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Few studies have been conducted on modeling boulder transport by tsunamis despite considerable

research on the analysis of boulder deposits. A detailed description of the derivation of governing

equations for boulder transport in submerged, partially submerged, and subaerial (not in contact with

fluid) is presented, and then a numerical model is proposed to solve the governing equations in one

dimension. Subsequently, the model is used to analyze the transport of calcareous boulders detached

from a seawall in Lhok Nga (northwestern Sumatra, Indonesia) by the 2004 Indian Ocean tsunami.

A few simulated transport distances match field observations, but the others are higher than the field

measurements. Clast-to-clast interactions at the inception of transport would have a major impact on

changes in transport distance, dissipating the energy in impulses as destruction of the seawall releases

different sizes of boulders with different velocities. Moreover, surface microtopographical effects could

completely stop the transport prematurely. The difference between the simulated results and the field

observations is partly attributed to limitations of the numerical model. No landward fining was

observed in the field measurements, but numerically predicted results showed a reasonable trend of

landward fining.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

An accurate method to estimate the magnitude (or ‘‘size’’) of
past tsunamis from their deposits, including boulders, is a major
issue to be developed in studies on tsunami hazard assessment.
The pretransport environment, transport mode, transport dis-
tance, properties of the boulder, hydraulic force associated with
tsunamis, and topography are essential elements in the analysis.
However, the accuracy of the final outcome could depend on good
field observations, identification of sources, and recognition of
complex transport behavior of boulders in the turbulent fluid
flow. Lorang (2000) proposed equations to predict the threshold
entrainment mass for a boulder beach during storms. Hansom
et al. (2008) modeled the process of cliff-top erosion and deposi-
tion under extreme storm waves by experimental and numerical
studies. Goff et al. (2010) showed by numerical assessments that
the tsunami flow depths required for deposition of the New South
Wales boulders from suspension are most probably physically
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unrealistic. Kogure and Matsukura (2010) developed models for
wave-induced stress due to wave force on a cliff to determine the
critical height of a tsunami wave to collapse the cliff. Nott (1997)
developed hydrodynamic equations to assess the pretransport
environment of a coastal boulder transported by tsunamis or
storm surges, and further specified different conditions for a
boulder based on its position on the ground, including sub-
merged, subaerial, and joint bounded (Nott, 2003). These equa-
tions, which included the effects of drag, lift, inertia, gravity, and
buoyant forces on the boulder, were derived mainly by applying
the moment of the aforesaid hydrodynamic forces to the boulder
to predict whether the boulder would be overturned or not by the
fluid impact, and they have been used widely in subsequent
studies (e.g., Mastronuzzi and Sanso, 2004; Nott, 2004; Williams
and Hall, 2004; Kennedy et al., 2007; Lange et al., 2006; Scicchitano
et al., 2007; Mhammdi and Medina, 2008; Spiske et al., 2008;
Scheffers et al., 2008; Maouche et al., 2009; Pignatelli et al., 2009;
Barbano et al., 2010; Etienne and Paris, 2010; Paris et al., 2010;
Switzer and Burston, 2010; Lorang, in press). Noormets et al. (2004)
developed equations focusing on dislodgment, emplacement, and
transport of boulders. Pignatelli et al. (2009) developed a simple
relationship to find the transport distance of a boulder based on
Nott’s equations. If one uses Nott’s equations to determine the
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magnitude of tsunamis or storm surges, the possibility of under-
estimating is high because the equations consider only the initial
transport due to rolling/overturning, but theoretically the initial
transport mode can also be sliding or saltation depending on the
magnitude (current velocity) of the tsunami (Nandasena et al., in
press). Thus, the results of Nott’s equations should be applied
with caution (Morton et al., 2006; Goto et al., 2009a; Switzer and
Burston, 2010; Hall et al., 2010; Bourgeois and Mac Innes, 2010;
Benner et al., 2010), especially for hazard assessment and inter-
pretation of coastal boulder accumulations (Paris et al., 2010).
Moreover, Nott’s equations do not take the actual transport of the
boulder into account. Therefore, to analyze the temporal varia-
tions of boulder velocity and flow field to which a boulder is
subjected when it is transported, an advanced numerical
approach is needed. A numerical model for the transport of a
boulder developed by Noji et al. (1993) was extended to two
dimensions by Imamura et al. (2001), and Goto et al. (2009b,
2010) employed the model to simulate the boulder transport by
the 2004 Indian Ocean tsunami at Pakarang Cape, Thailand. The
model consists of depth-integrated continuity and momentum
equations to simulate the tsunami-induced flow and a momen-
tum equation to analyze boulder transport under submerged
conditions. According to Imamura et al. (2008) the model has
some limitations and needs further improvements. When a boulder
is entrained by tsunami-induced currents, the submerged, partially
submerged, and subaerial (not in contact with fluid) conditions
would be three consecutive stages experienced by the boulder. The
boulder could be transported in the partially submerged condition
depending on the size and density of the boulder.

Therefore, in this study, governing equations for boulder
transport in submerged, partially submerged, and subaerial con-
ditions are derived, and then a new numerical scheme to solve the
governing equations is proposed. Subsequently, the model is used
to analyze the transport of calcareous boulders detached from a
seawall by the 2004 Indian Ocean tsunami in Lhok Nga (north-
western Sumatra, Indonesia).
2. Theory of boulder transport (one dimension)

2.1. Components of force on a boulder

Boulder transport due to fluid impact is complex, but the
complexity is simplified with assumptions as follows. A boulder is
regarded as a rectangular prism, and its motion is restricted to
sliding and saltation on a bed. The bed is impermeable and not
eroding. Forces acting on the boulder are limited to drag, lift,
inertia, friction, and reduced gravity force (vector summation of
self-weight and buoyancy). The tsunami force is perpendicular to
the boulder face derived from the long and short axes (a and hb;
Fig. 1) where Fd is the drag force, Fm the inertia force, Ff the
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Fig. 1. Detailed sketch of a boulder transported on a slope by a tsunami and its

associated forces.
friction force, Fl the lift force, u the current velocity (flow velocity)
near the boulder, U the boulder velocity, h the water depth near
the boulder, Fg the reduced gravity force, a, b, and hb the
dimensions of boulder (a4b4hb), a the slope of bed, B the water
surface elevation measured from a datum, and z the bed elevation
measured from the datum.

The forces acting can be written using the concept of relative
velocity as follows.

Drag force,

Fd ¼ ð1=2ÞrCdAd u�Uj jðu�UÞ, ð1Þ

where Cd is the coefficient of drag, Ad the drag area (ahb), and r
the density of water.

Inertia force,

Fm ¼ rvolbðDu=DtÞþrCavolbðDu=Dt�dU=dtÞ, ð2Þ

where Ca is the coefficient of added mass or virtual mass, volb the
volume of boulder (abhb), and Du/Dt the total horizontal accel-
eration of water near the boulder, which can be expanded as
follows in one dimension.

Du=Dt ¼ @u=@tþu@u=@x: ð3Þ

Lift force,

Fl ¼ ð1=2ÞrClAlðu�UÞ2, ð4Þ

where Cl is the coefficient of lift and Al the lift area(ab).
It is assumed that the lift force exists when the water pressure

drops at the top of the boulder (Luccio et al., 1998). Thus, if the
water depth is less than the boulder height (i.e., the boulder is in
the partially submerged condition), the lift force can be assumed
to be zero.

Friction force,

Ff ¼�Cf fvolbðrb�rÞg cosa�FlgðU=UÞ, ð5Þ

where Cf is the coefficient of friction between the bed and the
contact surface of the boulder, g the gravitational acceleration
(9.81 m/s2), and rb the density of the boulder. If Ua0,
then Cf¼Cdf; otherwise, Cf¼Csf, where Cdf is the coefficient of
dynamic friction and Csf the coefficient of static friction. If
volbðrb�rÞg cosa/Fl, contact between the boulder and the bed
is lost; this leads to Ff¼0 and therefore the boulder is transported
due to saltation.

If the bed slope is gentle, cos a can be approximated as

cosa�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ð@z=@xÞ2

q
ð6Þ

Reduced gravity force,

Fg ¼ volbðrb�rÞg ð7Þ

2.1.1. Boulder in submerged condition (hShb)

The momentum equation can be derived in such a way that
the net force acting on the boulder is equal to the momentum
changes of the boulder per unit of time as follows:

r�bþCa

� �
volbðdU=dtÞ�ð1þCaÞvolbðDu=DtÞ�ðCdAD=2Þ u�Uj jðu�UÞ

þvolbðr�b�1Þgð@z=@xÞþCf volbðr�b�1Þg
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ð@z=@xÞ2

q�

�ðClAl=2Þðu�UÞ2
�
ðU=9U9Þ ¼ 0, ð8Þ

where r�b ¼ rb=r.

2.1.2. Boulder in partially submerged condition (hbShS0)

When a boulder is transported in a partially submerged
condition, the flow pattern around the boulder is rather chaotic
compared to that in a submerged condition. The impact of
the boulder on water is also significant; thus, the water depth
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Fig. 2. Detailed sketch of a computation cell at (iþ1/2, n). The current velocity is
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around the boulder varies significantly and the flow exhibits
characteristics of turbulence. However, simplifying the complex-
ity associated with turbulence, Eq. (8) can be revised for the
partially submerged condition by imposing the ratio of water
depth to boulder height as follows. The lift force is omitted

r�bþCaðh=hbÞ
� �

volbðdU=dtÞ�ð1þCmÞðh=hbÞvolbðDu=DtÞ

�ðCdAdh=2hbÞ u�Uj jðu�UÞ�volb r�b�h=hb

� �
gð@z=@xÞ

þCf volb r�b�h=hb

� �
g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ð@z=@xÞ2

q
ðU=9U9Þ ¼ 0: ð9Þ

2.1.3. Subaerial boulder (not in contact with fluid)

The boulder is subjected to friction force and self-weight. The
momentum equation can be derived as

dU=dtþgð@z=@xÞþCf g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�ð@z=@xÞ2

q
ðU=9U9Þ ¼ 0: ð10Þ

2.1.4. Tsunami-induced flow

Depth-integrated shallow water equations are used to simu-
late tsunami propagation in the ocean and run up on the ground.
The equations are written as follows.

Continuity equation for water

@B=@tþ@Q=@x¼ 0: ð11Þ

Momentum equation for water

@Q=@tþ
@ðQ2=hÞ

@x
þghð@B=@xÞþt=r¼ 0, ð12Þ

where Q is the discharge per unit width (¼uh), and t the bed
roughness on water, t¼ rgn2

mQ2=h7=3,where nm is Manning’s
roughness coefficient.

Therefore, Eqs. (8)–(12) govern the transport of a boulder by a
tsunami-induced force (long period wave).

2.2. Numerical discretization of governing equations

An explicit finite difference numerical scheme is proposed to
solve the system of governing equations. The staggered method
for variables in space and the leapfrog method for variables in
time are adopted.

Governing equations are discretized as follows.
Continuity equation for water

Bn
iþ1=2�B

n�1
iþ1=2

	 

=Dtþ Qn�1=2

iþ1 �Qn�1=2
i

	 

=Dx¼ 0: ð13Þ

Momentum equation for water

Qnþ1=2
i �Qn�1=2

i

	 

=Dt

þ a1ðQ
n�1=2
i�1

2
=hn

i�1Þþa2ðQ
n�1=2
i

2
=hn

i Þþa3ðQ
n�1=2
iþ1

2
=hn

iþ1Þ

� �
=Dx

þghn
i Bn

iþ1=2�B
n
i�1=2

	 

=Dxþ gn2

m=h
n7=3
i

	 

Q

n�1=2
i




 


 Q
nþ1=2
i þQ

n�1=2
i

	 

=2¼ 0:

ð14Þ

If Qn�1=2
i Z0, then a1 ¼�1, a2 ¼ 1, a3 ¼ 0 or else a1 ¼ 0,

a2 ¼�1,a3 ¼ 1.
Momentum equation for the boulder:
Submerged condition (hShb)

r�bþCa

� �
volbððU

nþ1=2�Un�1=2Þ=DtÞ

�ð1þCaÞvolb u
nþ1=2
cb �u

n�1=2
cb

	 

=Dtþun

cb a1un
cb�dxþa2un

cbþa3un
cbþdx

� �
=Dx

h i

�ðCdAD=2Þ un
cb�Un�1=2



 

 un
cb�ðU

nþ1=2þUn�1=2Þ=2
n o

þvolb r�b�1
� �

g zn
jþ1�zn

j

	 

=Dx

þCf volb r�b�1
� �

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� zn

jþ1�zn
j

	 

=Dx

n o2
r"
�ðClAl=2Þ un
cb�Un�1=2

	 

un

cb�ðU
nþ1=2þUn�1=2Þ=2

n o#

� ðUn�1=2=9Un�1=29Þ ¼ 0 ð15Þ

Partially submerged condition (hbShS0)

r�bþCa hn
cb=hb

� �� �
volbðU

nþ1=2�Un�1=2Þ=Dt

�ð1þCmÞ hn
cb=hb

� �
volb unþ1=2

cb �un�1=2
cb

	 

=Dt

h
þun

cb a1un
cb�dxþa2un

cbþa3un
cbþdx

� �
=Dx

i
� CdAdhn

cb=2hb

� �
un

cb�Un�1=2


 

 un

cb�ðU
nþ1=2þUn�1=2Þ=2

n o
þvolb r�b�hn

cb=hb

� �
g zn

jþ1�zn
j

	 

=Dx

þCf volb r�b�hn
cb=hb

� �
g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� zn

jþ1�zn
j

	 

=Dx

n o2
r

� ðUn�1=2=9Un�1=29Þ ¼ 0: ð16Þ

Body on a dry bed without fluid interaction (h¼0)

ðUnþ1=2�Un�1=2Þ=Dtþg zn
jþ1�zn

j

	 

=Dx

þCf g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� zn

jþ1�zn
j

	 

=Dx

n o2
r

ðUn�1=2=9Un�1=29Þ ¼ 0 ð17Þ

where j¼ truncðX=DxÞ, and X is the distance to the center point of
the boulder from a datum (wave generation boundary; x¼0).

In order to maintain the accuracy and stability of the results
of the proposed scheme, the following conditions are applied.
If un

cbZ0, then a1 ¼�1, a2 ¼ 1, a3 ¼ 0 , and otherwise,
a1 ¼ 0, a2 ¼�1, a3 ¼ 1. If Un�1/2

¼0, then Cf¼Csf; otherwise,
Cf¼Cdf, where i,j are the positions in space, n the position in time,
hcb the water depth near the boulder, and ucb the current velocity
near the boulder.

The numerical simulation is started by solving the continuity
equation, followed by computing the momentum equation for
water. Then, the current velocity and water depth near the
boulder are used to solve the momentum equation for the
boulder. Linear interpolation (Eq. (18)) is used to find the water
depth and current velocity near the boulder (Fig. 2)

f n
cb ¼ f n

i þ
f n
iþ1�f n

i

Dx
ðX�iDxÞ: ð18Þ

To start the motion of the boulder, either the net driving force
(in this study, vector summation of drag, inertia, and if the
boulder is on a slope, the reduced gravity component) on the
boulder must exceed the static friction between the contact
surface of the boulder and the bed (i.e., motion in sliding) or the
lift force must exceed the reduced gravity force on the boulder
(i.e., motion in saltation). If each condition above is satisfied, the
momentum equation for the boulder is used to calculate the
velocity of the boulder, and consequently the new position is
calculated.



Table 1
Simulated minimum current velocity to initiate the boulder transport.

Boulder

ID

Axis length (m) Density

kg/m3

umin (m/s)

from Eq. (25)

a b hb

B1 2.35 1.75 1.50 2400 5.0

B2 3.30 1.70 1.10 2400 5.4

B3 2.10 1.35 1.30 2400 4.2

B4 1.85 1.35 1.10 2400 4.5

B5 1.60 1.25 1.20 2400 4.0

B6 1.40 1.40 1.30 2400 4.3

B7 1.70 1.40 1.00 2400 4.8

B8 1.80 1.10 1.00 2400 3.9

B9 1.00 0.95 0.95 2400 3.4

B10 1.30 1.10 0.85 2400 4.1

B11 1.70 1.10 0.55 2400 4.7

B12 0.82 0.80 0.70 2400 3.3

Values are in agreement with velocities proposed in the literature for the same

study area (3–8 m/s) (Lavigne et al., 2009; Paris et al., 2010).
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3. Calcareous boulders detached from a seawall by the 2004
Indian Ocean tsunami

The 2004 Indian Ocean tsunami unleashed its gigantic power
on the coastal area of Lhok Nga (west of Banda Aceh city), turning
the coastal environment upside down within a short time. It
consisted of successive waves (eyewitnesses reported 3–10
waves; Lavigne et al., 2009): the first wave was less than 5 m,
and the second and highest wave was 15–30 m at the coast, while
very few observations were available for the following waves. The
tsunami was also able to detach and transport three types of
megaclasts: (1) hundreds of calcareous boulders up to 7.7 tons
were lifted from a seawall and deposited up to 200 m inland,
(2) mega-slabs of conglomerate weight up to 85 tons were
dislodged from the tidal flat and deposited close to the shoreline
in an overturned position, and (3) coral boulders (up to 11 tons)
from the fringing reef were deposited as far as 900 m inland
(smaller coral boulders (o1 m) were found up to 1460 m inland).
The boulders were assumed to be deposited by the second and
highest wave, even if the backwash removed some boulders (Paris
et al., 2010). We used our numerical model to simulate the
transport of 12 calcareous boulders detached from a seawall by
the tsunami and then discuss the simulated results in comparison
with the field observations.

3.1. Could the first tsunami wave transport calcareous boulders from

the seawall?

The seawall was constructed along the coast, and the tsunami
bore was preceded by water withdrawal (Lavigne et al., 2009).
Therefore, boulders of the seawall were in a subaerial condition
before the first tsunami wave hit the seawall. Theoretically, the
initial mode of transport of a boulder by tsunami flow could be
sliding, rolling, or saltation (Nandasena et al., in press). Initial
transport modes of sliding and saltation are neglected: boulder-
to-boulder interlocking in the seawall could prevent sliding and
the higher current velocity required for saltation. Thus, the
threshold current velocity necessary to initiate transport of a
subaerial boulder by overturning is considered.

The initial transport of a boulder will be rolling/overturning
when

MdþMlþMmZMr ð19Þ

Md ¼ 0:5rwCdðahbÞu
2ðhb=2Þ ð20Þ

Ml ¼ 0:5rwClðabÞu2ðb=2Þ ð21Þ

Mm ¼ rwCmðabhbÞdu=dtðhb=2Þ ð22Þ

Mr ¼ ðrs�rwÞðabhbÞgðb=2Þ ð23Þ

u2
Z
ðrs=rw�1Þg

Cmðhb=bÞ
�

du

dt

� ��
Cdðh

2
b=b2ÞþCl

2Cmðh2
b=b2Þ

( )
ð24Þ

where Md, Ml, Mm, and Mr are moments of drag, lift, inertia, and
restraint (reduced gravity), respectively, applied to the boulder, u

is the current velocity, rs the boulder density (2400 kg/m3), rw

the density of seawater (1020 kg/m3), b and hb the boulder length
(intermediate, and short), and g the gravitational acceleration
(9.81 m/s2). We do not have in situ force coefficients for the
boulders and field concerned; therefore, the coefficients used in
past studies were adopted: Cd is the coefficient of drag
(1.95; Noormets et al., 2004; Paris et al., 2010), Cl the coefficient
of lift (0.178; Nott, 1997, 2003; Noormets et al., 2004; Paris et al.,
2010), and Cm¼coefficient of inertia (2.0; Nott, 2003). Nott (2003)
introduced a method to solve Eq. (24) for minimum current
velocity (u) by assuming a conservative value for flow accelera-
tion (du/dt). This method is not practical because we do not know
the exact flow acceleration, and it could produce unrealistic
results (Nandasena et al., in press). Goto et al. (2010)
and Tanaka et al. (2009) noted that the drag force would be
significant compared to the inertia force (see Fig. 10 for our
results). The first tsunami wave was significantly smaller than the
second tsunami wave (highest). Therefore, we omitted the inertia
force when analyzing the first tsunami wave but considered it for
the second wave. Eq. (24) can be rearranged without inertia force

u2
Z

2ðrs=rw�1Þhbg

Cdðh
2
b=b2ÞþCl

: ð25Þ

The possibility of initial transport of calcareous boulders by
the first tsunami wave was tested by Eq. (25). The minimum
current velocity to initiate boulder transport ranges from 3.3 to
5.4 m/s (Table 1), but, in reality, the current velocity range would
be higher than the calculated range as boulder-to-boulder inter-
locking in the seawall could provide additional resistance to the
motion. The first tsunami wave at the shoreline was less than 5 m
(Paris et al., 2009). Eyewitness accounts collected by Lavigne et al.
(2009) confirmed that the boulders were moved by the second
and highest wave, even if the first wave could have destabilized
the seawall, thus preparing the boulders for transport by the
following waves.

3.2. Numerical simulation (the second and highest tsunami wave)

The direction of current velocity was almost perpendicular to
the shore when the tsunami hit the seawall (Paris et al., 2009).
Therefore, the numerical model introduced here can be used to
simulate the boulder transport assuming two-dimensional effects
are minimal. Tides are very low in Lhok Nga (see Lavigne et al.
(2009) for more details), and this is a trivial parameter in
comparison to tsunami wave heights. Therefore, bed elevations
were measured perpendicular to the shore (Fig. 3) with respect to
the mean sea level (Fig. 4). The wave generation boundary at
water depth of 200 m was rather arbitrarily selected and one
sinusoidal wave with a 20-min period was considered. Discretiza-
tion sizes of distance and time for numerical simulation dx¼5 m
and dt¼0.056 s were selected, while friction coefficients Csf¼0.8
and Cdf¼0.7 (Imamura et al., 2008), the added mass coefficient,
Ca¼1.0 (Nott, 2003), and Manning’s roughness, nm¼0.025
(Harada and Imamura, 2006) were used. The amplitude of the
wave at the wave generation boundary was determined by an
iterative process such that the tsunami wave conditions (water
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Fig. 3. Aerial orthorectified photo (June 2005) of south Lhok Nga, showing the

calcareous boulder field (N¼1000 boulders) and erosion escarpments behind the

seawall (modified after Paris et al. (2009)). Note that the erosional insets and

boulder concentrations are in the axes of the trenches cut by the tsunami in the

seawall.
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depth and current velocity) at the shore were similar to field
observations and previous numerical studies (Paris et al., 2009):
the second and largest wave with a turbulent bore came from the
west–southwest direction and was 15–30 m at the coast. Numer-
ical modeling and analysis of videos gave tsunami flow velocities
increasing from 3 to 12 m/s from the coral boulder fields offshore
to the coast (Fritz et al., 2006; Paris et al., 2010). These data could
have errors because they are not direct measurements. However,
our numerical results agree fairly well with these observations
(Fig. 5). The numerical results also show the so-called tsunami
bore front at the shoreline.
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Fig. 6. Transport distance measured from the shore; the size of a dot is

proportional to its weight. Numerical results indicate the net transport distance

because some boulders showed backward motion (Fig. 7).
3.3. Results and discussion

Fig. 6 displays simulated transport distance compared to
observed distance due to the second and highest tsunami wave.
A few field observations match the simulated results. Most of the
observed distances are less than the simulated values. This infers
that the energy boulders received from the tsunami were dis-
sipated by means other than transport. Most likely, boulder-to-
boulder interaction at the beginning of the transport would have
a major impact on reduction in transport distance, dissipating its
energy in impulses as the destruction of the seawall set free
different-sized boulders whose velocities also differed from
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one another (Fig. 3, lower photograph). Boulder-to-boulder inter-
actions were evidenced by striae, percussive marks, or crushing
on the surface of the boulders (see Paris et al., 2009).

B5 and B6 have roughly the same weight, but their transport
distances measured in the field are rather different. Perhaps these
differences are due to either the effect of collision or surface
microtopographical effects, which can completely stop the trans-
port prematurely (e.g., some boulders were trapped in a swim-
ming pool near the seawall; Paris et al. (2009). Goto et al. (2010)
also revealed that spatial and grain size distributions are strongly
controlled by the initial distribution of boulders at the source as
well as the hydrodynamic features of the tsunami and local
topography.
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The transport distance and direction (landward/shoreward)
were greatly influenced by the subjecting flow field (current
velocity/water depth). In simulated results (Figs. 7 and 8)
boulders B1 and B8–12 show both landward and shoreward
motions that would imply two stops during their transport: the
first stop occurred during the inflow–outflow transition, and the
second one at the final stage of the backwash. The landward
transport distance is large compared to the shoreward movement,
exemplifying the strong overland flow velocities that are a
function of the tsunami period and amplified tsunami height
due to shoaling. Boulders B2–7 show only landward motion as the
backwash was not strong enough to cause the secondary motion.
Tsunami run-up and boulder transport distance can show a large
000 2200 2400 2600 2800

(s)

29000

29500

30000

30500

31000

31500

32000

T
su

na
m

i f
ro

nt
 (

m
)

B1

B2

B3, B4, B7

Tf

29000

30000

31000

32000
Tf

B1-12

same scale. At t¼1208 s, the tsunami front hit the seawall. Tf, tsunami front.

-4

-2

0

2

4

6

8

10

1000 1400 1800 2200 2600

Time (s)

-4

-2

0

2

4

6

8

10

1000 1400 1800 2200 2600

Time (s)

W
at

er
 d

ep
th

 (
m

),
 b

ou
ld

er
ve

lo
ci

ty
 (

m
/s

)
W

at
er

 d
ep

th
 (

m
),

 b
ou

ld
er

ve
lo

ci
ty

 (
m

/s
)

the boulder (a and b) for B3, (c and d) for B12. Note thick line for boulder and thin



0

2

4

6

8

10

12

14

16

0 100 200 300 400

Distance to shore (m)

W
ei

gh
t 

(T
on

)

0

1

2

3

4

0 100 200 300 400

Distance to shore (m)

M
ai

n 
ax

is
 (

m
)

Fig. 9. Landward fining: field investigation (black circle) and numerical simulation (white circle).

-10

-5

0

5

10

1000 1500 2000 2500

Time (s)
-60

-40

-20

0

20

40

60

In
er

tia
 fo

rc
e 

(k
N

)

-10

-5

0

5

10

1000 1500 2000 2500

Time (s)

B
ou

ld
er

 &
 c

ur
re

nt
 v

el
oc

ity
 (m

/s
)

B
ou

ld
er

 &
 c

ur
re

nt
 v

el
oc

ity
 (m

/s
)

B
ou

ld
er

 &
 c

ur
re

nt
 v

el
oc

ity
 (m

/s
)

B
ou

ld
er

 &
 c

ur
re

nt
 v

el
oc

ity
 (m

/s
)

-60

-40

-20

0

20

40

60

L
if

t 
fo

rc
e 

(k
N

)

-10

-5

0

5

10

1000 1500 2000 2500

Time (s)
-60

-40

-20

0

20

40

60

D
ra

g 
fo

rc
e 

(k
N

)

-10

-5

0

5

10

1000 1500 2000 2500

Time (s)
-60

-40

-20

0

20

40

60

F
ri

ct
io

n 
fo

rc
e 

(k
N

)

Fig. 10. Force history applied to B3: (a) inertia force, (b) lift force, (c) drag force, and (d) friction force; thick line indicates force.

N.A.K. Nandasena et al. / Computers & Geosciences 37 (2011) 1391–1399 1397
difference; thus, it is not reliable to use the location of historic
boulder deposits to directly infer tsunami run-ups (Fig. 7, inset).

No landward fining was found for the observed field boulder
transport distances, whereas the simulated distances show a
reasonable relationship for weight and main axis against the
distance measured from the shoreline (Fig. 9). We suggest that
the main reasons for the lack of landward fining are boulder-to-
boulder impact, the influence of surface microtopographical
effects, and the effect of backwash.

Numerical results reveal that drag and friction are the domi-
nant forces compared to lift and inertia forces during boulder
transport (Fig. 10). A uniform drag force is observed during
boulder transport. The inertia force is dependent on the magni-
tude of acceleration of tsunami currents. Even though the con-
tribution from lift force is small, it would make the transport
easier by reducing the friction force. When a boulder is not
transported by the current force the total driving force is resisted
by the static friction force. It highlights the need for drag and
friction coefficients to be determined more precisely than the
others when using the numerical model to determine the boulder
transport as the effect of these forces are dominant.
4. Conclusions

Governing equations for boulder transport by tsunamis in sub-
merged, partially submerged, and subaerial conditions were derived
from Nott’s original equations (1997, 2003). A new numerical
solution to the governing equations was proposed. Then the
numerical model was used to simulate the transport of calcareous
boulders detached from a seawall by the 2004 Indian Ocean tsunami
in Lhok Nga, Sumatra, Indonesia. A few simulated transport dis-
tances matched the field observations, but other simulated distances
are larger than the field measurements. Clast-to-clast interaction
would have a major impact on the reduction of transport distance
by dissipating the energy in impulses because destruction of the
seawall set free different-sized boulders with different velocity to
weight ratios. However, this is marginal. In addition, surface
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microtopographical effects could have stopped transport prema-
turely. Addressing these types of complex local factors in numerical
modeling is far beyond the scope of this study. Bridging the gap
between predictions by theory-based numerical simulations and
real observations could be viable through empirical relations. No
landward fining was observed in the field measurements, but the
numerically predicted results showed a reasonable trend toward
landward fining. Numerical results reveal that drag and friction are
the dominant forces applied to boulders during transport, and
therefore, accurate estimation of drag and friction coefficients is
also important for validation of the model. The difference between
the simulated results and field observations is partly attributable to
limitations of the numerical model, which are listed below:
1.
 A boulder is considered to be a homogeneous cubic/or rectan-
gular prism. The initial orientation of a boulder considers that
the long axis of the boulder is perpendicular to the tsunami
direction; thus, the model assumes constant drag and lift areas
during the transport.
A boulder in the field is neither cubic nor rectangular and
heterogeneous; thus the numerical model usually underesti-
mates or overestimates its weight. As the boulder is subjected
to complex motion, fixed projected areas for force calculation
are not always conservative. Lorang (2000) simulated different
boulder movements and found that transportability was
strongly influenced by the boulder shape.
2.
 The pretransport environment of a boulder is important
(Pignatelli et al., 2009; Goto et al., 2010), but the model simplifies
the boulder to be isolated (single), detached, and not buttressed.
3.
 Previous models of boulder transport assumed sliding as a
mode of transport for a boulder (Noji et al., 1993; Imamura
et al., 2001), but boulders in the experiments of Imamura et al.
(2008) are mainly seen to be transported by a bore due to
rolling or saltation rather than by sliding. Experimental studies
showed that the transport mode can vary depending on the
current velocity, bottom friction, and shape and weight of the
boulder (Goto and Imamura, 2007). Our new model takes
sliding and saltation into account. Rolling is a very complex
phenomenon. One approach is to consider rolling in the model
by reducing dynamic friction. This is not theoretical, but uses
extensive experimental studies to develop an empirical rela-
tionship (e.g., Imamura et al. (2008) found such a relationship
by doing limited experimental studies). The other approach is
to consider the concept of angular momentum. This is theore-
tical. In this case, the hydraulic moment is more appropriate
than hydraulic force applied to a boulder to calculate the
boulder velocity and transport distance.
4.
 Constant force coefficients are used in the numerical simula-
tion, and they are obtained from past studies. As in Noji et al.
(1993), these coefficients are time dependent and functions of
the Froude number and relative water depth. Therefore, a
precise estimation of these coefficients at the site concerned
should be attempted.
5.
 Boulder-to-boulder interactions (collisions and shielding
effects) are disregarded. These interactions during boulder
transport, as evidenced by striae, percussive marks, or crush-
ing on the surface of the boulders, were observed by Paris et al.
(2009) during a field survey in January 2005.
6.
 The depth-averaged flow structure around the boulder is
considered and the model disregards the microtopographical
changes, but these parameters could be important in boulder
transport.

These limitations remain to be overcome in future studies, and
the model will be enhanced to two or three dimensions for an
advanced discussion of the subject matter.
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