to the end of the DSM
(f95) and the final frequency at the time of apparent
total energy, 99.9% (ffapp) were included in the analysis
of the slow dynamics recovery. It is noticeable that the
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first part of the recovery process falls within the DSM
region (i.e. ‘‘Segment 1’’ in Figure 2(c)), and is therefore
likely affected by conditioning/loading effects. On the
other hand, we make the hypothesis that the recovery
after f95 is not affected by on-going loading but rather
is related to the state of the structure. Therefore, the
slow dynamics is studied by analyzing the ‘‘Segment 2’’
(i.e. from f95 to ffapp). Note that because of the triggered nature of the data, we call ‘‘apparent’’ values the
initial and final frequencies (fiapp and ffapp, respectively)
to indicate initial and final values observed in the triggered earthquake window.

Relaxation function
Snieder et al.21 consider that the macroscopic relaxation of materials is a combination of different relaxation mechanisms that take place on different temporal
and spatial scales. They proposed a relaxation function
to describe this multi-scale phenomenon, assuming that
the total relaxation is a superposition of decaying exponentials. The function depends on two parameters, the
minimum and the maximum relaxation times (i.e. t min
and tmax, respectively) between which the relaxation
mechanisms are distributed and display log-time behavior (i.e. linear slope in log-time). The authors define
the relaxation function, R(t), as a perturbation to a
physical observable O(t) of a system
OðtÞ = O0 ð1 + SRðtÞÞ

ð7Þ

where O0 is the equilibrium value of O, and S a scale
factor. The observable might be, for example, the seismic velocity, the material density, the elastic modulus
(such as the fundamental frequency, in this study), and
so on. The total relaxation is given by the following
superposition of relaxation processes

Rð t Þ =

tð
max

1 t
e t dt
t

ð8Þ

t min

The expression (8) must be scaled with equation (7)
to describe time-dependent material properties. The
weight factor 1/t is explained by the Arrhenius’ law:
assuming a relaxation process with activation energy E
(i.e. the minimum energy required to start a chemical
reaction), the corresponding relaxation time is given by
 
t = Aexp

E
kB T

ð9Þ

where A is a constant, T is the absolute temperature,
and kB is the Boltzmann constant.21 Suppose the activation energy has a density of states N(E), meaning
that the number of activation mechanisms between E

and E + dE is equal to N(E)dE. The density of states
P(t) for the relaxation times satisfies P(t) = N(E)dE/
dt. Using the expression (9) dt/dE = (A/kBT)exp(E/
kBT) = t/kBT, hence
kB T
N ðEÞ
t

Pð t Þ =

ð10Þ

N(E) is constant when the distribution of the activation energy is uniform between a minimum Emin and a
maximum Emax, and according to expression (10) the
density of states for a relaxation process with relaxation time, t, is for a fixed temperature, T, proportional
to 1/t.21 Following the expression (9), the minimum
and maximum relaxation times are related to the minimum and maximum activation energies, by

t min = Aexp

Emin
kB T




,

t max = Aexp

Emax
kB T


ð11Þ

Thus, tmin indicates the time at which the relaxation
process begins, controlled by the relaxation mechanisms on the smallest spatial scale that require less
energy. On the other hand, tmax is associated to the
time at which the relaxation stops (i.e. when an equilibrium between external and internal stresses is reached;
beyond this time no relaxation mechanism contributes).
tmax depends on the perturbation that triggers the
relaxation and ambient conditions.21 Consequently,
analyzing the dependence of t max as a function of these
factors might be potentially useful to diagnose healing
mechanisms.
The relaxation function can be obtained by numerically evaluating the integral of expression (8). The minimum relaxation time t min can be estimated from a
relaxation curve, given that the transition to the logarithmic dependence (i.e. beginning of relaxation) occurs
at t ’ tmin. However, previous laboratory experiments34 have noted that the log-time recovery can start
at very early times, to the point that in some cases, it is
not possible to obtain reliable values of tmin21 (i.e. a
much greater time resolution would be needed). On the
other hand, the maximum relaxation time max can be
inferred by estimating the point where the curve flattens off. But again, the final transition to a non logtime behavior often occurs after several minutes or
hours,35 and might not be captured by non-continuous
monitored systems.
To test the relaxation function (equation (8)),
Snieder et al.21 presented a model of pillars describing
the closing of a fracture. Although this model does not
satisfy the Arrhenius’ law, it follows the function pretty
well, so that the relaxation function might be applicable
to different models. Similarly, no thermally activated
processes are included in this study. However, Guéguen
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Figure 3. (a) Relaxation function following one earthquake
registered in the ANX building and corresponding to the
segment 2 in Figure 2. The solid line is the fit of relaxation. The
estimated minimum and maximum relaxation times are indicated
with vertical dashed lines (t min = 1.70 s and t max = 144.6 s). (b)
Log-linear fitting of the data between t min and t max, with slope
p = 0.03 and Df = 0.07. Y-axis is the fundamental frequency
normalized to the final value (ffapp). Note the logarithmic scale
on the X-axis.

et al.36 showed that the relaxation function (equation
(8)) describes building data reasonably well too.
Figure 3 shows an example of the relaxation function
applied to the data (i.e. time–frequency variation in the
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segment 2 of Figure 2) of one earthquake recorded at
the top of the ANX building. Values of t min and tmax
are 1.70 and 144.6 s, respectively, representing the
beginning and end of the relaxation process for this
example. At intermediate times (i.e. between tmin and
tmax), the relaxation function follows a log-time tendency, where the estimated slope of recovery p = 0.03,
as shown in Figure 3(b). This slope was computed by
fitting a first-degree polynomial in the data between
tmin and t max. Y-axis in Figure 3 represents the frequency recovery normalized with respect to the final
apparent value, ffapp. X-axis corresponds to time, with a
logarithmic scale. Note that it is challenging in Figure 3
to precisely determine when the curve flattens off at late
times and therefore estimate tmax. This is again due to
the use of triggered windows that do not allow us to
monitor the behavior of the relaxation continuously in
time and prevent us from determining tmax unequivocally in some cases.
Previous results suggest that the slope of the log-time
segment actually changes under different circumstances
that can be related to the type of material, environmental conditions, level of loading, or damage.6–8,10,17,36 In
addition to p, tmin, and t max, the maximum transitory
variation of fundamental frequency, Df, was computed
with respect to the final apparent frequency, ffapp. It has
been observed that the variation of elastic parameters is
strongly linked to the loading amplitude.10 Likewise, we
notice a solid correlation in our data between Df and
PTA and DMax values (Figure 4). To remove the effects
of loading on the variation of frequency, we normalized
Df to the maximum drift, DMax. In this way, the computation of p is not conditioned to loading amplitudes.

Figure 4. Correlation between the fundamental frequency variation Df and maximum values drift DMax and acceleration, PTA.
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Relaxation time spectrum
Shokouhi, et al.10 introduced the concept of relaxation
time spectrum to quantify the recovery process in consolidated granular systems, measuring speed. The
authors assumed the recovery to be represented as a
sum of discrete exponential decays each having an
amplitude An and time constant t n. In this way, complementary to the model of Snieder et al.,21 the relaxation time spectrum characterizes the recovery process
over several orders of magnitude in time. It is given by
z ðt Þ =

m
3N
X

t

An e t n ,

An ø 0

ð12Þ

n=0

where t is measured from t0 (t0 is the time corresponding to the end of the external strain, that is, the time
corresponding to f95). N is the number of exponentials
used to fit the function (i.e. N = 10 in this study). The
time constants tn are assigned a priori and the amplitudes An are determined by minimizing the least squares
objective function

e=

tmax
ð
t0



2
DcðtÞ
 zðtÞ dt
c0

ð13Þ

where Dc(t)=c0 = (c(t)  c0 )=c0 is the relative shift of
wavespeed (equivalent to frequency changes in our
study), where c0 is the wavespeed before the beginning
of loading, and c(t) is the wavespeed at time t. t n is chosen such that there are m logarithmically spaced time
constants in each decade,10 as follows
t n = DTbn ,

1

b = 10m ,

n = 0, . . . , m3N

ð14Þ

The result given by equation (12) is a spectrum of
values A (i.e. set of values A0, A1, A2,., An). Shokouhi,
et al.10 found the relaxation time spectrum to be independent of the amplitude of loading and of the environmental conditions. Hence, the relaxation spectrum can
be considered as the signature of the slow dynamics
recovery process. Even when the understanding of the
connection between the shape of the relaxation spectra
and the internal characteristics of the material is missing, this approach has the potential to unravel the
underlying physical mechanisms of the slow dynamics.10
The main scheme to obtain the relaxation time spectrum is shown in Figure 5 for one earthquake recorded in
2015 at the top of the ANX building. The behavior of the
normalized fundamental frequency (Df/ffapp) as a function of time is shown in Figure 5(a). The set of exponential decays that compose the total relaxation spectrum is
shown in Figure 5(b), and their corresponding amplitudes
Ai are displayed in Figure 5(c), composing the relaxation
time spectrum. The fitting of all the exponential decays is

Figure 5. General scheme used to obtain the relaxation time
spectrum. Example for an earthquake occurring in 2015 and
recorded at the top of the ANX building. (a) Normalized
fundamental frequency (Df/ffapp) as a function of time during the
recovery segment, after the strongest loading is finished.
Df = fi–ffapp; where fi is the value of fundamental frequency at
time ti during the recovery. The circles represent the
earthquake data evenly spaced in log-time, and the solid thick
line is the fit corresponding to the sum of exponential decays
(equation (12)). (b) Exponential decay terms that compose the
fit shown in (a). (c) Amplitudes Ai of the different exponential
decays observed in (b). These amplitudes compose the
relaxation spectrum. Maximum amplitude Amax, characteristic
time t c, and bandwidth bw are also represented in this example.

shown in Figure 5(a). It is noticeable that mechanisms
having relaxation times between t ; 2 s and t ; 100 s
are present in this example, where the maximum amplitude, Amax, corresponds to relaxation times around 13 s
(i.e. green data set in Figure 5(c)).
In this study, we extract the following three parameters from the relaxation time spectrum:





Amax corresponds to the maximum amplitude
observed in the relaxation spectrum.
The characteristic time, tc, corresponds to the centroid, in the time axis,
It was deterP of the spectrum.
P
mined using tc = ( Ai 3t i )= Ai , where t i and Ai
are the relaxation times, and their corresponding
amplitudes, respectively, for the different exponentials used in the fitting (Figure 5(c)).
The bandwidth, bw, assesses the range of dominant
relaxation times, as commonly used in signal processing (in the frequency domain typically), to estimate the damping ratio and quality factor of
structures for instance.37 Here, the bandwidth is
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Figure 6. Long-term variation of the minimum value of the fundamental frequency in the ANX building: (top) Y-180 direction and
(bottom) X-270 direction. The color bar represents the peak acceleration at the top of the building (note the log-scale). Error bars
indicate the average (white circles) and standard deviation values (vertical black lines) computed by bins of 20 consecutive events.
Shaded areas indicated as P1, P2, P3, and P4 refer to the structural periods observed in Astorga et al.,17 according to the behavior of
the frequency variation. Mean and standard deviation values per period are indicated in the text boxes at the right of each plot.

pﬃﬃﬃ
defined using 1= 2 of the maximum amplitude
(Figure 5(c)).
Once applied the relaxation models to fit our data,
we are able to obtain the following relaxation parameters, listed herein for summary:










t min and tmax: beginning and end of the relaxation,
respectively, they represent energy-related parameters linked to smallest and largest scale mechanisms (i.e. smallest and largest cracks, respectively).
They are obtained by iterative process using the
equation (8).
p is the recovery slope. It is related to the rapidity
with which the particles in the material rearrange
until reaching an equilibrium state. It is estimated
using a first-degree polynomial between t min and
t max.
t c is the characteristic time. Typical relaxation time
related to the typical size of crack manifested for an
earthquake.
Amax is the maximum amplitude. It corresponds to
the extent of cracks with a certain size.
bw is the bandwidth. It corresponds to the extension
of the bond system/cracks-size variety.
Ratio tmax/tmin can be interpreted as the development of new type/size of cracks, that is, representing the cracks-size variety.

Results
Long-term monitoring of the fundamental frequency in
both directions of the ANX building is shown in Figure
6. Each dot corresponds to the minimum value of frequency fmin observed during one earthquake. For the
same building, Astorga et al.17 defined four time periods P1, P2, P3, and P4 according to the behavior of the
fundamental frequency in time: P1: 1998–2005, P2:
2005 to March 2011, P3: March 2011–September 2011,
and P4: after October 2011). Astorga et al.17 explained
the response of the structure along these periods and
concluded that the origin of such a behavior is mostly
related to the evolution of the bond system, that is,
extension of cracks causing structural softening, as evidenced by permanent changes in the elastic properties.
Compared to Astorga et al.,17 the data set is extended
to 2018 in this study.
First, Figure 6 shows a strong anti-correlation between
the loading parameter, considered here as PTA, and the
variation of fundamental frequency over 20 years. The
fundamental frequency progressively decreases in both
directions during the first period, P1. This reflects the
immediate post-built co-seismic and slow softening of the
structure resulting from the increasing number of cracks
opening and closing during each earthquake. The drop of
frequency is more prominent during the first years in the
X-270 direction, suggesting a preferential distribution of
cracks along elements in this direction. During P1, the
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Figure 7. Evolution of the different relaxation parameters as a function of time for the Y-180 (circles) and X-270 (squares)
directions of the ANX building: (a) minimum relaxation time t min, (b) maximum relaxation time t max, (c) ratio t max/tmin, (d) log-time
slope p of the interval t min–t max, (e) characteristic relaxation time t c, (f) bandwidth bw, and (g) maximum spectral amplitude Amax.
Each dot represents the averaged value of 20 consecutive events. Vertical dashed lines correspond to the occurrence of great
earthquakes listed in Table 1. Shaded areas divide the structural periods observed in Figure 6 (i.e. P1, P2, P3, and P4).

frequency shifted from 1.85 Hz (60.04 Hz) to 1.39 Hz
(60.06 Hz) in X-270, representing a mean drop of
approximately 25%. In Y-180, the drop is about 16.5%
(with respect to the first frequency values measured in the
building in 1998), that is, from 1.63 Hz (60.08 Hz) to
1.36 Hz (60.06 Hz). At the end of P1, a sharp decrease
of frequency is observed, followed by a rapid recovery up
to the stable period P2, where the mean frequency is
1.33 Hz in both directions, 60.06 Hz in Y-180 and
60.14 Hz in X-270. This sharp decrease is coincident
with the Niigata-Ch
uetsu earthquake that occurred in
October 2004 (Table 1), which confirms the correlation
between the co-seismic variation of resonance frequency
and the amount of cracks in structural elements. Similar
behavior was observed after the great Tohoku earthquake in March 2011, that is, period P3, where the recovery took longer to reach the stable period P4 because of
the long conditioning sequence produced by aftershocks.
Seven years after the 2011 event, despite partial
recovery immediately after the earthquake, the fundamental frequency has not reached the value measured
prior to the earthquake. Currently (2018), the fundamental frequency of ANX building is around 1.06 Hz
(60.08 Hz) and 1.04 Hz (60.07 Hz) in the Y-180 and
X-270 directions, respectively, which represents a 35%

and 43% drop relative to the initial elastic frequencies.
The residual frequency variation indicates a permanent
change in the elastic properties and suggests permanent
structural damage has occurred.
Data dispersion represented by standard deviation
in periods P2 and P4 are smaller than in P1 and P3,
respectively. Astorga et al.17 found that the more the
structure is damaged, the more stable its response to
loading over time, characterized by a smaller dispersion
(Figure 6). This corresponds to a gradual damaging
mechanism in which the number of cracks increases
(which reduces the stiffness) and the energy required to
open new cracks lessens.
A correlation between the relaxation parameters and
the structural state is also observed: the mean tendency
of each parameter changes from one period to the
other. Results for t min, tmax, p, tc, bw, and Amax indicate a sudden increase from P1 to P2 in both directions
(Figure 7 and Table 2). Significant variations are also
observed from P2 to P3 and from P3 to P4 (except for
tmin). The mean minimum relaxation time tmin is 5.6 s
during the first period in the Y-180 direction. At the
beginning of 2005 (i.e. the transition from P1 to P2),
the value shifts to 9.9 s and does not show significant
variation until the end of P3. During P4, the mean
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Table 2. Mean values of the relaxation parameters for each structural period and for both directions of the building. Graphic
representation of these values is shown in Figure 7.
t min (s)

P1
P2
P3
P4

t max (s)

t max/t min

p (%)

t c (s)

bw (s)

Amax (%)

Y-180

X-270

Y-180

X-270

Y-180

X-270

Y-180

X-270

Y-180

X-270

Y-180

X-270

Y-180

X-270

5.6
9.9
9.9
11.9

8.2
17.0
17.6
19.7

13.1
29.2
56.7
34.8

17.3
38.4
69.7
62.8

12.8
12.9
15.1
9.8

9.2
5.4
16.1
14.0

1.1
1.8
1.9
3.1

1.2
1.8
2.5
2.3

9.9
17.2
16.5
19.4

12.6
24.7
31.1
31.6

12.5
23.5
21.9
20.5

15.0
28.4
37.0
34.1

3.3
4.2
5.8
5.9

4.6
6.6
6.2
5.6

value of tmin increases to 11.9 s. This increase in t min
represents a delay in the beginning of the relaxation
process. Results indicate that the more cracked the
structure, the longer it takes for the relaxation to start.
The variations of t min from P1 to P2 and from P3 to P4
(Figure 7(a)) are undoubtedly related to the transition
from unstable periods of constant softening (i.e. P1 and
P3) to stable periods (i.e. P2 and P4), where the system
is cracked due to the expansion of the bond system during the period immediately before. Same tendency is
observed in the X-270 direction but with larger mean
values of t min for all the periods. This is also consistent
with the stronger degradation in the X-270 direction
with respect to Y-180 observed since the beginning of
the measurements in 1998 (Figure 6).
Values of tmax are likely linked to the maximum size
of cracks open during an earthquake,36 inasmuch as it
represents the relaxation mechanisms operating at the
largest scales. The constant increase of the mean value
of t max from P1 to P2 and from P2 to P3 (Figure 7(b))
indicates the emergence of increasingly larger cracks
and/or increasing crack density. The decrease of the
mean t max from P3 to P4 might be related to some retrofitting carried out in the building after the 2011 Tohoku
earthquake.23 The mean behavior of the maximum
relaxation time t max is analogous for both directions of
the building, and once again the direction X-270 shows
greater values, signifying larger cracks in this direction.
Since t min and tmax represent the initial and final
relaxation times, respectively, the ratio between these
values might be directly linked to the emergence of new
relaxation mechanisms operating at different relaxation
times. This ratio could then be interpreted as the development of new type/size of cracks. Values of tmax/tmin
are very dispersed (Figures 7 and 8): on one hand, there
are earthquakes for which t min and t max are very different, that is, related to the creation of new size of cracks.
On the other hand, there are earthquakes that did not
create new types of cracks, and therefore tmax/tmin = 1.
Guéguen et al.36 evaluated the recovery of the fundamental frequency of a building in Ecuador during the
Mw 7.8 earthquake that occurred in April 2016. Results
showed that, during the recovery after the mainshock,

Figure 8. Ratio t max/t min for the events recorded between
2005 and 2010 in the Y-180 direction of the ANX building. For
t max/t min = 1 (note the log-scale on the Y-axis) each dot
represents one event. For t max/t min .1, the size of the markers
is related to the number of consecutive events where t max/t min
.1 (shown in the inset legend). The color scale represents the
maximum drift. The dashed rectangle encloses three
consecutive earthquakes creating new types of cracks, followed
by some events where no new types of cracks appeared.

the value of t max/t min .1, suggesting the expansion of
the bond system with new size of cracks. However,
tmax/tmin was equal to 1 during the relaxation process
(when considering a foreshock and an aftershock with
moderate shaking), implying that new sizes of cracks
were created only during the mainshock.
We observe ratios t max/t min = 1 or t max/t min .1
over the periods P1, P2, P3, and P4, with no apparent
relationship with loading parameters (Figure 8) or
structural states (Figure 7). Nevertheless, in Figure 8,
we show the sequence of events between 2005 and 2010
and results indicate that a series of earthquakes with
tmax/tmin = 1 occurs after one or a few consecutive
events with t max/t min .1. This may be equivalent to
that observed by Guéguen et al.36 In Figure 8, the color
scale indicates the maximum drift, DMax. For t max/t min
.1, the size of the markers is related to the number of
consecutive earthquakes, where tmax/tmin .1 (i.e. bigger markers correspond to a greater amount of successive earthquakes generating new types of cracks). For
example, in August–September 2005, we observe three
consecutive earthquakes with t max/t min .1 and mean
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Figure 9. (Top) Recovery of the fundamental frequency with time for the Y-180 direction of the ANX building and different strain
amplitudes, during (a) period P2, before the Tohoku earthquake and (b) period P4, after the Tohoku earthquake. Curves represent
the mean frequency recovery Df, normalized to the final frequency ffapp. Slopes corresponding to the time-logarithmic segment are
represented in the insets. (Bottom) Mean relaxation spectra for different strain amplitudes during (left) P2 and (right) P4. Relaxation
spectra were obtained from the mean exponential fit shown in the top plots. Different colors correspond to five drift ranges
(D1 = 1 3 1026–5 3 1026, D2 = 5 3 1026–1 3 1025, D3 = 1 3 1025–5 3 1025, D4 = 5 3 1025–1 3 1024, D5 = 1 3 1024–
5 3 1024). Mean values of t c and bw per period and per strain level are indicated in the legend. Note that time (X-axis) is displayed
in log-scale.

DMax = 1024 (yellow dot in the dashed rectangle,
Figure 8). Thus, new sizes of cracks were created during
these events. These are followed by several earthquakes,
where no new sizes of cracks emerged, t max/t min = 1.
However, we observe that earthquakes with big DMax
might not produce new types of cracks (i.e. yellow dots
with t max/t min = 1, Figure 8), and events with low
DMax could open new types of cracks (i.e. blue dots
with t max/t min .1, Figure 8), Hence, there is no obvious
relationship between the creation of new sizes of cracks
and the maximum drift, DMax. Much more effort is
consequently needed to explain the fact that some
earthquakes create new type of cracks and some others
do not. However, we observe a decrease of the ratio
tmax/t min with time (Figure 8), which characterizes the
tendency toward uniformity of the crack features, generating fewer new cracks when successive earthquakes
occur.
TenCate et al.6 reported different recovery slopes for
different materials, including intact and damaged concrete. The authors observed an increase of the recovery
slope for damaged concrete with respect to intact concrete, and they interpreted this increase by the fact that
the rate of recovery in time is related to the rapidity
with which the particles in the material rearrange until

reaching an equilibrium state, that corresponds to the
end of the recovery. Thus, materials whose bond system
is more ‘‘damaged’’ might be characterized by higher
slopes because of the open spaces between the solid particles to be filled in the rearrangement carried out during the relaxation. We observe a slight but constant
increase in the recovery slope with time (Figure 7(d)),
which is consistent with the building becoming progressively damaged over the years. The evolution of tc, bw,
and Amax is more or less analogous inasmuch as they
show clear variations in each period (Figure 7(e)–(g)).
A clearer picture of the evolution of these parameters with respect to the structural state is shown in
Figures 9 and 10, for the Y-180 and the X-270 directions, respectively. In these figures, the mean relaxation
spectrum is only computed for the stable periods P2
and P4, that is, before and after the 2011 Tohoku earthquake. In these figures, the data were grouped in five
increasing ranges of drift amplitudes (i.e. D1 = 1 3
1026–5 3 1026, D2 = 5 3 1026–1 3 1025, D3 =
1 3 1025–5 3 1025, D4 = 5 3 1025–1 3 1024, D5 =
1 3 1024–5 3 1024), in order to separate loading
amplitude effects from structural state. Before Tohoku
(period P2), the variation of frequency Df and logtime recovery slopes increase with strain amplitude
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Figure 10. Similar to Figure 9 but for the X-270 direction of the building.

(Figure 9(a) top). Therefore, the corresponding amplitudes Amax of the relaxation spectra also increase with
the strain level (Figure 9(a) bottom). Analogous results
are observed in laboratory experiments when analyzing
the recovery of sandstone at different strain amplitudes.10 Besides, Shokouhi et al.10 obtained more or less
equivalent spectrum shapes at different strain amplitudes. In our case, a smooth transition of the characteristic relaxation time tc to higher values is observed as
the drift increases (Figure 9 bottom). However, maximum strain amplitudes in laboratory are in the order of
1025, which would be comparable to our first two
ranges of drift (i.e. yellow and green curves), where the
shapes of spectra are rather similar.
For the same ranges of drift, there is an evident
increase of the frequency drop after the Tohoku earthquake, that is, in P4, with respect to P2 (Figure 9(b)
top). The slope values also increase after the earthquake, which is coherent with the aforementioned
results on the relationship between the recovery slope
and the state of the bond system. Characteristic relaxation times tc also shift to higher values after Tohoku
for all drift categories. This indicates that the typical
size of cracks activated during P4 is larger than the
characteristic size of cracks opened during P2 for equivalent loading strains (Figure 9(b) bottom).
Not only the size of the typical crack enlarged in P4,
but also the number of cracks generated with respect
to P2, especially for lower strain earthquakes
(DMax \ 5x1025). This is revealed by the higher values
of maximum amplitude Amax observed in Figure 9(b)
(bottom) for the green, yellow, and black spectra. In

addition, the bandwidth may be a proxy of the different types/sizes of cracks created under certain level of
loading. After the Tohoku earthquake, an increase of
the bandwidth values occurred, being more evident at
higher strains (Figure 9(b) bottom). This is related to
the susceptibility of the structure to create a wider
range of crack sizes at a given loading value, in comparison to those opened during P2. This bandwidth
value finally characterizes the changes in the bond system, or in other words, the structural health.
In X-270 direction (Figure 10), no significant variation between P2 and P4 is observed: frequency drops
and slope values are approximately equivalent (Figure
10 top). The spectra shapes at different strain amplitudes are similar and range of relaxation times bw, maximum amplitudes Amax, and characteristic times tc are
also rather equivalent (Figure 10 bottom), specially for
P4. The data dispersion is also very similar between P2
and P4 but also for the different range of strain values.
This behavior might be linked to the fact that the structure was already significantly cracked along the X-270
direction prior to the 2011 event, as a result of the largest variation of frequency observed in Figure 6.
Several post-earthquake observations confirm the
relation between the evolution of the relaxation parameters and the pattern of cracks in the ANX building.
For example, Kashima23 reported damage in the
building after the Tohoku earthquake in 2011. Visual
post-earthquake structural surveys detected damage
around the expansion joints, splits in the plasterboard
of partitioning walls, and several cracks in the concrete walls.
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Discussion
The long-term monitoring of the ANX building (Figure
6) shows clear variations of the fundamental frequency
in both horizontal directions, with different trends in
four periods, as already defined by Astorga et al.17 We
also observe an increase of softening (i.e. a decrease of
the frequency due to a decrease in the modulus) for
increasing values of PTA. The origin of the observed
variations in the elastic properties is mainly due to transient and permanent changes of the structural stiffness,
which is controlled by the bond system,1 which in this
case is the system of cracks and other heterogeneities
creating weakness in the medium. The structural state
evolution reported for the ANX building manifests
itself in the slow dynamic recovery process following
earthquakes. Different parameters describing these
relaxation effects show distinctive behaviors that are
concomitant with the structural state:




t min and tmax (energy-related parameters) values
increase with structural softening (i.e. Figure 7(a)
and (b)). A stiff medium (i.e. ANX at the beginning
of the measurements) is very sensitive to energy:
opening and closing of cracks is a fast process manifesting at any loading amplitude. As the system
becomes softer due to increased mechanical damage, the energy required to activate cracks is less
important. Hence, a cracked medium takes longer
to react and to activate the relaxation process; once
this process begins, it also takes longer for the
energy to be totally released. This explains the delay
in the beginning of the relaxation (i.e. the increase
of tmin) and the elongation of the maximum relaxation time (i.e. the increase of tmax) with the increase
of cracking (i.e. from P1 to P2 in Figure 7(a) and
(b)). Mean values of tmin and tmax also show a
punctual rise coincident with the occurrence of large
earthquakes within the stable structural period P2
(i.e. Figure 7(a) and (b)), which is related to a significant transitory decrease of stiffness during these
events. Snieder et al.21 determined that loading is
one parameter controlling t max.
The bandwidth bw and the maximum amplitude
Amax of the relaxation spectrum model are directly
connected to the extension of the bond system.
Whereas the former reflects the variety in crack
sizes, the latter is an indicator of the number of
cracks of the same type/size. The increase of cracking in the ANX building due to the Tohoku earthquake and subsequent aftershocks is evident in
Figure 9 (bottom), where a wider range of crack
types is expected even at low-strain amplitudes, and
the number of smaller cracks considerably increased
in comparison to the period preceding the 2011





event. The strong shaking of this great earthquake
opened new structural cracks and enlarged preexisting ones, which in turn reduced fundamental
frequencies (and therefore stiffness) permanently
(Figure 6). Analogous conclusions were drawn by
Guéguen et al.36 using lab experiments and real
data in buildings; as well as laboratory experiments
showing the effects of progressively increasing damage by Van Den Abeele et al.;38 or by Rubinstein
and Beroza11 when analyzing seismic velocity
reductions in rock after strong motions.
Initial softening observed in the building (Figure 6)
seems to have affected mostly the X-270. The fundamental frequency in 2005 is alike in both directions,
even when the initial elastic frequency was higher in
the X-270 (i.e. 1.85 Hz, with respect to 1.63 Hz in
the Y-180 direction). Although the reasons for this
have not been analyzed, it might be related to a preferential distribution of heterogeneities along this
direction due to differences in the structural design,
connections, cracking, and so on. The X-270 direction is softer than the Y-180 and this is also manifested in the recovery process by the behavior of the
relaxation parameters, that is, a similar response for
Df, bandwidth, maximum amplitude, before and
after Tohoku was observed in Figure 10.
Just as bandwidth bw, the ratio tmax/t min is related
to the extension of the bond system with respect to
the crack sizes. Stable periods (i.e. P2 and P4) show
lower mean values of tmax/tmin with respect to the
previous period P1 and P3, respectively, suggesting
that new type of cracks were more prone to emerge
during constant-softening periods (Table 2). This
result is coherent with the observation made by
Astorga et al.,17 who concluded that new cracks
were created during P1 and P3. Moreover, and similarly to the results reported by Guéguen et al.,36 it is
observed that some earthquakes are able to create
new sizes/types of cracks, while some others are not
(i.e. Figure 8). This might be due to differences in
loading conditions. However, no clear correlation
was found between the maximum strain (DMax)
and the events originating new types of cracks. We
observed that the occurrence of one or few events
creating new types of cracks is followed by several
consecutive events where no new types of cracks
emerge. Note that the latter case does not imply
that the bond system is not expanded. For example,
the creation of new cracks with the same size of the
existent ones is manifested by the increase of Amax,
which is clearly observed in Figure 9 (bottom) after
the Tohoku earthquake. More analyses are needed
to determine the possible link between intensity
measurements and/or engineering demand parameters and the creation of new sizes/types of cracks.
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Conclusion
We have analyzed 1630 real earthquakes of different
magnitudes, recorded between 1998 and 2018 in the
ANX building (Japan). The time–frequency distribution based on the WV function was used to monitor
the variation of the fundamental frequency in both horizontal directions of the building over time. The main
goals of this study were (1) to corroborate the manifestation of nonlinear elastic signatures at the building’s
scale, especially the slow dynamics behavior, (2) to test
existent slow dynamics relaxation models developed at
the laboratory scale to real earthquake data and real
buildings and (3) to investigate the behavior of several
relaxation parameters with respect to different loading
amplitudes and structural states.
Astorga et al.17 detected clear signatures of nonlinear elastic behavior in the ANX building, similar to
what is seen in laboratory and seismological scales.
Fundamental frequency fluctuations at short (interevents) and long term (intra-events) show evident both
transitory and permanent variations of stiffness, controlled primarily by the bond system (i.e. cracks and
other heterogeneities). The creation and growth of
cracks along with the resultant constant frequency
decrease entail significant energy expended in damaging the material, causing rearrangement of the internal
structure, and resulting in variations of detectable physical properties. Two periods of relatively stable
dynamic response, where permanent frequency variations are detected in the ANX building are observed (1)
between 2005 and March 2011, that is, after a constant
softening occurred during the first 7 years of the structure and (2) between October 2011 and May 2018, that
is, after the Tohoku earthquake in March 2011 and its
immediate aftershocks. These permanent stiffness variations suggest an extension of the cracks system and
are therefore linked to damage.
We focused our study in this recovery process, a
time-dependent relaxation mechanism in which the fundamental frequency shifts back to higher values after
the loading is finished. We observe such elastic response
at any given loading amplitude. Even after very strong
earthquakes, the fundamental frequency recovers: that
is, during the earthquake of 23 October 2004 (Table 1),
the frequency dropped significantly. However, the
recovery was practically immediate (Figure 6). After
the Mw 9 Tohoku earthquake in 2011, the frequency
recovery is observed during approximately 6 months,
although in this case, it is only partial. Seven years after
this great event, the fundamental frequency seems to be
stable around 1.05 Hz in both horizontal directions,
after having dropped to 0.80 and 0.65 Hz in the Y- and
X-directions, respectively. Although the current
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fundamental frequencies represent the 65% and 57% of
the initial elastic frequencies obtained in 1998 in the Y180 and X-270 directions, the building is still operative,
and no damage is apparently seen.
Parameters linked to the slow dynamics recovery
also show evidence of the variable structural response.
The level of heterogeneity in the material controls the
behavior of relaxation times, recovery rates, and relaxation mechanisms amplitudes. This is manifested by
clear variations of these parameters between periods
(Figures 7, 9, and 10 and Table 2). Some of the relaxation parameters also seem to be sensitive to loading:
that is, within a stable response period (P2), spikes in
parameters tmin, t max, and Amax are more or less coincident with the occurrence of large events (Figure 7).
Moreover, variations of frequency Df, characteristic
relaxation times and proxies of the extension of the
bond system (i.e. bandwidth and Amax) are well correlated to the strain amplitude (Figure 9). This dependence is consistent with laboratory observations that
indicate that the nonlinear response is proportional to
the level of dynamic strain.10,39,40
Laboratory experiments are performed under controlled conditions and strain amplitudes that do not
damage the material. In practice, real buildings facing
real earthquakes represent a much more complex problem. Multiple uncertainties coming from several sources
(i.e. loading, environment, soil, instrumentation, material, connections, construction process, etc.), the possible mix of modal responses and the interaction between
manifold elements, are all factors that make the structural response complex and unique. Despite all that, the
models of the relaxation function and the relaxation
spectrum proposed by Snieder et al.21 and Shokouhi
et al.,10 respectively, and originally developed for
laboratory experiments, are well adapted to the data of
the ANX building. Our results are analogous to observations of nonlinear elastic behavior at small (i.e.
laboratory) and large (i.e. Earth’s crust) scales; and they
are satisfactory as a first attempt to apply the models to
real data at intermediate-scale (i.e. buildings).
By applying seismic interferometry to borehole
accelerometric data located right next to the building,
Astorga et al.17 concluded that the contribution of the
soil (i.e. soil-structure interaction) on the variation of
the total response (i.e. soil-structure system) is less
important in comparison to the contribution of the
response of the structure itself. That previous study
together with the results of this study allows us to confirm the structural origin of the slow dynamics, clearly
seen in Figures 9 and 10, in relation to the degree of
fracturing of the structural elements. However, a careful analysis of the slow dynamics recovery might allow
us to understand the emergent unrevealed behavior
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related to cracks growth, friction, contact rates, healing, and so on. Understanding nonlinear elastic behavior might be helpful to improve our knowledge in
dynamic response, allowing us to develop and calibrate
models that are fundamental for predicting real structural behavior.
The procedure followed to obtain the results presented in Figures 9 and 10 could be an easy way to
detect changes in the structural response (i.e. damage).
For example, the comparison of the structural response
in terms of relaxation parameters before and after a
specific event, for a same level of deformation, can provide us with important information about the extension
and density of heterogeneities, that is, cracks. The automatized computation of relaxation parameters applied
to continuous and real-time instrumented buildings,
would allow us to detect permanent variations in the
response (increase of bandwidth, Amax, etc. for equivalent loading), which is fundamental for making prompt
and accurate decisions about structural health.
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