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NUMERICAL ANALYSIS OF TSUNAMI-INDUCED INUNDATION
BEHIND BUILDINGS ALONG COASTS

T. Nakamural, N. Mizutaniz, N. Hirakawa® and S. Ashizawa®

ABSTRACT: To evaluate the effects of impermeable rigid buildings located near vertical quay walls on the reduction
of the inundation water volumes due to run-up tsunamis, a full-scale three-dimensional numerical analysis is performed
using a three-dimensional coupled fluid-structure-sediment interaction model. Numerical results show that the
inundation water volume can be reduced with an increase in the shielding ratio of the long-shore width of the buildings
with respect to the total width of the coastline, and accordingly the buildings located along the coasts have the reduction
effects of the inundation water volume. This suggests that countermeasures against tsunamis can be evaluated in a
comprehensive manner in terms of not only shore protection facilities for tsunamis at relatively high frequencies but
also such buildings. Furthermore, the inundation depth at the seaward side of the buildings and the cross-shore bottom
flow velocity at the gaps between the buildings increase with the shielding ratio, suggesting an increase in tsunami force
and the onset of local scouring when the shielding ratio is large. Consequently, when designing buildings along the
coasts, it is essential to consider an appropriate balance between the reduction effects of the inundation water volume
and the instability of the buildings caused by the tsunami force and the local scouring.

Keywords: Tsunami, inundation, building, disaster mitigation, three-dimensional numerical analysis.

INTRODUCTION NUMERICAL MODEL

A series of massive tsunamis triggered by the 2011 The 3-D coupled fluid-structure-sediment interaction
Tohoku earthquake resulted in a catastrophic disaster model (Nakamura et al. 2011) is composed of a main
along the northwest coast of the Honshu Island, Japan. solver and three modules. The main solver is a large-
To deal with such massive tsunamis, the concept of eddy simulation (LES) model based on extended
disaster mitigation using multifaceted countermeasures continuity and momentum equations for incompressible
to reduce the run-up of tsunamis to the best possible viscous air-water two-phase flow that considers seepage
extent is more important than the construction of shore flow in porous media, the motion of a movable structure,
protection facilities for tsunamis at relatively high and the profile evolution of the seabed. The first module
frequencies. This paper focuses on one of such concepts, is a volume-of-fluid (VOF) module based on the multi-
which involves rigid buildings located along the coasts. interface advection and reconstruction solver (MARS;
Such buildings are expected to be effective to mitigate Kunugi 2000) for air-water interface tracking. The
damage from the run-up of tsunamis because of the second module is an immersed-boundary (IB) module
complementation of shore protection facilities by based on the volume-force type of IB method (Kajishima
reducing inundation areas and depths of the tsunamis. and Takiguchi 2002) for the motion of the movable
However, no quantitative evaluation of the tsunami structure. The third module is a sediment transport
reduction effects of such buildings is available. module for computing the profile evolution of the seabed

In this study, a full-scale three-dimensional (3-D) induced by bed-load and suspended sediment transport
numerical analysis is performed using a 3-D coupled and the motion of suspended sediment transport that
fluid-structure-sediment interaction model (Nakamura et considers all transport processes of pick-up, advection,
al. 2011) to quantitatively evaluate the effects of rigid diffusion, and settling. In the model, the three modules
buildings located near quay walls on the reduction of the are connected to the main solver using a two-way
inundation water volumes due to run-up tsunamis. coupling procedure implemented at every time step to

ensure fluid-structure-sediment interaction. In this study,
the main solver and the VOF module were used not to
simulate movable structures and sediment transport. For
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completeness, an overview of the main solver and the
VOF module is presented below. Detailed explanation of
the model can be found in Nakamura et al. (2011).

The volume porosity m representing the volume
fraction of void space in each cell (0 <m <1, wherem =
0 for pure impermeable solids, 0 < m < 1 for porous
media, and m = 1 for pure fluids) is assumed to be equal
to the surface porosity. In addition, temporal variation in
the porosity is assumed to be sufficiently small (om/ot
= 0). Based on these assumptions, the extended
governing equations for continuity, momentum, and air-
water interface motion are given as follows:
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in which v; is the fluid/seepage flow velocity vector, p is
the pressure, X; is the position vector (= [x y z]7), t is the
time, gi is the gravitational acceleration vector (= [0 0 —
gl", g is the gravitational acceleration), p is the density
of fluid (= F pw + (1 — F) pa, pw and ps are the densities
of water and air), 4 is the molecular viscosity of fluid
=EF m+ @ - F) pa tw and ua are the molecular
viscosities of water and air), Ca is the added mass
coefficient (Mizutani et al. 1996), R; is the laminar and
turbulent resistance force vector due to porous media
(Mizutani et al. 1996), f{ is the surface tension force
vector based on the continuum surface force (CSF)
model (Brackbill et al. 1992), Dj; is the strain rate tensor
(= ovi I ox; + ovj | ox;), = is the turbulent stress tensor
based on the dynamic two-parameter mixed model
(DTM; Horiuti 1997), q* is the intensity of wave
generation source/sink per unit of time (Kawasaki 1999),
Qi is the wave generation source/sink vector, i is the
artificial damping factor vector (= [0 0 —Aw]T, S is the
artificial damping factor), and superscript a is the
anisotropic part of a tensor. In deriving these equations,
the spatial variation in the porosity is taken into account
(om/ox, #0) to capture possible sharp changes in the
porosity around the surface of the porous media.
However, based on the formulation of CADMAS-SURF
(CDIT 2001), the spatial variation in the porosity is
assumed to be negligible (6m/ox, = 0) only in deriving
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the pressure gradient term of the momentum
conservation equation (the first term on the right-hand
side of Eq. (2)). This is to ensure equilibrium between
the pressure gradient term and the gravitational
acceleration term (the second term on the right-hand side
of Eq. (2)) in still water regardless of the spatial changes
in the porosity. In Eq. (2), f#, Ri, and Q; are given as
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in which o is the surface tension coefficient, « is the
local surface curvature, pay is the density of fluid at the
air-water interface (= (ow + pa) / 2), Coz and Cp; are the
laminar and turbulent resistance coefficients (Mizutani et
al. 1996), dsp is the median grain size of sediment
particles, and v is the molecular kinematic viscosity of
fluid (= p/it = F ww+ (1 — F) va, uv and v, are the
molecular Kkinematic viscosities of water and air).
Defining the grid-scale filter as the overbar, & in Eq. (2)
is given as
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in which |D| is the absolute value of the strain rate tensor
Dij, and Cg and Cs are the non-dimensional coefficients,
which are dynamically computed from the value of v; at
each time step (Horiuti, 1997).

COMPUTATIONAL DOMAIN AND CONDITIONS

This study focused on a simple geography shown in
Fig. 1. Specifically, an impermeable vertical quay wall
that had a freeboard hs of 3.0 m when the water level was
at the low water level (LWL) of h; was set 1 km onshore
from a wave generation source/sink, and an impermeable
horizontal flat land with a cross-shore length of 150.0 m
was set behind it. Subsequently, buildings with a cross-
shore length of I, were fixed at a distance of x, from the
quay wall on the land. For simplicity, the buildings were
sufficiently-high impermeable rigid rectangular objects
with no openings such as windows. To avoid the
reflection from the offshore boundary, an artificial
damping zone with a cross-shore length of 1 km was set
at the offshore side of the wave generation source/sink.
To measure the inundation water volumes, a wave
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Fig. 2 Water surface fluctuation 7 aty = 0 m in front
of the quay wall for H=5.0m, T=300.0s, hj=7.5
m, and h; = 1.5 m with no buildings

overtopping pit with a cross-shore length of 2-4 km was
set at the onshore side of the land.

The size of numerical cells was selected to ensure an
appropriate balance between predictive accuracy and
computational effort. Specifically, uniform cells of 2.00
m x 1.25 m x 0.50 m were applied to the vicinity of the
surface of the land. The remainder of the entire domain
was discretized using non-uniform cells with increasing
width in the x and z directions. In the main solver, the
surfaces of the bottom boundary, the side boundaries, the
landward boundary, the quay wall, and the land were
exposed to the slip condition. The Sommerfeld radiation
condition was applied to the seaward boundary, and the
constant-pressure condition was applied to the top
boundary. In the VOF module, all boundaries were
exposed to the gradient-free condition.

A single leading long-period wave with a generated
tsunami height of H and a duration of T was adopted as
an incident tsunami. Figure 2 shows an example of water
surface fluctuation 7 at y = 0 m in front of the quay wall
forH=50m, T=300.0s, hh=75m,and hf=15m
with no buildings. In this study, the case of a generated
tsunami height of H = 5.0 m, a duration of the tsunami of
T = 300.0 s, a water depth at the LWL of hyj =75 m, a
freeboard of hf = 1.5 m (equivalent to the still water

563

Table 1 Computational conditions

Hm] T[s] Hm[m] he[m] xp[m] Is[m]
3.0 60.0 7.5 1.5 100.0  20.0
3.0 180.0 7.5 1.5 100.0  20.0
3.0 3000 7.5 1.5 100.0  20.0
3.0 4200 75 1.5 100.0  20.0
3.0 5400 75 1.5 100.0  20.0
5.0 60.0 7.5 1.5 100.0  20.0
50 180.0 7.5 1.5 100.0  20.0
50 3000 7.5 1.5 100.0  20.0
50 4200 75 1.5 100.0  20.0
50 540.0 75 1.5 100.0  20.0
8.0 60.0 7.5 1.5 100.0  20.0
80 180.0 7.5 1.5 100.0  20.0
80 300.0 7.5 1.5 100.0  20.0
80 420.0 75 1.5 100.0  20.0
80 540.0 75 1.5 100.0  20.0
5.0 3000 55 1.5 100.0  20.0
5.0 300.0 11.0 1.5 100.0  20.0
50 3000 7.5 3.0 100.0  20.0
5.0 3000 7.5 4.5 100.0  20.0
5.0 3000 7.5 1.5 0.0 20.0
5.0 3000 7.5 1.5 50.0 20.0
50 3000 75 1.5 100.0  10.0
50 3000 7.5 1.5 100.0  40.0

depth of h = h; + 3.0 — hy = 9.0 m), a distance to the
buildings of x, = 100 m, and a cross-shore length of the
buildings of I, = 20 m was selected as the reference case,
and three different generated tsunami heights H (3.0, 5.0,
and 8.0 m), five different durations of the tsunami T
(60.0, 180.0, 300.0, 420.0, and 540.0 s), three different
water depths at the LWL h; (5.5, 7.5, and 11.0 m), three
different freeboards hs (1.5, 3.0, and 4.5 m), three
different distances to the buildings x, (0.0, 50.0, and
100.0 m), three different cross-shore lengths 1, (10.0,
20.0, and 40.0 m) were used in addition to the reference
case (Table 1). Furthermore, as shown in Fig. 3, the
shielding ratio Rs was changed to 0, 20, 50, 80, and
100% for each pattern, and the number of gaps between
buildings n was changed to 1, 2, and 3 for Rs = 20-80%.
In total, 253 cases were conducted. Here, the shielding
ratio Rs represents the ratio of the long-shore width of
the buildings with respect to the total width of the
computational domain (100 m).

NUMERICAL RESULTS AND DISCUSSION

This study focused on the reduction rate of the
inundation water volume R, due to the existence of
buildings with respect to the inundation water volume
for no buildings under identical conditions of the
generated tsunami height H, the duration of the tsunami
T, the water depth at the LWL h, the freeboard by,
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length of the buildings l,. Here, the inundation water 0
volume represents the volume of water that inundates 0
over the landward edge of the buildings (x = Xo + lp). (b) ¢rd

Effects of Number of Gaps between Buildings

Figure 4 shows a comparison of the reduction rate of
the inundation water volume Ry in terms of the number
of gaps between the buildings n. As indicated in Fig. 4,
there is little difference in the value of Ry under identical
conditions of the shielding ratio Rs. Figure 5 shows the
time series of the cross-sectional averaged inundation
depth 77 and the cross-sectional averaged cross-shore
flow velocity T at the seaward edge of the gap between
the buildings (x = xy + Ip = 120 m). From Fig. 5(a), it is
observed that the value of 7 / (H — hy) decreases with an
increase in that of n. Conversely, Fig. 5(b) indicates that
the value of T / (g (H — hy))°S increases with that of n.
Accordingly, as mentioned earlier, these two opposing
effects result in the little effects of n on R,.

Fig. 5 Comparison in terms of the number of gaps
between buildings n (H=5.0m, 7=300.0s, i;=7.5
m, ir=1.5m, x, = 100 m, and /, = 20 m): (a) Cross-
sectional averaged inundation depth 77 ; and (b) cross-
sectional averaged cross-shore flow velocity o

Effects of Generated Tsunami Height

Figure 6 shows a comparison of the reduction rate of
the inundation water volume Ry in terms of the generated
tsunami height H. For T > 300.0 s, Fig. 6(c)—(e) indicates
that the value of Ry slightly decreases with an increase in
H under identical conditions of the shielding ratio Rs. For
T = 180.0 s, Fig. 6(b) shows that the trend of the change
in Ry with an increase in H is not uniform. However, the
difference in the value of Ry is smaller than that for T >
300.0 s. Accordingly, the value of Ry is less affected by
that of H. In contrast, for T = 60.0 s, Fig. 6(a) indicates
that the value of Ry in the cases of H = 8.0 m is the
largest among identical conditions of Rs. This is probably
because the tsunami breaks offshore, and the broken
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Fig. 6 Comparison of the reduction rate of the inundation water volume Ry in terms of the generated tsunami
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(d) T=420.0s; and () T=540.0s

tsunami runs up onto the land for H = 8.0 m. Moreover,
a comparison between the cases of H=3.0 mand H =
5.0 m indicates that the value of R, for H = 5.0 m tends
to be slightly larger than that for H = 3.0 m. However,
the duration of T = 60.0 s is relatively short, and
accordingly the cases for T = 60.0 s is not appropriate for
the modeling of tsunamis. As a result, from the results of
Fig. 6(b)—(e), it is demonstrated that the shielding effects
from the buildings can be reduced with an increase in H.

Effects of Duration of Tsunami

Figure 7 shows a comparison of the reduction rate of
the inundation water volume Ry in terms of the duration
of the tsunami T. For H = 3.0 and 5.0 m, it is observed
from Fig. 7(a) and (b) that the value of R, for T = 60.0 s
is the smallest under identical conditions of the shielding
ratio Rs. However, except for T = 60.0 s, there is little
difference in the value of Ry, and accordingly the value
of Ry is less affected by that of T. In contrast, as shown
in Fig. 7(c), there is no significant change in the value of
Ry for the cases of H = 8.0 m, including those of T = 60.0
s. From these results, it is revealed that the value of Ry
remains practically constant with an increase in T except
for the cases of T = 60.0 s.

Effects of Water Level at LWL

Figure 8 shows a comparison of the reduction rate of
the inundation water volume Ry in terms of the water
level at the LWL h:. As shown in Fig. 8, there is little
difference in the value of R, due to the change in h:. This
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result suggests that the water depth at the LWL by, i.e.,
the height of the quay wall, has little effect on Ry.

Effects of Freeboard

Figure 9 shows a comparison of the reduction rate of
the inundation water volume Ry in terms of the freeboard
ht. From Fig. 9, it is observed that the value of Ry is less
affected by that of hs under identical conditions of the
shielding ratio Rs. Since the change in hr indicates that in
the still water depth h under identical conditions of hj,
there are little effects of the tidal level on R,.

Effects of Distance to Buildings

Figure 10 shows a comparison of the reduction rate
of the inundation water volume Ry in terms of the
distance to the buildings xp. As shown in Fig. 10, the
smaller the shielding ratio Rs is, the larger the reduction
in Ry with an increase in X, is. Accordingly, it is
suggested that the shielding effects is higher for the
buildings that are closer to the quay wall.

Effects of Cross-Shore Length of Buildings

Figure 11 shows a comparison of the reduction rate
of the inundation water volume Ry in terms of the cross-
shore length of the buildings lp. It is observed in Fig. 11
that there is practically no change in the value of Ry with
an increase in I, under identical condition of the
shielding ratio Rs. This result indicates that the value of
Ry is less affected by that of Iy.
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Fig. 7 Comparison of the reduction rate of the

inundation water volume Ry in terms of the duration of
the tsunami T (hy=7.5m, hf=1.5m, x, =100 m, I, =
20 m,and n=1): (@ H=3.0m; (b) H=5.0 m; and
(c)H=8.0m

Approximation Equations for Estimating Reduction
Rate of Inundation Water VVolume

As mentioned earlier, the reduction rate of the
inundation water volume Ry is practically independent on
the number of gaps between the buildings n, the duration
of the tsunami T (except when T = 60.0 s), the water
depth at the LWL h, the freeboard hy, and the cross-
shore length of the buildings Ip. In contrast, the value of
Ry is affected by that of the generated tsunami height H
and the distance to the buildings x,. Accordingly, Fig. 12
shows all cases with respect to H = 5.0 m and x, = 100
m, along with the following approximation equation
derived from the results of these cases:

For H=5.0 mand x, = 100 m,

R, =0.00427R? +0.575R, (R®=0.99971) (10)
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inundation water volume Ry in terms of the freeboard
hf (H =50 m, T =300.0 S, h| =75 m, Xp = 100 m, |b =
20 m, and n = 1)

Although it may not be possible to derive approximation
equations at the same accuracy level as that of Eq. (10)
because the number of cases is limited compared with
that for H = 5.0 m, the approximation equations for H =
3.0 mand 8.0 m are derived in the same manner:

For H=3.0 mand x, = 100 m,

R, =0.00420R’ +0.586R, (R*=0.99989)  (11)
For H=28.0 mand x, = 100 m,
R, =0.00486R? +0510R, (R®=0.99977)  (12)

For H = 3.0, 5.0, and 8.0 m at x, = 100 m, if the
shielding ratio Rs is given, the value of R, can be easily
estimated from Egs. (10)-(12) regardless of that of n, T
hi, hs, and lp. Consequently, it is quantitatively verified
that impermeable rigid buildings located along the coasts
act as multifaceted countermeasures by reducing the
inundation water volumes due to tsunamis. This suggests
that countermeasures against tsunamis can be evaluated
in a comprehensive manner in terms of not only shore
protection facilities but also such buildings.
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However, the value of Ry tends to be reduced with an
increase in xp, as mentioned earlier. Furthermore, the
value of Ry is presumed to decrease when the buildings
have piloti-type structures and openings such as
windows. Moreover, the number of cases is limited for H
= 3.0 and 8.0 m, as explained in Egs. (11) and (12).
In addition, the computational conditions of n, h, h, X,
and I, are limited compared with those of H and T, as
shown in Table 1. To evaluate the value of R, for more
conditions with sufficient accuracy, further numerical
analyses need to be conducted in future studies.

Stability of Buildings

As revealed earlier, impermeable rigid buildings
located along the coasts have the reduction effects of the
inundation water volumes due to tsunamis. However, the
buildings are simultaneously subject to wave force
acting on their seaward surface and local scouring
around their foundation. This section is devoted to
investigating the stability of the buildings in terms of the
inundation depth at their seaward side and the bottom
flow velocity between the buildings.
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Figure 13 shows the time series of the inundation
depth 7 at the middle of the seaward side of the building,
the position of which is represented using ° in Fig. 2.
From Fig. 13, it is observed that the maximum value of
n !/ (H — hy for the shielding ratio of Rs = 100% is
approximately three times larger than that for no
buildings (Rs = 0%).
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Fig. 12 Approximation equation for estimating the
reduction rate of the inundation water volume R, (H =
5.0 m, 7> 180.0 s, and x;, = 100 m)

This result is consistent with previous research such
as Asakura et al. (2000). Furthermore, Fig. 13(a)
indicates that the value of 7/ (H — hy) is less affected by
the number of gaps between the buildings n under
identical conditions of Rs. In contrast, Fig. 13(b) shows
that the value of 7 / (H — h¢) increases with that of Rs.
Here, an increase in Rs also means an increase in the area
subject to the wave force. These results infer that larger
wave force can act on the seaward surface of the
buildings for larger Rs.

Figure 14 shows the time series of the cross-shore
bottom flow velocity u at the middle of the landward
edge of the gap between the buildings, the position of
which is represented using e in Fig. 2. From Fig. 14(a), it
is observed that the value of u / (g (H — hy))°® rises with
an increase in n under identical conditions of Rs since
each gap is narrower for larger n. For the same reason, as
shown in Fig. 14(b), the value of u / (g (H — hg))°®
increases with that of Rs under identical conditions of n.
From these results, it is inferred that larger-scale local
scouring can be formed around the foundation of the
buildings for larger Rs and n if the land is erodible.

As a result, it is essential to consider an appropriate
balance between the reduction effects of the inundation
water volume and the instability of the buildings caused
by the wave force and the local scouring especially for
larger Rs when designing the buildings along the coasts.
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Fig. 13 Comparison of the inundation depth 7 at the
middle of the seaward side of the building (H =5.0 m,
T=300.0s, hy=75m, hy =15 m, and X, = 100 m):
(a) the effects of n; and (b) the effects of Rs

CONCLUDING REMARKS

A full-scale three-dimensional (3-D) numerical
analysis was performed to quantitatively evaluate the
effects of impermeable rigid buildings located near a
vertical quay wall on the reduction of tsunami-induced
inundation water volumes. For investigation, a run-up
tsunami propagating through the buildings on a
horizontal flat land behind the quay wall was analyzed in
terms of the inundation water volume using a 3-D
coupled fluid-structure-sediment interaction model.
Numerical results showed that the inundation water
volume can be reduced with an increase in a shielding
ratio, i.e., the ratio of the long-shore width of the
buildings with respect to the total width of the coastline,
and accordingly the buildings located along the coasts
have the reduction effects of the inundation water
volume. This suggested that countermeasures against
tsunamis can be evaluated in a comprehensive manner in
terms of not only shore protection facilities but also such
buildings. Based on the numerical results, approximation
equations were proposed to predict the reduction rate of
the inundation water volume from the shielding ratio and
the tsunami height. However, numerical results also
showed that the inundation depth at the seaward side of
the buildings and the cross-shore bottom flow velocity at
the gaps between the buildings increase with the
shielding ratio, suggesting an increase in wave force
acting on the buildings and the onset of local scouring
around their foundation when the shielding ratio is large.
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Fig. 14 Comparison of the cross-shore bottom flow
velocity u at the middle of the seaward edge of the
gap between the buildings (H=5.0m, T=300.0 s, h,
=7.5m, hs=1.5m, and x, = 100 m): (a) the effects of
n; and (b) the effects of Rs

Consequently, it is essential to consider an
appropriate balance between the reduction effects of the
inundation water volume and the instability of the
buildings caused by the wave force and the local
scouring when designing the buildings along the coasts.
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