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Carey et al. developed earthquake-tsunami multihazard interaction diagram. This study extends their 
study by considering the foundation uplift as a limit state. Considering a three-story building supported by 
a mat foundation as a model, a ground motion recorded during the 2011 Tohoku earthquake and the tsunami 
hydrodynamic force were applied by variously changing their magnitude to make the diagram. The obtained 
earthquake-tsunami interaction diagram illustrates that the remaining resistance after the earthquake differs 
depending on the different levels of foundation uplift during the earthquake. 
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1. INTRODUCTION 
 

In the 2011 Tohoku earthquake, extensive tsunami 
damage occurred in the east coastal areas of Japan1). 
Overturned buildings were found in the coastal area 
where is severely damaged by the tsunami2),3). Yeh et 
al.4) suggested that the buildings were overturned by 
hydrodynamic force, buoyancy force, and soil insta-
bility. Latcharote et al.5) suggested that an overturn-
ing moment affected more by the buoyancy force 
than the hydrodynamic force; however, the decisive 
factors that led the building to overturn are still under 
investigation. Mimura et al.6) and H. Gokon et al.7) 
showed the damaged structures in the coastal area 
that suffered from the sequential earthquake and tsu-
nami during the 2011 Great East Japan Earthquake 
and Tsunami events. Since structures were severely 
shaken by the earthquake and were further damaged 
by the subsequent huge tsunami, a method of describ-
ing the effects of sequential multihazard (earthquake-
tsunami) is necessary. 

This kind of damage accumulation problem also 
occurs when major earthquakes occur successively, 
such as the 2016 Kumamoto earthquake8). Ribeiro et 
Al.9) proposed a framework to consider the post-
mainshock earthquake sequential. The results 
showed that a failure of a structure by considering 
mainshock-aftershock sequences increased signifi-
cantly by comparison with only a single mainshock 
event.  

Regarding earthquake and tsunami multihazard, 
Carey et al.10) proposed a framework to illustrate the 
effects of the earthquake and tsunami sequence on the 
soil-foundation-bridge system. Scott and Mason11) il-
lustrated that amplification factors from the sequen-
tial earthquake and tsunami loading led to more in-
tensity measures than under only an earthquake. 
Carey et al.12) proposed an earthquake-tsunami inter-
action diagram for predicting effects of the sequential 
earthquake-tsunami multihazard on a bridge. As 
Carey suggested12), a multihazard interaction dia-
gram is very useful because it enables to show that 
the residual effects of earthquake loading on the 
structure reduce resistance to subsequent tsunami 
loading. Extending Carey’s work, this study further 
develops the earthquake-tsunami interaction diagram 
considering foundation uplift on a building structure 
being subjected to a strong ground motion.  

 
2. ANALYSIS FRAMEWORK 
 
(1) Analysis framework 

This study basically follows the multihazard anal-
ysis framework developed by Carey et al.12); how-
ever, further development of the analysis was con-
ducted so that it can take foundation uplift into ac-
count. Explanation of the framework will be given in 
three stages below.  
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a) Stage 1: Earthquake ground motion loading 

In the first stage, the earthquake ground motion is 
given to a shallow foundation at the ground surface 
level. For the discussion of foundation uplift, three 
degrees of freedom for the foundation are considered 
in this study. The soil-foundation system is modeled 
as a rigid foundation supported by springs and dash-
pot. The springs and dashpots represent the compliant 
soil-foundation system’s stiffness and damping char-
acteristics, as shown in Fig.1a). The method to deter-
mine parameters of the soil-foundation system will 
be described in chapter 3. 
b) Stage 2: Before a tsunami loading 

In the second stage, the structure is described as 
the initial condition with its damaged/deformed state 
by the earthquake before a tsunami loading. When the 
foundation rotation is significantly large, the induced 
vertical motion needs to be considered as the cou-
pling of rotational and vertical degrees of freedom, as 
shown in Fig. 1b). 
c) Stage 3: Tsunami loading 

Although the tsunami loading is hydrodynamic 
force, this study treated it as static force, following 
the paper by Carey et al.12). The hydrodynamic push-
over analysis is conducted in the third stage. Accord-
ing to ASCE/SEI 7-1616), the hydrodynamic force is 
statically applied to the whole structure from the 
ground surface level to the specific tsunami inunda-
tion depth, h. The tsunami flow velocity is estimated 
as uniform throughout the tsunami height; hence, the 
hydrodynamic pressure has been distributed as a uni-
form load. By assuming the tsunami inundation depth, 
hmax, the resulting hydrodynamic force has applied at 
the center of the tsunami height, as indicated in Fig. 

1c). The intensity of the hydrodynamic force is in-
creased by increasing the tsunami flow velocity, u, 
incrementally in a nonlinear pushover analysis17). 

Carey et al.12) proposed the earthquake-tsunami 
multihazard interaction diagram that consists of the 
spectral acceleration, Sa, and the hydrodynamic force, 
FD, on the ordinate and abscissa axis, respectively, 

for predicting the defined limit state. This approach 
was taken in this study.  
 
(2) Limit state 

 
ASCE/SEI 7-1018) states that beyond which the 

structure becomes unsuitable for service or unsafe as 
a limit state. Since this study considers the effects of 
sequential earthquake and tsunami, a limited state 
could be interpreted as the failure of the structure 
caused by any of the two hazards (i.e., the earthquake 
or the tsunami) or both, as Carey et al.12). According 
to the Performance-Based Design (PBD) concept19), 
the amount of deformation in some structures should 
be considered to verify the structure will be safe or 
unsafe. Therefore, this study defined the degree of 
foundation uplift (i.e., ground contact ratio or rotation 
deformation of foundation) as the limit state.  
 
3. ANALYTICAL MODEL 

 
(1) Building model 

From the observation data2),3), The overturned 
buildings by the Tohoku tsunami event are mostly the 
low-rise building on a shallow foundation. Therefore, 
this study considered a three-story building on the 
mat foundation, as shown in Fig. 2. This study model 

 
Fig. 2 A three-story building into three-story lumped mass 
model 

Fig. 1 Analysis framework of three stages 

 
a) earthquake loading 

 
b) preparation before a tsunami 

 
c) tsunami loading 



 

 3 

a structure by lumped mass and beam element. Each 
story and foundation was represented by three de-
grees of lumped mass (i.e., the total degrees of free-
dom in this structure are 12 degrees) was considered. 
Table 1 summarizes the parameters for a typical three-
story building used to analyze in this study. 
 

(2) The soil foundation system  

Parameters of the soil-foundation system, includ-
ing the spring and dashpot in the vertical, the hori-
zontal, the rotational direction, are shown in Fig. 2. 
Parameters of the soil-foundation system can be cal-
culated by Equation (1) – Equation (7) proposed by 
Gazetas20) by assuming ground density,  = 1,800 
kg/m3; Poisson’s ratio,  = 0.4; Coefficient indicating 
the frequency dependence of damping vertical and 
rotational vC = 0.9 and rC = 0.2, respectively. Two 
kinds of soil conditions are prepared in this study. 
Thus, this study assumes shear wave velocities of two 
kinds of soil, Vs = 300 m/s and Vs = 1000 m/s. 
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(3) Soil-structure interaction model 

TDAP III program was used for the calculation of 
structural responses against multihazards considering 
foundation uplift in this study. Following explana-
tions are given by referring to TDAP III manual21),22), 
especially about foundation uplift.  TDAP III treats 
the foundation-soil system as a rigid foundation sup-
ported by springs. The geometric nonlinearity associ-
ated with foundation uplift is considered in the stiff-

ness and damping of the rotational spring at the foun-
dation evaluated based on elastic wave theory. Anal-
ysis methods of foundation uplift depend on the 
ground contact ratio. Ground contact ratio, η, and 
overturning moment, M can be computed by Equa-
tion (8) and Equation (11), respectively.  
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Where W is the building weight; L is the foundation 
width; θ is the rotation deformation; the coefficients 
according to the distribution of ground reaction 
forces, α = 6; and θ0 and M0 is the uplift limit rotation 
deformation and the uplift limit overturning moment, 
respectively. The seismic response analysis methods 
are classified into three kinds based on the degree of 
foundation uplift, as described in Table 2. 
 

4. EARTHQUAKE AND TSUNAMI 

LOADING 
 
(1) Earthquake ground motion 

A subduction-zone earthquake ground motion was 
selected from the KiK-net stations recorded at the 
IWTH23 station (38.103° N 142.860° E) during the 
2011 Tohoku earthquake. The acceleration time his-
tory for the east-west (EW) component and the elastic 
spectrum acceleration response are shown in Fig. 
3a). and Fig. 3b). The peak ground acceleration 

Table 2 Classification of analytical methods by 
ground contact ratio22) 

 

Ground contact 
ratio, η 

Analysis Method 

η ≥ 75% Linear seismic response 
analysis 

η ≥ 65% Nonlinear seismic re-
sponse analysis by consid-
ering uplift nonlinearity in 
rotational spring of the 
ground 

η ≥ 50% Uplift nonlinear seismic 
response analysis that can 
account for induced verti-
cal motion 

  

Table 1 Parameters for model analysis 
 

Parameters Value  
Lumped mass, MS (ton) 200  
Foundation mass, MF (ton) 100  
Height, H (m) 3.5  
Young modulus, E (kN/m2) 2 x 108  
Moment of inertia, I (m4) 0.018  
Cross section area, A (m2) 1  
Damping coefficient of the structure, η 0.05  
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(PGA) is 0.15 g. Spectral acceleration, Sa, is calcu-
lated by assuming 5% damping. This ground motion 
is used by varying its amplitude variously to make the 
interaction diagram. As mentioned, TDAP allows to 
define three kinds of contact ratio as limit state, this 
study calculates interaction diagram for each limit 
state to examine whether the remaining resistance af-
ter the earthquake differs depending on the different 
levels of foundation uplift during the earthquake. 
 

(2) Tsunami Force 

By following the paper by Carey et al.12), this 
study focuses on the hydrodynamic force, FD, which 
is one of the main causes of overturned buildings4),5). 
By assuming the drag coefficient, CD = 2, as de-
scribed in FEMA 201223), the building width that the 
tsunami impact, B = 5 m; the fluid density, ρ = 1,000 
kg/m3. and (hu2)max is the maximum of the momen-
tum-flux, where h is the tsunami inundation depth; 
and u is the tsunami flow velocity. Therefore, the hy-
drodynamic force applied to the structure can be 
computed by Equation (12), as illustrated in Fig. 1c. 

2
max

1 ( )
2D DF C B hu=                 (12) 

 
5. COMPUTATIONAL RESULTS 

 
Two examples of the rotation deformation of 

foundation and ground contact ratio-time histories 
are shown in Fig. 4 and Fig. 5, respectively. Fig. 4a 
and Fig. 5a present the response and ground contact 
ratio for a case where the tsunami via hydrodynamic 
force reached the limit state. The case in which the 
limit state are reached by the earthquake is presented 
in Fig. 4b and Fig. 5b. It is found that the rotational 
displacement of the foundation is more responsive 
and becomes larger due to foundation uplift for the 
large earthquake cases. The earthquake-tsunami in-
teraction diagrams for two different tsunami heights 
and two different shear wave velocities are presented 

in Fig. 6. The results show the earthquake ground 
motion reached the limit state, resulting in a drastic 
reduction in the interaction diagram (i.e., the hydro-
dynamic force is not required to reach the limit state). 
However, if the defined limit state is not reached by 
earthquake ground motion, the following tsunami 
will reach the limit state. Fig. 6 illustrates that the tsu-
nami flow velocities are between 2 m/s to 4 m/s when 
the tsunami heights are 7 and 14 meters for two soil 
types, respectively, to reach the prescribed limit state 
by the following tsunami. It is found that the remain-
ing resistance after the earthquake differs depending 
on the different levels of foundation up-lift during the 
earthquake. Note that since the ground contact ratio 
is little affected by soil stiffness, the tsunami flow ve-
locity, which reached the limit state of the stiff soil, 
is similar to that of hard rock, as Equation (8).  
 
6. CONCLUSIONS 

 
Following the multihazard interaction diagram 

proposed by Carey et al., this study extended the 
earthquake-tsunami interaction diagram to consider 
nonlinear soil-structure interaction with foundation 
uplift. A three-story building supported by a mat 
foundation was considered, and a recorded ground 
motion during the 2011 Tohoku earthquake (EW 
component) at the IWTH23 station and the hydrody-
namic force were applied as an earthquake and a tsu-
nami loading, respectively. As with the Carey’s 
work, the results interestingly showed the residual ef-
fects of earthquake loading on the structure reduce 
resistance to subsequent tsunami loading. It was also 
found that the remaining resistance after the earth-
quake differs depending on the different levels of 
foundation uplift during the earthquake. 

 
b) response spectrum 

 
a) acceleration time history 

Fig. 3 Earthquake ground motion recorded during the 2011 Tohoku earthquake at IWITH 23 station  
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a) the prescribed limit state was reached by the tsunami 

 
b) when the earthquake motion reached the prescribed limit state.  
Fig. 4 Foundation response’s time history for sequential earthquake-tsunami multihazard  

 

 
a) the prescribed limit state was reached by the tsunami 

 
b) when the earthquake motion reached the prescribed limit state.  
Fig. 5 Ground contact ratio’s time history for sequential earthquake-tsunami multihazard 

 

 
             a)                                     b)                                      c)                                      d) 

Fig. 6 Interaction diagrams of hydrodynamic force and tsunami velocity with ground motion earthquake 
(IWTH23): a) tsunami height = 14 m and Vs = 300 m/s; b) tsunami height = 14 m and Vs = 1000 m/s; c) tsunami 
height = 7 m and Vs = 300 m/s; d) tsunami height = 7 m and Vs = 1000 m/ 
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