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An evaluation method of robustness of base-isolation building-connection hybrid con-
trolled building structures is developed by introducing a measure for robustness (robust-
ness function) and considering shallow and deep ground uncertainties. The earthquake
ground-motion amplitude at the earthquake bedrock is evaluated by the Boore’s stochas-
tic method including the fault rupture and the wave propagation into the earthquake
bedrock. Then, the phase angle property at the earthquake bedrock is investigated by
introducing the concept of phase difference, which is defined for each earthquake type.
The ground-motion amplification in the shallow and deep ground is expressed by the
one-dimensional wave propagation theory. The robustness of base-isolation building-
connection hybrid controlled building structures is measured by use of the robustness
function due to Ben-Haim (2006) and is evaluated by taking full advantage of the updated-
reference-point method. It is shown that, as the total quantity of damping coefficients
of connection dampers increases, the robustness for the deformation of the base-
isolation story becomes larger without the drastic reduction of the robustness for the
top acceleration.

Keywords: robustness, base-isolation, building-connection, hybrid control system, uncertain ground property,
deep ground, wave propagation, phase difference

INTRODUCTION

The great Tohoku earthquake occurred onMarch 11, 2011 and stuck the east part of Japan. Extensive
areas of Tohoku district were attacked bymany terrible tsunamis. Many high-rise buildings in Tokyo
were also shaken by this aggressive earthquake although Tokyo is located 200–500 km far from the
fault region. More specifically, a super high-rise steel building standing at the bay area of Osaka
was shaken more severely regardless of the fact that Osaka is located about 800 km far from the
fault region. Takewaki et al. (2011, 2013) pointed out that the deep ground characteristic of the
building actually influenced such phenomenon. This means that the deep ground characteristic and
its uncertainty should be studied carefully and taken into account in the design of super tall buildings.
Unfortunately, this kind of long-period, long-duration ground motions was not considered in the
design of super tall buildings, which were designed around 1960–1980.
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The proper treatment of uncertainties in deep grounds seems
difficult due to the lack of information (epistemic uncertainty)
and the intrinsic randomness (aleatory uncertainty) (Abrahamson
et al., 1998, Taniguchi and Takewaki, 2015). To respond to such
issue, the interval analysis was introduced as a representative of
the reliable analysis methods. It appears that the research field
of interval analysis was introduced by Moore in 1966 (Moore,
1966). Afterward, a pioneering work was achieved by Alefeld and
Herzberger (1983). Linear interval equations, nonlinear interval
equations, and interval eigenvalue analysis were investigated by
introducing interval arithmetic. It is well known that the interval
arithmetic is a kind of mathematical tool for the sets of intervals
introduced in 1924. Subsequently, the interval arithmetic algo-
rithm was developed. To derive the bounds of static structural
response, Qiu et al. (1996) used the interval arithmetic algorithm
by introducing a convergent series expansion of the uncertain
structural response. Furthermore, the interval arithmetic algo-
rithm was extended to the Neumann series expansion of the
inverse stiffness matrix by Qiu and Elshakoff (1998). Then, the
envelopes of the static structural response were derived byMullen
and Muhanna (1999) with the aid of the interval arithmetic.
Related works have been done bymany researchers on the interval
analysis for the static response or eigenvalue. Moens and Hanns
(2011) provided a state of the art for the interval analysis. More
recently, the interval analysis using Taylor series expansion was
proposed in the references (Chen et al., 2002, 2009; Chen andWu,
2004; Fujita and Takewaki, 2011; Fujita et al., 2015; Okada et al.,
2016).

In this article, a method of robustness evaluation of base-
isolation building-connection hybrid controlled building struc-
tures (Murase et al., 2013, 2014; Kasagi et al., 2016; Fukumoto
and Takewaki, 2017) is proposed by introducing a measure for
robustness (robustness function) due to Ben-Haim (2006) and
considering shallow and deep ground uncertainties. Although
the base-isolation building-connection hybrid controlled building
structures are known (Murase et al., 2013, 2014; Kasagi et al., 2016;
Fukumoto and Takewaki, 2017) to be effective both for impulsive
and long-period and long-duration earthquake ground motions,
the response sensitivity of such hybrid structures to uncertainties
in ground properties is not necessarily clear. Therefore, it appears
useful to investigate this sensitivity in terms of robustness mea-
sures under the condition that the fault–rupture mechanism, the
wave propagation property and the ground amplification property
are reflected appropriately.

The earthquake ground-motion amplitude at the earthquake
bedrock is evaluated by using the Boore’s stochastic method
(Boore, 1983) including the fault rupture and the wave propaga-
tion into the earthquake bedrock. Then, the phase angle prop-
erty at the earthquake bedrock is investigated by introducing the
concept of phase difference, which is defined for each earth-
quake type. The ground-motion amplification in the shallow and
deep ground is expressed by the one-dimensional wave propaga-
tion theory. The robustness of base-isolation building-connection
hybrid controlled building structures is measured by use of the
robustness function due to Ben-Haim (2006). Since Ben-Haim
(2006) introduced only the concept of the robustness function, a
general practical solution method, called the updated-reference-
point (URP) method, is used here. It is shown that, as the total

quantity of damping coefficients of connection dampers increases,
the robustness for the deformation of the base-isolation story
becomes larger without the drastic reduction of the robustness for
the top acceleration.

GENERATION OF EARTHQUAKE GROUND
MOTION AT FREE-GROUND SURFACE

The schematic diagram of a scenario for evaluating the response
of a base-isolation building-connection hybrid controlled struc-
ture is shown in Figure 1. The earthquake ground motion at
the earthquake bedrock is generated by specifying the Fourier
amplitude and the phase angle. There are many researches on the
generation of simulated earthquake ground motions. In partic-
ular, the stochastic method is one of the most reliable methods
(see Boore, 2003). Recently, some further developments have been
made (Motazedian and Atkinson, 2005; Boore, 2009; Ghofrani
et al., 2013; Yenier and Atkinson, 2015). The Fourier amplitude
is obtained by using the Boore’s method (Boore, 1983), including
the fault rupture and the wave propagation into the earthquake
bedrock, which is based on the works due to Aki (1967), Brune
(1970), and Kanamori and Anderson (1975). On the other hand,
the phase property at the earthquake bedrock is constructed
by introducing the phase difference, which is defined for each
earthquake type (for example, Thrainsson and Kiremidjian, 2002;
Yamane and Nagahashi, 2008). Once the earthquake ground
motion at the earthquake bedrock is generated, the free-ground
surface motion is obtained by using the one-dimensional wave
propagation theory for the deep and shallow ground (Schnabel
et al., 1972; Kramer, 1996).

Generation of Earthquake Ground Motion
at Earthquake Bedrock
The frequency-domain acceleration wave A(ω) at the earthquake
bedrock can be expressed by the following equation:

A (ω) = |A (ω)| eiφ(ω), (1)

where φ(ω) is the phase angle. On the other hand, the time-
domain acceleration wave a(t) at the earthquake bedrock can be
described by the following equation:

a(t) =
N/2∑
k=0

ak cos(ωkt + φk), (2)

where ωk, ak, and φk denote the kth circular frequency, the
corresponding amplitude, and the corresponding phase angle.

The Fourier amplitude of the acceleration wave at the earth-
quake bedrock can be obtained by using the Boore’s method
(Boore, 1983),

|A(ω)| = CM0S(ω, ωC)P(ω, ωm)
e−ωR/2QVs

R , (3)

where M0, R, Q, Vs, and ωm are the seismic moment, the fault
distance, the Q-value, the shear wave velocity of the earthquake
bedrock, and the cutoff circular frequency (ωm = 2πfm). The
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FIGURE 1 | Schematic diagram of a scenario for evaluating the response of a base-isolation building-connection hybrid controlled structure taking into account the
fault rupture, wave propagation, and ground-motion amplification in deep ground.

seismic moment M0 is related to the moment magnitude Mw
through M0 = 101.5(Mw+10.7). Other parameters are given by the
following equations:

C =
Rθφ · FS · PRTITN

4πρEVs3
, (4a)

S(ω, ωC) =
ω2

1 + (ω/ωC )2
, (4b)

ωC =
4.9 × 106

2π
× Vs

(
ΔσF

M0

)1/3
, (4c)

P(ω, ωm) =
{
1 + (ω/ωm )2s

}−1/2
(s = 4) , (4d)

where Rθφ , FS, PRTITN, ρE, and ΔσF are the radiation pattern,
the amplification due to the free surface (=2), the reduction factor
that accounts for the partitioning of energy into two horizon-
tal components

(
= 1/

√
2
)
, the mass density of the earthquake

bedrock, and the stress drop.
Compared with the Fourier amplitude, the theory on the phase

angle is quite limited (for example, Thrainsson and Kiremidjian,
2002; Yamane and Nagahashi, 2008). In this article, the phase
difference is introduced to represent the phase angle characteris-
tics depending on the earthquake type. This topic was introduced
first by Ohsaki in 1979 (Ohsaki, 1979), and the related develop-
ments have been made. Especially, the research by Yamane and
Nagahashi (2008) is used here,

φk+1 = φk + Δφk (k = 1, 2, . . . ,N/2 − 1). (5)

In Eq. 5, Δφ denotes the phase difference and can be expressed
in terms of the mean μ and the standard deviation (SD) σ,

△ φ = − (μ + s · σ) , (6)
where s is the Gaussian random number with 0mean and unit SD.
Due to the research by Yamane and Nagahashi (2008), the SD σ
can be given in terms of the fault distance R for each earthquake
type.

For inland earthquake,
σ/π = 0.06 + 0.0003R. (7)

For plate boundary earthquake,
fault rupture direction : σ/π = 0.05 + 0.0003R,

perpendicular to fault rupture : σ/π=0.08+0.0003R. (8a,b)
Equation 7 indicates that the influence of directivity is small

in inland earthquakes. Equations 7 and 8 were derived from the
regression analysis for free-ground surface motions. Since it is
known that the phase differences of the ground motions at the
earthquake bedrock and the free-ground surface are similar, these
relations are used also at the earthquake bedrock. Figure 2 shows
some examples of the SD of phase difference given by Eqs 8a,b.

Figure 3 shows two examples of the relation of accelerograms
with distributions of phase difference with different means of
phase difference−0.5π,−1.5π for the plate boundary earthquake
given by Eq. 8b. It can be observed that the mean of phase
difference does not affect themaximumresponse of structures and
influences only the location of time history (Ohsaki, 1979; Yamane
and Nagahashi, 2008).
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Amplification of Ground Motion in Deep
and Shallow Ground
The free-ground surface acceleration Üg (ω) in the frequency
domain can be related to the frequency-domain acceleration wave
A(ω) at the earthquake bedrock through

Üg (ω) = HG (ω)A (ω) . (9)

This relation is based on the one-dimensional wave propaga-
tion theory (Schnabel et al., 1972; Kramer, 1996). Let Gi, ρi, Vi,
and βi denote the shear modulus, the mass density, the shear
wave velocity, and the damping ratio, respectively, of the ith layer.
The numbering of ground layer is made from the top (ground
surface). HG(ω) is the transfer function between the acceleration
waveA(ω) at the earthquake bedrock and the free-ground surface
acceleration Üg (ω),

HG (ω) = HG1 (ω)HG2 (ω) · · ·HGN (ω) . (10)

HGi(ω) in Eq. 10 can be expressed by the following equation:

HGi (ω) =
1

cos kihi + iαi sin kihi
, (11)

FIGURE 2 | SD of phase difference at observation site for plate boundary
earthquake [replotted based on Yamane and Nagahashi (2008)].

where ki, Gi
∗, and αi are the complex wave number, the complex

shear modulus, and the complex impedance, respectively, defined
by the following equation:

ki = ω
√

ρi/Gi
∗, Gi

∗ = (1 + 2βii)Gi,

αi =
√

ρiGi
∗/

√
ρi+1Gi+1

∗. (12)

EARTHQUAKE RESPONSE CONSIDERING
THE FAULT RUPTURE, WAVE
PROPAGATION, AND DEEP GROUND
CHARACTERISTICS

The free-ground surface acceleration Üg (ω) in the frequency
domain obtained in the previous section is input to the base-
isolation building-connection hybrid controlled building struc-
ture. The time-history response of the deformation u(t) of the
base-isolation story in the hybridmodel can be evaluated by using
the following inverse Fourier transform:

u (t) =
1
2π

∫ ∞

−∞
U (ω) eiωt d ω (13)

=
1
2π

∫ ∞

−∞
HD (ω) Üg (ω) eiωt d ω

(HD (ω) : transfer function).

The absolute acceleration at the top of the main building can
also be obtained in a similar manner.

ROBUSTNESS EVALUATION USING
ROBUSTNESS FUNCTION

The robustness of the base-isolation building-connection hybrid
controlled building structure is evaluated by using the robustness
function introduced by Ben-Haim (2006). Although a concept
for dealing with the robustness quantitatively was proposed by
Ben-Haim, actual algorithms had to be developed later. Some
simple examples were presented (Takewaki and Ben-Haim, 2005,
2008). However, further developments were needed for intro-
ducing general procedures. In this article, the URP method by

FIGURE 3 | Accelerograms and distributions of phase difference with different means of phase difference −0.5π, −1.5π.
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Fujita and Takewaki (2011) is used. As the response parameters,
the maximum deformation of the base-isolation story and the
maximum absolute acceleration at the top of the main building
are adopted.

To explain the robustness function, let us introduce the uncer-
tain variables X(α) in terms of an uncertain parameter α,

X(α) =
{
XI
i ∈ R |[Xi

c − αΔXi,Xi
c + αΔXi] , i = 1, . . . ,N

}
.

(14)

In Eq. 14, ( )I and [a, b] represent an interval parameter where
the parameters a and b denote the lower and upper bounds of
the interval parameter, respectively. Furthermore, ( )c and Δ( )
indicate the nominal value of an interval parameter and half the
varied range of the interval parameter, respectively.

Let f (X) and fc denote the response (deformation or accelera-
tion) of the structure with parametersX and its constrained value.
The robustness function can then be defined as follows:

α̂(X̃, fc) = max
{

α
∣∣∣ max

{
f(XI)|XI ∈ X(α)

}
< fc

}
. (15)

In Eq. 15, it is necessary to specify a parameter α successively
and conduct the maximization procedure for variables, which are
defined by X(α). Since f (X) is not necessarily a convex func-
tion, the maximization procedure needs elaborated work. This
procedure can be done by the interval analysis. In this section,
the general-form interval analyses are explained which, use an
approximation of first- and second-order Taylor series expansion.
In the interval analysis, the uncertainty of parametersX is defined
by the following equation:

XI = [Xc − ΔX,Xc + ΔX] . (16)

When the uncertainty in M interval parameters is described
by the interval vector as shown in Eq. 16, the feasible domain of

interval parameters is expressed by an M-dimensional rectangle.
The purpose of the robustness evaluation analysis is to find the
upper and lower bounds of the objective function in this feasible
domain. The general problem of interval analysis can be described
as follows:

Find X
so as tomaximize (orminimize) f (X)
subject to X ∈ XI

 (17)

From the practical point of view, an efficient method was
desired and developed, which can predict the upper and lower
bounds of the objective function without huge computational
load. For this purpose, the interval analysis using the approxima-
tion of Taylor series expansion has been developed so far. Among
them, the URP method by Fujita and Takewaki (2011) is used in
this article. The variation Δf of the objective function from the
value f (Xc) at the nominal parameters Xc can be expressed by the
following equation:

Δf(dXi) =
1
2
f, XiXi

(
dXi +

f, Xi

f, XiXi

)2
−

f, Xi2

2f, XiXi

, (18)

where dXi = Xi − Xi
c. In Eq. 18, f, Xi means the partial differen-

tiation of the function f (X) with respect to Xi. Figure 4 shows the
schematic algorithm of the URP method by Fujita and Takewaki
(2011). More detailed explanation of the URP method can be
found in Fujita and Takewaki (2011).

NUMERICAL EXAMPLES

Numerical examples are presented in this section. The robustness
of a base-isolation building-connection hybrid controlled build-
ing structure as shown in Figure 5 is evaluated for uncertain
parameters in shallow and deep grounds.

FIGURE 4 | Schematic diagram of updated-reference-point (URP) method by Fujita and Takewaki (2011) (cited from Fujita and Takewaki, 2011).
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FIGURE 5 | Base-isolation building-connection hybrid controlled building
structure.

TABLE 1 | Structural parameters.

Floor mass of main building 1.7×106 kg
Floor mass of free wall 0.22×106 kg
Floor mass of base-isolation 5.1×106 kg
Story height 3.5m
Fundamental natural period of main building
with fixed base-isolation

3.0 s

Fundamental natural period of free wall 0.63 s
Fundamental natural period of hybrid system 6.72 s
Structural damping ratio 0.03
Damping ratio of base-isolation story (rigid
superstructure)

0.15

Position of oil damper (floor level) 4, 8, 12, 16, 18, 20, 22, 24, 26
Damping coefficient of connecting damper
per story

0, 0.1, 0.5, 1.0 (×107 Ns/m)

Comparison of Simulated Ground Motions
with Recorded Ground Motions
To investigate the validity of the present simulation method of
ground motions, the comparison of simulated ground motions
with recorded groundmotionswasmade in the reference (Yamane
andNagahashi, 2008). The 2000Western Tottori Prefecture earth-
quake (inland earthquake) and the 2003 Tokachi-oki earthquake
(plate boundary earthquake) were taken as example ones. It was
demonstrated that not only the overall shape of time-history
response envelope and frequency content but also the response
spectra exhibit good correspondence.

Examples of Robustness Evaluation
The parameters of a base-isolation building-connection hybrid
controlled building structure are shown in Table 1. The number
of stories of the main building is 40 and that of free wall is 26.

Case of Tokyo, Japan
Consider a scenario of fault plane and hypocenter in Tokyo
area (Great Kanto earthquake in 1923) as shown in Figure 6
(Kanamori, 1974; Wald and Somerville, 1995). Fault parameters
are presented in Table 2. This earthquake is a plate boundary
earthquake. The soil conditions at Chiyoda-ku, Tokyo are summa-
rized inTable 3. The uncertain parameters are the thickness, shear
wave velocity, mass density, and damping ratio of ground. Since
there are four soils layers, the number of uncertain parameters
is 16. The phase angle φ1 for ω1 was set to 0, and the mean of

FIGURE 6 | Assumed fault plane and hypocenter in Tokyo area together with
observed site.

TABLE 2 | Fault parameters of Great Kanto earthquake in 1923.

Radiation pattern Rθφ 0.63 Cutoff frequency fm 10Hz
Amplification FS 2.00 Stress drop ΔσF 40bar
Reduction factor PRTITN 0.71 Q-value 300
Distance from fault R 30 km Moment magnitude Mw 7.9

TABLE 3 | Soil conditions at Chiyoda-ku, Tokyo.

Depth (m) Thickness (m) Shear wave Density Damping
velocity (m/s) (×103 kg/m3) ratio (%)

0 130 520 1.88 2.0
130 260 690 1.93 2.0
390 1,170 940 2.01 0.5
1,560 1,010 1,500 2.19 0.5
2,570 - 3,110 2.71 -

phase difference was set to μ =− π/2. Since the hypocenter-site
direction is about π/3 from Figure 6, σ/π = 0.07+ 0.0003R was
used.

In the response analysis, five earthquake ground motions were
generated at the earthquake bedrock, and the mean of the max-
imum responses was adopted as the maximum response for the
evaluation of the robustness function.

Figure 7 shows a generated acceleration wave at the earthquake
bedrock, a generated acceleration wave at the free-ground surface,
and a generated deformation at the base-isolation story for two
uncertainty levels α̂ = 0, 0.4 of ground properties in Tokyo area.
It can be found that, as the uncertainty level α̂ becomes larger,
the acceleration waves at the free-ground surface and at the base-
isolation story become larger, and the maximum deformation at
the base-isolation story becomes larger considerably.

Figure 8A shows the robustness function with respect to the
deformation of the base-isolation story. It may be beneficial to
note that, once the value α̂ in the vertical axis is fixed, the corre-
sponding deformation of the base-isolation story in the horizontal
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FIGURE 7 | Generated acceleration wave at earthquake bedrock, generated acceleration wave at free-ground surface, and generated deformation at base-isolation
story for two uncertainty levels α̂ = 0, 0.4 of deep ground properties (Tokyo area).

A B

FIGURE 8 | Robustness function with respect to design requirement, (A)
deformation of the base-isolation story and (B) absolute acceleration at the
top of the main structure (Tokyo area).

axis indicates the maximum value for varied ground parame-
ters prescribed by α̂. Especially, the deformation of the base-
isolation story for α̂ = 0 indicates the maximum response for
the nominal parameters of ground. It can be observed that, as
the total quantity of the connecting dampers becomes larger, the
robustness function for the deformation of the base-isolation story
becomes larger. This means that the total quantity of the con-
necting dampers plays a key role for increasing the robustness of
the base-isolation building-connection hybrid controlled building
structure in terms of the deformation of the base-isolation story.
The robustness function for C= 0 shows a non-monotonic curve.
This may result from the local maximum in Eq. 17.

Figure 8B presents the robustness function with respect to
the absolute acceleration at the top of the main structure. This
indicates that, although the increase of the total quantity of the
connecting dampers decreases the robustness for acceleration, its
degree of decrease is not so large. In other words, this means
that, while the increase of the total quantity of the connecting
dampers is very beneficial for the increase of the robustness

FIGURE 9 | Assumed fault plane and observed site in Osaka area.

for the deformation of the base-isolation story, its influence on
the performance degradation in the acceleration response is not
large.

Case of Osaka, Japan
Consider a scenario of fault plane and hypocenter in Osaka area
(Tonankai earthquake in 1944) as shown in Figure 9 (Kanamori,
1972). Fault parameters are presented in Table 4. This earthquake
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is also a plate boundary earthquake. The soil conditions at Kita-
ku, Osaka are summarized in Table 5. As in the previous case for
Tokyo area, uncertain parameters are the thickness, shear wave
velocity, mass density, and damping ratio of ground. Since there
are five soil layers, the number of uncertain parameters is 20.
The phase angle φ1 for ω1 was set to 0, and the mean of phase
difference was set toμ =− π/2 as in Tokyo area. Since the location
of hypocenter was not determined, R was given approximately by
100 km, and Eq. 8B was used for σ/π.

As in the previous case for Tokyo area, five earthquake ground
motions were generated at the earthquake bedrock, and the mean
of themaximumresponseswas adopted as themaximumresponse
for the evaluation of the robustness function.

TABLE 4 | Fault parameters of Tonankai earthquake in 1944.

Radiation pattern Rθφ 0.63 Cutoff frequency fm 10Hz
Amplification FS 2.00 Stress drop ΔσF 100bar
Reduction factor PRTITN 0.71 Q-value 300
Distance from fault R 100 km Moment magnitude Mw 8.4

TABLE 5 | Soil conditions at Kita-ku, Osaka.

Depth (m) Thickness (m) Shear wave Density Damping
velocity (m/s) (×103 kg/m3) ratio (%)

0 40 200 1.7 2.0
40 170 350 1.8 2.0
210 310 550 1.9 2.0
520 570 1,000 2.1 0.5
1,090 500 2,700 2.5 0.5
1,590 – 3,100 2.6 –

Earthquake bedrock: shear wave velocity=3,600m/s, density= 2.7×103 kg/m3, and
Q-value= 300.

Figure 10 shows a generated acceleration wave at the earth-
quake bedrock, a generated acceleration wave at the free-ground
surface and a generated deformation at the base-isolation story
for two uncertainty levels α̂ = 0, 0.4 of ground properties in
Osaka area. As in Tokyo area, it can be found that, as the uncer-
tainty level α̂ becomes larger, the acceleration waves at the free-
ground surface and at the base-isolation story become larger and
the maximum deformation at the base-isolation story becomes
larger considerably. It is interesting to note that, although the
free-ground surface acceleration (about 0.8m/s2) for α̂ = 0.4
in Osaka area is smaller than that (about 2m/s2) in Tokyo area,
the deformation of the base-isolation story in Osaka area is larger
than that in Tokyo area. This may result from the relation between
the fundamental natural period of the hybrid controlled build-
ing structure and the dominant period of the simulated ground
motion at the free-ground surface.

Figure 11A shows the robustness function with respect to the
deformation of the base-isolation story. It can be observed that,

A B

FIGURE 11 | Robustness function with respect to design requirement, (A)
deformation of the base-isolation story and (B) absolute acceleration at the
top of the main structure (Osaka area).

FIGURE 10 | Generated acceleration wave at earthquake bedrock, generated acceleration wave at free-ground surface, and generated deformation at base-isolation
story for two uncertainty levels α̂ = 0, 0.4 of deep ground properties (Osaka area).

Frontiers in Built Environment | www.frontiersin.org March 2018 | Volume 4 | Article 168

https://www.frontiersin.org/Built_Environment
https://www.frontiersin.org
https://www.frontiersin.org/Built_Environment/archive


Makita et al. Structural Robustness in Uncertain Ground

as the total quantity of the connecting dampers becomes larger,
the robustness function with respect to the deformation of the
base-isolation story becomes larger as in Tokyo area. This means
that the total quantity of the connecting dampers plays a key
role for increasing the robustness of the base-isolation building-
connection hybrid controlled building structure in terms of the
deformation of the base-isolation story. It can also be found that,
while the maximum deformation of the base-isolation story does
not change so much in the small range of α̂, that increases dras-
tically in the large range of α̂ (in the range of large uncertainty),
especially, for smaller total quantity of the connecting dampers.

Figure 11B presents the robustness function with respect to
the absolute acceleration at the top of the main structure. This
indicates that, although the increase of the total quantity of the
connecting dampers decreases the robustness for acceleration, its
degree of decrease is slight. In other words, this means that, while
the increase of the total quantity of the connecting dampers is
very beneficial for the increase of the robustness for the deforma-
tion of the base-isolation story, its influence on the performance
degradation in the acceleration response is not large as in Tokyo
area. Furthermore, it can also be observed that the increase of the
absolute acceleration at the top of the main structure is so small
for the increasing uncertainty level of ground. This phenomenon
is completely different from that in Tokyo case.

It can be observed from Figures 8 and 11 that, because the fault
distance in Tokyo area is smaller than that in Osaka area and the
moment magnitude in Tokyo area is smaller than that in Osaka
area, the deformation of the base-isolation story in Tokyo area is
approximately equal to that in Osaka area. On the other hand, the
acceleration at the top of the main building in Tokyo area is larger
than that in Osaka area. This indicates that the robustness for the
deformation of the base-isolation story and the robustness for the
top-story acceleration with respect to ground uncertainties are
greatly dependent on the moment magnitude and fault distance.

CONCLUSION

An evaluation method of robustness of base-isolation building-
connection hybrid controlled building structures has been devel-
oped by introducing a measure for robustness (robustness func-
tion due to Ben-Haim, 2006) and considering shallow and deep
ground uncertainties. The earthquake ground-motion amplitude
at the earthquake bedrock has been evaluated by the Boore’s
stochastic method including the fault rupture and the wave prop-
agation into the earthquake bedrock. Then, the phase angle prop-
erty at the earthquake bedrock has been constructed by intro-
ducing the concept of phase difference, which is defined for each

earthquake type. The ground-motion amplification in the shallow
and deep ground has been described by the one-dimensional wave
propagation theory. The following conclusions have been drawn.

(1) An integrated evaluation method of robustness of base-
isolation building-connection hybrid controlled building
structures can be constructed for uncertain properties of shal-
low and deep grounds. The method consists of two parts, i.e.,
the part 1 is the generation of simulated groundmotions at the
earthquake bedrock, and the part 2 is the search of the worst
combination of uncertain parameters. This method has been
accomplished by combining the response evaluation system
based on the Boore’s stochastic method for the fault rupture
and the wave propagation to the earthquake bedrock and on
the phase difference method with the method of robustness
analysis using the robustness function.

(2) It has been shown that, as the total quantity of damping coef-
ficients of connection dampers increases in the base-isolation
building-connection hybrid controlled building structure, the
robustness for the deformation of the base-isolation story
becomes largerwithout the drastic reduction of the robustness
for the top-story acceleration.

(3) The robustness for the deformation of the base-isolation story
and the robustness for the top-story acceleration with respect
to ground uncertainties are greatly dependent on themoment
magnitude and fault distance. Earthquake structural engi-
neers can grasp the sensitivity of deformation and acceler-
ation response with respect to ground uncertainty level by
using the proposed integrated evaluation method.
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