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Abstract

Given the importance of quickly recovering livelihoods and economic activity after an earthquake, the seismic performance
of the pile foundation is becoming more critical than before. In order to promote seismic retrofit of the pile foundations, it is
necessary to develop a method for evaluating the seismic performance of the pile foundation based on the experimental data.
In this paper, we focus on the building that was suffered severe damage to the pile foundation, conduct simulation analyses
of the building, and report the results of evaluating the dynamic characteristics when piles are damaged using a system
identification method. As a result, an analysis model that can accurately simulate the behavior of the damaged building during
an earthquake was constructed, and it was shown that the system identification method could extract dynamic characteristics

that may damage piles.

Keywords: soil-structure interaction, strong seismic records, damage of pile, simulation analysis, system identification

1. Introduction

Japan is one of the most earthquake-prone countries
globally, and earthquake damage to buildings has been
frequent since ancient times. On the other hand, due to
repeated revisions of the standards for seismic design
every time earthquake damage is experienced, the
earthquake damage of superstructures built in accordance
with the current standards is decreasing. While the
superstructure has become harder to break due to an
earthquake, damage to pile foundations tends to become
apparent in recent earthquake damage. Although damage
to pile foundations rarely directly leads to loss of life, it
can have significantly impacted the re-occupancy of
buildings after an earthquake. There are many cases
where the building was demolished because the pile
foundation was damaged, and the building was tilted,
making it impossible to use the building. Given the im-
portance of quickly recovering livelihoods and economic
activity after an earthquake, it is essential to retrofit
seismically to the pile foundation as needed. Seismic
evaluation is required to carry out seismic retrofit, but it
is difficult to investigate the pile foundation because that
is underground, and a method for assessment of seismic
performance for pile foundations has not been established.

Many studies on structural damage detection by
indirect health monitoring have been carried out for a
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long time. In particular, there are several studies that use
seismic observations to identify structural systems for
dynamic soil-structure interaction problems, such as
Safak (1995) or Stewart (1998), and pile damage detection
is included in the system identification of dynamic soil-
structure interaction problems. However, few cases are
measured in buildings with damaged piles in actual
seismic records, and there are not enough empirical
research cases on pile damage detection.

In this paper, we focus on the building that was suffered
severe damage to pile foundation, conduct simulation
analyses of the building, and report the results of evaluating
the dynamic characteristics when piles are damaged using a
system identification method.

2. Outline of the 2016 Kumamoto
earthquake and Target building

The target is a low-rise RC building that was damaged
by the 2016 Kumamoto earthquake and has already been
demolished.

The 2016 Kumamoto earthquake occurred mainly in
Kumamoto Prefecture in Kyusyu district in Japan. The
first shock, which is Mw 6.1 event, occurred on 14 April
at 21:26 Japan Standard Time(JST) (GMT +9h). The
mainshock, which is Mw 7.1 event, occurred on 16 April
at 01:25 JST. Fig. 1 shows the location view of Kuma-
moto Prefecture and the epicenters of the first shock and
mainshock. The twice large earthquakes destroyed over
7,000 wooden houses and residential buildings, mainly in
the central area of Mashiki Town. Two seismic stations
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Figure 1. Location of Kumamoto Prefecture and the central area in Mashiki Town. (http://www.gsi.go.jp/LAW/2930-index.html,

in Japanese.)

are in Mashiki Town. One is KiK-net KMMH16, operated
by the National Research Institute for Earth Science and
Disaster Prevention (NIED 2016) and was recorded
seismic motion on the ground surface. Another is the
Japan Meteorological Agency (JMA) seismic intensity
station operated by a local government office (JMA
2016) and observed maximum value of seismic intensity,

which is seven on twice seismic events. These seismic
records are nearby the massive damage area of houses, as
shown in Fig. 2.

JMA seismic intensity station was the records on the
1st floor in Mashiki Town Office, and these records were
affected by the soil-structure interaction effects. Fig. 3
illustrates the Mashiki Town Office's general views, in
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Figure 2. Location of observation stations, in which the spatial distribution of heavy damage ratio of wooden houses is

illustrated. (NILIM 2016).



which the seismic records on the 1Ist floor observed
during the first and mainshock. This building is a three-
story RC building supported by a pile foundation con-
structed in 1980 and retrofitted with out-flame to the
south side in a longitudinal direction. The total number of
piles is 192. The foundations under the existing part
consist of isolated footings. Each footing is supported by
one or 3~6 autoclave piles (AC pile), consisting of pile
groups. The AC pile has 400 mm in diameter and 75 mm
in thickness, and 26~32 m in length. The foundations
under the retrofit part consist of isolated footings, each
supported by two steel pipe piles with wings; the pile has using microtremor (Mori 2017).
318.5 mm in diameter and 6.9mm in thickness, 27 m in
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Figure 3. General views of Mashiki Town Office, in which the seismic records on the first floor observed during the first
shock and mainshock.

Fig. 4 shows the state of ground deformation around
the building after the earthquakes. It can be seen that the
gap between the building and the ground observed after
the foreshock increased after the mainshock. Post-
earthquake damage evaluation for the building was per-
formed after the mainshock, and the damage grade of this
building was moderate. Three corner piles were investigated
by visual inspection and IT tests. Consequently, there
were two massive damaged AC piles near the pile cap
under the west side footing. The building's natural
frequency is 3.0~4.0 Hz, where the value was measured

Fig. 5 shows the borehole dates at two sites: Site-K and

Site-O. In both Site-K and Site-O, the stratigraphy includes
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Figure 4. Gap between the building and the ground at east side of Mashiki town office after the earthquakes.
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Figure 5. Soil classifications and S-wave(VS) velocity profiles for the analyses. (Kashiwa et al. 2019)

about 15 m of cohesive soil: loam, tuffaceous silt with
gravel or sand, and tuffaceous sand with pumice or sandy
soil at a depth from about 15 m to engineering bedrock,
whose S-wave velocity is 700 m/s at a depth of about
40 m in this paper. Fig. 3(a) and (c) are S-wave velocity
using in the simulation analysis. S-wave velocity at Site-
K, as shown in Fig. 3(a), is determined by PS logging,
and the S-wave velocity at Site-O, as shown in Fig. 3(c),
is estimated by microtremor observation (Arai et al. 2017).

3. Simulation of seismic behavior of the
building

Earthquake response analyses of dynamic soil-structure
interaction are conducted at the Mashiki Town Office
using the multi-lumped-mass beam spring model, as
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Elastic model

[Pile head connection ]
Rigid pile head

[Upper soil spring ] 1
Slip model: - —
Poly-linear skeleton + B
Slip hysteresis =

[Lower soil spring ]
Normal model: _
Poly-linear skeleton +
Normal hysteresis

[Pile]

Length

shown in Fig. 6. Here, from the plan in Fig. 3(b), the
footing of the four piles is selected, the piles are replaced
with a single pile, and the superstructure and pile are
modeled into one beam spring model.

The superstructure is assumed to maintain linear behavior
and has a rigid foundation. The reason for setting the
superstructure as elastic is that the actual damage to the
superstructure was small, and the actual yield strength is
unknown. The weight of each floor of the superstructure
is determined based on the design document. The first
natural frequency of the superstructure is 4.0 Hz. The pile
is modeled by beam element, and the model has
nonlinearity considered a fiber section. The pile model
has the same bending stiffness as the pile groups and is
connected rigidity to the rigid foundation. The length of
the pile model is 28 m. The S-wave velocity of soil
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Figure 6. Schematic view of analytical model of Mashiki town office for earthquake response analysis considering soil-

structure interaction effects
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around the pile end is about 500 m/s. The pile model is
supported on the side by interaction springs, which are
Winkler-type springs, and at the end by pin-roller support.
The pile group effect is assumed in the interaction
spring’s property. The interaction springs have a multi-
linear backbone curve and a slip or Masing’s hysteresis
characteristic. The multi-linear backbone curves, which
are consisted of five linear lines, are defined based on AlJ
Recommendation (AIJ 2001). Slip hysteresis characteristic
is only adopted up to the depth of 1/f (Railway Technical
Research Institute 2012), and Masing’s hysteresis
characteristic is adapted to the other interaction springs.
The time history of acceleration at bedrock (42) is input
to the entire model, and that of velocity and displacement
of the seismic response of the free ground is input to the
interaction springs. The bedrock motion and the velocity
and displacement motion of the end of the interaction
springs are estimated by inversion analysis at Site-K.

For details on other analysis settings, refer to Kashiwa
et. al. (2019).

The acceleration time histories and pseudo velocity
response spectra are shown in Fig. 7, which compare the
observation and the calculation. Amplitudes and phases
of the acceleration histories on the base foundation in the
calculation, Cal(BF), are almost the same in the observation,
Obs(BF), in both cases of the first shock and the
mainshock. However, the spike shape in the acceleration
history in Cal(BF) case is due principally to the hardening
behavior of the interaction springs. The pseudo velocity
response spectra of Cal(BF) are almost the same as that
of Obs(BF). On the other hand, The pseudo velocity response
spectra of Obs(BF) is smaller than that of Cal(GL) for the
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periods in the range of 0.2~0.6 s, whereas larger above
1.0 s. This indicates that when nonlinear behaviors, which
are the local nonlinearity of the ground such as the gap or
the structural nonlinearity such as the pile damage, occur,
the response of the ground surface and the base foun-
dation may differ significantly.

The maximum bending moment distributions of the
pile and the maximum deformation distributions of the
interaction springs during the first shock and the main-
shock are shown in Fig. 8. My is the yield moment of the
pile, Mu is the ultimate moment of pile, and yp is the
threshold for whether there is a gap between the ground
and the building. As shown in Fig. 8(b), the maximum
bending moment at the pile cap on the first shock are
close to the ultimate state. Moreover, as shown in Fig.
8(c), it can be seen that a large relative displacement
occurs between the ground and the pile near the ground
surface.

When the relative displacement between the pile and
the ground is large near the ground surface, the inertial
interaction effect is dominant. Therefore, using the
superstructure specification as a parameter, analyses are
conducted when the superstructure becomes a nonlinear
state, and the influence of the inertial interaction effect is
investigated. Fig. 9 shows the analysis results when the
superstructure is considered with an inelastic state during
the first shock. The story shear coefficient is 0.5. As
shown in Fig. 9(b), the maximum story drift is signifi-
cantly increased by allowing the superstructure to yield.
Simultaneously, the bending moment of the pile is
reduced, and it does not yield as shown in Fig. 9(c). At
this time, the acceleration response on the base foundation
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Figure 7. Comparisons between the calculation result(Cal) and the strong motion record(Obs) at Site-O and Mashiki Town Office.
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Figure 9. Analysis results during the first shock when superstructure is considered with inelastic state. (Cyy=0.5)

also changes significantly, and the pseudo velocity response
spectrum of Cal(BF) is almost the same as that of GL.

The system identification method adopted in this paper is
MOESP-type subspace model identification (Verhaegen
1992).

Fig. 10 shows the schematic view of the response of the
superstructure considered with the dynamic soil-structure
interaction. In this study, the ground surface (yy), the
foundation (zj), and the roof (z;) responses are used for
input and output motion in MOESP-type subspace model

4. Natural frequency evaluation by using
Subspace identification

The system identification method is applied to the
analysis results during the first shock shown in Chapter 3.

® Vp-ZoZ; U yp-2o X zp-2z4
100 100
az]

i R
[} A/ [} .
= x e = Ly
glOf ot . §10~ o® .
S Sy ] L
% <o |; ¢ . % : X = =] * e o
.%D 1E X Og h 5 '3 .’%D 1k [m] og °
) )
0‘1 Il Il Il \15 Il | 1 L 1 0_1 Il Il 1 e 1 Il 1 L 1

.7 .7
! Period (s) 1 ! Period (s) 1

(a) foreshock

(b) Main shock

Figure 10. Schematic view of response.

Figure

11. Singular value.



Study on Integrity Assessment of Pile Foundation Based on Seismic Observation Records

* Vy-ZoZ H Yy-2o X Zy-z) ‘
— 8r ;
Sl ‘ (1-a) £,
T4 X X X XiX X X X XiX X X X X
[ =) ; :
= of C v e B R @
— 1, ) .E. ) w L J .5- L J L J L J L]
g f " ;
S0l
Z (1-b) Re( @y z0)
1 i i
R f 5 (1-c)4
= T i ! -C)Az
E of nn,wnnﬂM J m z
NN,
<5t i i
S ] 5 (1-d) 4
= I ; i -d) Az
\E/O’ AMA:()J\M‘\ rw/\ﬂ/\'\
g TV s
Q F H H
<5t i i
15¢ :
R r ; (l-e)flyff
go’ ot e al\ Aa s 0 Al fina AN AL
d L VUUWvaWUV\J v UUV Vvv VUU\)UVVV v
[T : ;
<_15' i - i
0 5 Time(s) 10 15

(1) Case of elastic superstructure

Figure 12. Analysis results of system identification.

identification. Three types of input and output com-
binations are considered. One is that the input is yz and
the outputs are z, and z;, represented as yy - zyz;. The
other is that the input is y and the output is z,, represented
as yy - z9. which is the actual case of Mashiki Town
Office. Another is that the input is z,, and the output is z;,
represented as z, - z;. which is focused on the dynamic
characteristic of the superstructure in a base fixed condition.
The sampling frequency of these responses is 100Hz. The
data length of the block Hankel matrix is 301. The
number of rows in the matrix is 10 in one output or 20 in
two outputs. Fig. 11 shows the singular value per order
for determining the number of orders to be identified. In
this study, the number adapts 4.

Fig. 12 shows the analysis results of system identifi-
cation, f; is 1% natural frequency, f;_, is the value of z, in
1*" mode normalized the value of z;. The time histories of
acceleration of z;, zy, and yj is also shown in Fig. 12. If
the superstructure is kept elastic state, the 1% natural
frequency of yy - zgz; and y; - z, change almost the same
with time, and z, - z; is constant at 4 Hz, initial 1% natural
frequency of the superstructure. Furthermore, the real part
of fi.,0 is almost 1, which means the responses both z, and
z; are almost the same, and the relative displacement
between y; and z, is dominant. On the other hand, if the
plasticity of the superstructure is allowed, the 1% natural
frequency of y; - zyz; and zy - z; change almost the same
with time, which means the relative displacement between
vy and z, is almost 0.

Therefore, in the case of Mashiki Town Office in the
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Kumamoto Earthquake, it is possible to roughly evaluate
the characteristic of seismic behavior due to pile damage
or superstructure damage by using the response acceleration
of the ground surface, on the foundation, and on the roof,
in which the significant relative displacement between the
ground and the building occurs.

5. Conclusions

Simulation analyses of the RC building supported by
piles subjected to very large seismic oscillation are
conducted using a multi-lumped-mass beam spring model
to evaluate the nonlinear soil-structure interaction effect
seismic behavior of the superstructure and pile foundation.
As a result, an analysis model that can accurately
simulate the behavior of the damaged building during an
earthquake was constructed. Furthermore, it was shown
that the system identification method could extract dynamic
characteristics that may damage piles. The development
of a method for quantitatively extracting dynamic
characteristics that lead to damage to piles under several
building conditions and the ground properties is further
study.
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