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In the 2016 Kumamoto earthquake in Japan, two severe ground shakings with the seismic
intensity 7 (the highest level in Japan Meteorological Agency scale; approximately X–XII
in Mercalli scale) occurred consecutively on April 14 and 16. In the seismic regulations
of most countries, it is usually prescribed that such severe earthquake ground motion
occurs once in the working period of buildings. In this paper, a simple evaluation method
is presented on the seismic resistance of residential houses under two consecutive severe
ground motions with intensity 7. Therefore, the proposed method can be used for the
design of buildings under two consecutive severe ground motions. The present paper
adopts an impulse as a representative of near-fault ground motion and two separated
impulses are used as the repetition of intensive ground shakings with the seismic intensity
7. Two scenarios to building collapse (collapse limit in terms of zero restoring force
with P-delta effect and collapse limit in terms of maximum deformation) under two
repeated severe ground shakings are provided and energy consideration is devised for
the response evaluation. The validity and accuracy of the proposed theories are discussed
through numerical analysis using recorded ground motions.

Keywords: repeated earthquake ground motions, upgrade of seismic resistance, residential house, near-fault
ground motion, elastic–plastic response, energy approach, collapse

INTRODUCTION

The general well-accepted theory of main-shock, after-shock occurrence was severely distorted
in the 2016 Kumamoto earthquake in Japan and two intensive ground shakings with the seismic
intensity 7 [the highest level in Japan Meteorological Agency (JMA) scale; approximately X–XII in
Mercalli scale] occurred consecutively onApril 14 and 16. Inmost seismic regulations in earthquake-
prone countries, it is usually prescribed that such intensive earthquake ground motion occurs once
in the working period of buildings and the after-shock is relatively small compared to the main-
shock. In this circumstance, some changes of design philosophy may be necessary. In this paper, the
degree of necessary upgrade is investigated on the seismic resistance of residential houses under two
consecutive severe ground motions with intensity 7.

Several attempts have been conducted on the damage analysis of structures under repeated
ground motions (Mahin, 1980; Amadio et al., 2003; Fragiacomo et al., 2004; Li and Ellingwood,
2007; Hatzigeorgiou and Beskos, 2009; Hatzigeorgiou, 2010; Moustafa and Takewaki, 2011, 2012;
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Kojima and Takewaki Necessary Strength under Repeated Earthquakes

FIGURE 1 | Modeling of repeated intensive ground motions into two impulses.

Motosaka, 2012; Ruiz-Garcia, 2012; Hatzivassiliou and Hatzi-
georgiou, 2015). The formulations of residual deformation and
member deterioration after one groundmotionmay be key issues.
It seems that most previous papers deal with the response char-
acteristics of structures under repeated ground motions and do
not mention directly the necessary strength upgrade due to input
repeat. In other words, while the previous researches are aimed at
the analysis of damage for the main-shock–after-shock sequence,
the purpose of the present paper is to propose a designmethod for
preventing from collapse under two consecutive intensive ground
shakings.

The present paper adopts an impulse of the velocity V as a
representative of near-fault ground motion and two separated
impulses are used as the repetition of intensive ground shakings
with the seismic intensity 7 (see Figure 1). The modeling of
earthquake ground motion into an impulse corresponds to the
evaluation of the input energy under a monotonic loading that
is a well-known and well-accepted concept in understanding the
earthquake input energy demand (see Figure 2). It is not intended
to extract a pulse from a record because the pulse represents an
impulsive input symbolically in this case. A residential house is
modeled by three models. The first one is an undamped single-
degree-of-freedom (SDOF) model of normal bilinear hysteresis
with negative second slope (steel structures), the second one is
an SDOFmodel of slip-type restoring-force characteristic, includ-
ing a bilinear hysteresis (wooden structures), and the third one
is an SDOF model of degrading hysteresis (reinforced-concrete
structures). Two scenarios to building collapse (collapse limit in
terms of zero restoring force with P-delta effect and collapse limit
in terms of maximum deformation) under two repeated severe
ground shakings are provided and energy consideration is devised
for the response evaluation. The validity and accuracy of the

FIGURE 2 | Simple energy evaluation of elastic–plastic structure under
impulsive loading.

proposed theories are discussed through numerical analysis using
recorded ground motions.

SDOF MODEL OF NORMAL BILINEAR
HYSTERESIS WITH NEGATIVE SECOND
SLOPE (STEEL STRUCTURES)

Consider first an undamped SDOF model of normal bilinear
hysteresis with negative second slope (steel structures) as shown
in Figure 3A (Kojima and Takewaki, 2016). The negative slope
of the first model can be understood as a modeling result of
P-delta effect and structural degradation. The validity of using this
model can be found in Appendix from the viewpoint of P-delta
effect. It is assumed that, after the input of the first impulse, the
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A B

FIGURE 3 | Restoring-force characteristic and collapse scenario: (A) Normal bilinear hysteresis with negative second slope. (B) Collapse scenario under
two impulses.

SDOFmodel goes into the plastic range and starts unloading after
the maximum deformation (see Figure 3B). It is also assumed
that the SDOF model converges to a zero restoring-force state in
the unloading path due to some damping effects (joint friction,
radiation damping, etc.). Then the second impulse is given to the
SDOF model with a residual deformation and the SDOF model
goes into the plastic range again. Once the restoring force becomes
0, the SDOF model collapses.

Letm, k denote themass and initial stiffness of the SDOFmodel
and let u, f denote the deformation (displacement ofmass) and the
restoring force, respectively. The natural circular frequency, the
ratio of the second slope to the initial slope, the yield deformation
and the yield strength are denoted by ω1 =

√
k/m, α(<0), dy

and fy, respectively. Let Vy = ω1dy denote the velocity level of
the input impulse at which the SDOF model just attains the yield
deformation after the first impulse as in the reference (Kojima and
Takewaki, 2015, 2016).

The degree of necessary upgrade on the seismic resistance of
residential houses under two consecutive severe ground motions
with intensity 7 is computed by comparing two models in which
a building is designed to just collapse under one impulse and the
other is designed to just collapse under two consecutive impulses.
In order to make this comparison, two structures resisting one or
two impulses are designed in the following.

Limit Input Velocity for One Impulse
Since a long time ago, a half-cycle sinewave is used as a simple rep-
resentative of impulsive groundmotions, e.g., see Housner (1963).
In this paper, a near-fault impulsive ground motion is simplified
into a half-cycle sine wave and then into a single impulse (see
Figure 1). The introduction of impulses enables a simple energy
evaluation of elastic–plastic structures (see Figure 2).

Following a procedure similar to that in the reference (Kojima
and Takewaki, 2016), the limit input velocity for one impulse can
be derived as follows by equating the kinetic energy (1/2)mV2

provided by one impulse with the dissipated energy (triangle in
Figure 4).

(1/2)mV2 = (1/2)fydy + fyup
+ (1/2)αku2p = (1/2) {1 − (1/α)} kd2y (1)

In Eq. (1), up =− (1/α)dy is used (see Figure 4). Therefore,
the ratio of limit input velocity to the reference velocity Vy

FIGURE 4 | Collapse scenario under single impulse.

(input velocity just attaining the yield of the model after one
impulse) may be expressed by

V/Vy =
√

1 − (1/α) (2)

Then the reference velocity (strength indicator of the model)
may be derived for a specified input velocity level V.

V[1]
y = V/

√
1 − (1/α) (3)

The corresponding model strength f [1]y can then be obtained as

f [1]y = k[1]dy = (m/dy)
(
V[1]
y

)2
= (mV2/dy)/ {1 − (1/α)} (4)

where k[1] is the stiffness of this model.

Limit Input Velocity for Two Consecutive
Impulses
The limit input velocity for two consecutive impulses can be
derived from the following procedure. The maximum deforma-
tion and the residual deformation after the first impulse can be
computed by equating the kinetic energy (1/2)mV2 provided by
the first impulse with the dissipated and strain energy (quadrangle
in Figure 5). Then the limit input velocity for the two consecu-
tive impulses inducing collapse after the second impulse can be
derived by equating the kinetic energy (1/2)mV2 provided by the
second impulse with the dissipated energy (triangle in Figure 6).
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FIGURE 5 | Collapse scenario under two impulses and energy
consideration for evaluating limit input velocity.

FIGURE 6 | Restoring-force characteristic of model under two
impulses.

Let u(1)
p and u(2)

p denote the plastic deformation after the first
impulse and the second impulse, respectively. Since the plastic
deformation of the model just attaining the collapse after the sec-
ond impulse can be described by−(1/α)dy, the following relation
holds (see Figure 6).

u(1)
p + u(2)

p = −(1/α)dy (5)

First of all, find u(1)
p from A1 =A2 (see Figure 6) which is

guaranteed by the same input energy (1/2)mV2 by the first and
second impulses. The conditionA1 =A2 in terms of u(1)

p , u(2)
p can

be expressed by

(1/2)kd2y + fyu(1)
p + (1/2)αk

(
u(1)
p

)2

= (1/2)
(
fy + αku(1)

p

) (
dy + αu(1)

p + u(2)
p

)
= (1/2)k {1 − (1/α)}

(
dy + αu(1)

p

)2

(6)

Rearrangement of Eq. (6) leads to

α(α − 2)
(
u(1)
p /dy

)2
+ 2(α − 2)

(
u(1)
p /dy

)
− (1/α) = 0 (7)

From Eq. (7), u(1)
p /dy can be obtained as

u(1)
p /dy = (1/α)

(
−1 ±

√
(α − 1)/(α − 2)

)
(8)

Since 0≤ u(1)
p ≤ − (1/α)dy, the following expression is derived.

u(1)
p /dy = (1/α)

(
−1 +

√
(α − 1)/(α − 2)

)
(9)

By using the energy balance, the input velocity level V of the
single impulse can be related to A1 (or A2) and u(1)

p . The energy
balance after the first impulse can then be expressed as

(1/2)mV2 = A1 = (1/2)kdy2 + fyu(1)
p + (1/2)αk

(
u(1)
p

)2
(10)

Therefore, the limit input velocity corresponding to the collapse
after two impulses may be derived as

V = ω1dy
√
1 + 2

(
u(1)
p /dy

)
+ α

(
u(1)
p /dy

)2

= Vy

√
1 + 2

(
u(1)
p /dy

)
+ α

(
u(1)
p /dy

)2
(11)

By substituting Eq. (9) into Eq. (11), the ratio V/Vy is obtained as

V/Vy =
√
1 + {1/(α2 − 2α)} (12)

The reference velocity (strength of the model) may then be
derived for a specified input velocity level V.

V[2]
y = V/

√
1 + {1/(α2 − 2α)} (13)

The corresponding model strength f [2]y can be obtained as

f [2]y = k[2]dy = (m/dy)
(
V[2]
y

)2

= (mV2/dy)/
[
1 + {1/(α2 − 2α)}

]
(14)

where k[1] is the stiffness of this model.
In summary, the ratio of the reference velocity for collapse

after two impulses to that for collapse after one impulse can be
computed as

V[2]
y /V[1]

y =
√

(α − 2)/(α − 1) (15)

Finally, the ratio of the model strength for collapse after two
impulses to that for collapse after one impulse can be expressed as

f [2]y /f [1]y = (α − 2)/(α − 1) (16)

Figure 7 shows the plot of V[2]
y /V[1]

y with respect to α. Fur-
thermore, Figure 8 presents the plot of f [2]y /f [1]y with respect to
α. In Figure 8, numerical results using recorded ground motions
(Kumamoto earthquake in 2016) are also plotted. It should be
noted that, since the purpose of this section is to investigate the
ratio f [2]y /f [1]y , the same earthquake ground motion recorded on
April 16, 2016 has been input twice.

Figure 9 shows the restoring-force characteristics of themodels
with different second slopes, under the earthquake groundmotion
of April 16, 2016, designed so that they just collapse after one
single impulse. T1 in Figure 9 is the natural period of the model.
In the top left one, the plastic deformation proceeds toward the
reverse direction different from the other three cases. On the other
hand, Figure 10 illustrates the restoring-force characteristics of
the models with different second slopes, under the twice repeated
earthquake groundmotion of April 16, 2016, designed so that they
just collapse after two impulses.
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FIGURE 7 | V[2]
y /V[1]

y for ααα.

FIGURE 8 | f [2]y /f [1]y for ααα (including analysis for recorded ground
motion).

CASE OF COLLAPSE LIMIT ON MAXIMUM
DEFORMATION

Consider second a SDOF model of elastic-perfectly plastic slip-
type hysteresis. Thismodel corresponds to wooden structures and
reinforced-concrete structures in some sense (in the sense that
both kinds of structures include slip-type properties). In other
words, the formulation in this section ismade for an idealmodel as
shown in Figure 11 and the results may be applied approximately
to wooden structures and reinforced-concrete structures.

Limit Input Velocity for One Impulse
The energy balance law for the single impulse can be expressed by
(see Figure 11)

(1/2)mV2 = (1/2)kd2y + fy(du − dy) (17)

where du indicates the ultimate deformation. Eq. (17) can be
reduced to

V/Vy =
√
2(du/dy) − 1 (18)

For a specified input velocity levelV, the reference velocityV[1]
y

(strength indicator of the model) may be derived as

V[1]
y = V/

√
2(du/dy) − 1 (19)

Then the corresponding strength f [1]y of the model exhibiting
collapse just after a single impulse can be obtained as

f [1]y = k[1]dy = (m/dy)
(
V[1]
y

)2
= (mV2/dy)/ {2(du/dy) − 1}

(20)
where k[1] is the stiffness of this model.

Limit Input Velocity for Two Consecutive
Impulses
Let u(1)

p and u(2)
p denote the plastic deformation after the first

impulse and the second impulse, respectively. Since the plastic
deformation of the model just attaining the collapse after the
second impulse can be described by du − dy, the following relation
holds (see Figure 12).

u(1)
p + u(2)

p = du − dy (21)

First of all, find u(1)
p from A1 =A2 which is guaranteed by the

same input energy (1/2)mV2 by the first and second impulses. The
condition A1 =A2 in terms of u(1)

p , u(2)
p can be expressed by

(1/2)kd2y + fyu(1)
p = (1/2)kd2y + fyu(2)

p (22)

From Eq. (22), u(1)
p /dy can be obtained as

u(1)
p = u(2)

p = (1/2) {(du/dy) − 1} dy (23)

By using the energy balance, the input velocity level V of the
single impulse can be related to A1 (or A2) and u(1)

p . The energy
balance after the first impulse can then be expressed as

(1/2)mV2 = A1 = (1/2)kd2y + fyu(1)
p (24)

Eq. (24) can be reduced to

V/Vy =
√

du/dy (25)

Then the reference velocity (strength indicator of the model) may
be derived for a specified input velocity level V.

V[2]
y = V/

√
du/dy (26)

The corresponding model strength f [2]y can be obtained as

f [2]y = k[2]dy = (m/dy)
(
V[2]
y

)2
= (mV2/dy)/(du/dy) (27)

Therefore, the ratio of the reference velocity for collapse after
two impulses to that for collapse after one impulse can be com-
puted as

V[2]
y /V[1]

y =
√
2 − (du/dy)−1 (28)

Finally, the ratio of the model strength for collapse after two
impulses to that for collapse after one impulse can be expressed as

f [2]y /f [1]y = 2 − (du/dy)−1 (29)

V[2]
y /V[1]

y in Eq. (28) and f [2]y /f [1]y in Eq. (29) are plotted in
Figures 13 and 14, respectively. It can be found from Figure 14
that the strength ratio f [2]y /f [1]y exhibits the value between 1.5 and
1.8 for the ductility μ = du/dy between 2 and 5.
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FIGURE 9 | Restoring-force characteristics of models with different second slopes under 2016 Kumamoto earthquake ground motion (April 16)
designed so that they just collapse after one single impulse.

FIGURE 10 | Restoring-force characteristics of models with different second slopes under repeated 2016 Kumamoto earthquake ground motion
(April 16) designed so that they just collapse after two impulses.
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FIGURE 11 | Scenario to building collapse just after single impulse
(collapse limit is given by maximum deformation).

FIGURE 12 | Scenario to building collapse just after two impulses
(collapse limit is given by maximum deformation).

FIGURE 13 | V[2]
y /V[1]

y for μμμ=du/dy.

Application to Wooden Structures and
Reinforced-Concrete Structures with
Slip-Type Hysteresis
The formulation presented in Section “Limit Input Velocity
for Two Consecutive Impulses” is applied to wooden struc-
tures and reinforced-concrete structures with slip-type hysteresis.
As explained in the beginning of Section “Case of Collapse

FIGURE 14 | f [2]y /f [1]y for μμμ=du/dy.

Limit on Maximum Deformation,” the formulation in section
“Limit Input Velocity for Two Consecutive Impulses” was made
for an ideal model as shown in Figure 11 and the results may
be applied approximately to wooden structures and reinforced-
concrete structures.

Consider wooden structures here. Figure 15 shows the
restoring-force characteristics of the models with different
strength ratios under repeated 2016 Kumamoto earthquake
ground motion (April 16) designed so that they just collapse
after one impulse or two impulses [reference model: collapse just
after two impulses/slip and bilinear model (wooden structures)].
This model is a combination of an elastic-perfectly plastic
model and a slip model. The resistance ratios with which the
respective models (elastic-perfectly plastic model and slip model)
govern are 0.2 and 0.8. The mass is 60× 103 (kilogram), the
yield deformation is dy = 0.1 (m) and the structural damping
ratio is 0.02. It can be observed that the strength ratio 1.5 is
reasonable for wooden structures. In other words, the maximum
deformation of the wooden structure, designed for two impulses,
under two consecutive severe earthquake ground motions is
almost equivalent to that of the wooden structure, designed for
one impulse, under one severe earthquake ground motion and
their strength ratio is about 1.5.

Consider next reinforced-concrete structures. Since reinforced-
concrete structures have complex hysteresis rules, a new scenario
different from Figures 11 and 12 may be necessary. However,
a simple numerical investigation is conducted here in order
to obtain the property on strength ratio between the structure
designed for two impulses and that for one impulse.

Figure 16 shows the restoring-force characteristics of the
models with different strength ratios under repeated 2016
Kumamoto earthquake ground motion (April 16) designed
so that they just collapse after one impulse or two impulses
[reference model: collapse just after two impulses/Takeda model
(Takeda et al., 1970) (reinforced-concrete structures)]. The mass
is 60× 103 kg, the crack deformation is dc = 0.003m, the yield
deformation is dy = 0.03m, and the structural damping ratio is
0.02. It can be observed that the strength ratio 1.3–1.4 is reasonable
for reinforced-concrete structures. In other words, the maximum
deformation of the reinforced-concrete structure, designed for
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FIGURE 15 | Restoring-force characteristics of models with different strength ratios under repeated 2016 Kumamoto earthquake ground motion
(April 16) designed so that they just collapse after one impulse or two impulses [reference model: collapse just after two impulses/slip and bilinear
model (wooden structures)].

FIGURE 16 | Restoring-force characteristics of models with different strength ratios under repeated 2016 Kumamoto earthquake ground motion
(April 16) designed so that they just collapse after one impulse or two impulses [reference model: collapse just after two impulses/Takeda model
(reinforced-concrete structures)].
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two impulses, under two consecutive severe earthquake ground
motions is almost equivalent to that of the reinforced-concrete
structure, designed for one impulse, under one severe earthquake
ground motion and their strength ratio is about 1.3–1.4.

It may be useful to remind that the present paper introduced
two scenarios on the collapse. For steel buildings considering the
P-delta effect or strength-degradation effect, the zero restoring
force represents the collapse limit. This was demonstrated in
Figures 8–10. On the other hand, for wooden and reinforced-
concrete structures, the maximum deformation defines the col-
lapse limit. Regarding this collapse scenario, a simple slip-type
hysteretic model as shown in Figure 12 has been introduced.
Although a theoretical result has been obtained in Figure 14,
wooden and reinforced-concrete structures have more compli-
cated hysteretic models. Therefore, the comparison as shown in
Figure 8 for steel buildings is difficult in wooden and reinforced-
concrete structures and another investigation has been conducted
in wooden and reinforced-concrete structures. In Figures 15 and
16, the strength ratio has been investigated in which a strength-
ened building exhibits the same maximum deformation under
two consecutive ground motions as that of the corresponding
buildingwith the original strength under one groundmotion. This
provides an appropriate strength ratio for wooden and reinforced-
concrete structures.

CONCLUSION

The following conclusions have been derived.

(1) The repetition of severe near-fault ground motions can be
modeled approximately by two separated impulses in order to
capture a general property of input of consecutive, intensive
ground shakings. This modeling enables a simple evaluation
of earthquake response of a non-linear system under consec-
utive near-fault ground motions in terms of free vibration.

(2) Two scenarios to building collapse under two repeated severe
ground shakings have been provided and energy considera-
tion is devised for the response evaluation. The first scenario
is based on the collapse limit in terms of the zero restoring
forcewith the P-delta effect and the second one is based on the
collapse limit in terms of themaximumdeformation. The first

scenario corresponds to steel structures and the second one
corresponds to wooden structures.

(3) The validity and accuracy of the proposed theory have been
discussed through numerical analysis using recorded ground
motions. The degree of necessary upgrade on the seismic
resistance of residential houses under two consecutive severe
ground motions with intensity 7 has been computed by com-
paring two models in which a building is designed to just
collapse under one impulse and the other is designed to
just collapse under two consecutive impulses. The ratio was
turned out to be approximately from 1.4 to 1.6.

(4) For reinforced-concrete structures, another scenario may be
necessary. However, the degree of necessary upgrade is almost
the same and around 1.3–1.4.

The present theory may be applicable to near-field ground
motions so as to enable the modeling of ground motions into
impulses. Furthermore, the proposed method can be applied to
rather lower buildings because SDOF modeling is necessary. In
addition, the proposed method can be used for the design of new
buildings and the seismic retrofitting. It may be difficult to require
the input of consecutive, intensive ground shakings for ordinary
buildings, including residential houses. It seems reasonable to
use the present method for important building structures, e.g.,
hospitals, city halls, schools, police offices. Furthermore, the pas-
sive control methods using dampers may be promising for smart
upgrade of building structures.
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APPENDIX

Load-Deformation Relation of a Steel
Frame with P-Delta Effect
A one-story, one-span steel frame is modeled here by three rigid
bars connected by four rotational springs as shown in Figure A1.
Let k and L denote the stiffness of the rotational spring and the
height of the frame and let Mg denote the weight of the floor.
The angle of rotation of the vertical bar is denoted by θ and the
horizontal load is by P. Four cases are considered: (1) first-order
approximation of rotation without P-Δ effect, (2) exact treatment
of rotation without P-Δ effect, (3) first-order approximation of
rotation with P-Δ effect, (4) exact treatment of rotation with P-Δ
effect. When the yield rotation is specified by θy = 0.02 (rad) and
the buckling load 4k/L is given by 4k/L= 4Mg (the buckling load
is four times the floor weight), the load-rotation relation can be
obtained as shown in Figure A2 (α ∼= −0.3). It can be observed
that the first-order approximation is a good approximation in the
present case. Therefore, the first-order approximated relation is
used in this paper.

FIGURE A1 | One-story, one-span steel frame of three rigid bars
connected by four rotational springs.

FIGURE A2 | Load-deformation relation of a steel frame with and
without P-Δ effect (exact one and approximate one).
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