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ABSTRACT
Coastal boulders are good evidence of high-energy events. Mathematical models are used to
predict the magnitude of high-energy events from their boulders but the models are still in their
preliminary stages. In a pioneering contribution, Nott (1997 and 2003) developed hydrodynamic
equations to assess the minimum wave height required to initiate transport of a coastal boulder by
tsunamis or storm surges. These equations are widely cited and used, but they can be improved. In this
study, Nott’s equations were revised. Boulder transport histogram was then introduced to predict the
possible initial transport mode of a boulder from the flow velocity. These theoretical results were
compared to field data, thus suggesting the initial transport mode of boulders and their pre-transport
locations. Few studies have been conducted on modeling boulder transport by tsunamis despite the
considerable research output on the analysis of boulder deposits. A detail description of derivation of
governing equations for boulder transport in submerged, partially submerged, and subaerial (not in
fluid contact) was presented and then a numerical model was proposed to solve the governing
equations in one dimension. The model was validated by a well-controlled experimental study.
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1. INTRODUCTION
Tsunami
deposits
have
different
characteristics in the nature. They could be either
natural (sand, boulders) or artificial things.
Tsunamis can bring large amount of sand and
deposit them on the land as layers that basically
exhibit the characteristics of landward and upward
fining. The amount of sand to be deposited on the
land is greatly controlled by the energy of the
tsunami, topography and the availability/capacity
of the source such size of a dune or beach/nearshore. Tsunamis can also transport big-boulders
from near-shore or coast to land. This is not
possible for all tsunamis because availability of
boulder sources, pre-transport arrangement of
boulders and the energy of the tsunami are the
decisive factors to control boulder deposits on the
land. In some cases, the back-wash (return flow)
reworks the characteristics of the deposits.
Analysis on historic boulder deposits by paleo
tsunamis or storms has long been a topic of interest
in the field of geology/geomorphology and coastal
hydraulics. The deposits could be presenting as an
isolated boulder, scattered boulder fields or boulder
clusters/ridges. The boulder deposits could be used
to estimate the magnitude of historic tsunamis by
inverse numerical modeling. However it has long
been a challenging topic of interest because lack of
good field observations, difficulty in identification

of boulder sources, recognition of complex
transport nature of boulders in turbulent fluid flows,
and simplified assumptions for the theory
developed. This study is conducted to develop
numerical models to simulate the threshold
entrainment and transport of boulders by tsunamis.
The prime aim of this study is to develop a
numerical concept to find the magnitude (size) of
historic tsunamis from their deposits (boulders). In
order to reach the prime aim of this research study,
following objectives are considered.
Review on previous works related to
numerical modeling on boulder transport and
inspect the possibility of improving their numerical
concepts.
Develop governing equations to simulate
threshold entrainment and transport of boulders by
tsunamis and propose numerical solutions to the
governing equations.
Conduct appropriate experimental studies to
validate the numerical models.
2.
MODEL
DEVELOPMENT
FOR
THRESHOLD
ENTRAINMENT
OF
BOULDERS BY TSUNAMIS/STORMS
Nott’s equations have been revised: (1) the
equation for the submerged boulder scenario has
been revised by rearranging the lift area of the lift
force, (2) the subaerial boulder scenario has been
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reconsidered by rearranging lift area and omitting
inappropriate use of inertia force, and (3) the joint
bounded scenario was revised by balancing force
components in the lifting direction, and the effect
of slope at the pre-transport location is tested.
Calculations are performed for four case studies:
boulders in Western and Eastern Australia (data
after Nott, 1997 and 2003), boulders in
southeastern Italy (data after Scicchitano et al.,
2007), storm boulders in Iceland (data after Etienne
and Paris, 2010), and 2004 tsunami boulders in
Sumatra (data after Paris et al., 2009).
2.1 Revised equations for initial transport of a
boulder
The initial transport mode of a submerged or
subaerial boulder will be sliding when:
u2 ≥

2(ρ s ρ w − 1)gc (µ cos θ + sin θ )
C d (c b ) + µ s C l

(1)

Initial transport of a submerged or subaerial
boulder will be overturning/rolling when:
u2 ≥

2(ρ s ρ w − 1)gc (cos θ + (c b )sin θ )
C d c 2 b 2 + Cl

(

(2)

)

Initial transport of a submerged or subaerial
boulder will be saltation when:
u2 ≥

2(ρ s ρ w − 1)gc cos θ
Cl

(3)

Therefore, the initial transport of a submerged
or subaerial boulder happens when:
 2(ρ s ρ w − 1)gc(µ cos θ + sin θ ) 


C d (c b ) + µ s Cl




 2(ρ s ρ w − 1)gc(cos θ + (c b ) sin θ )
2
u ≥ min 

C d c 2 b 2 + Cl






2(ρ s ρ w − 1)gc cos θ


Cl



(

(4)

)

where u is the flow velocity,

ρb is the density of

ρ w is the density of fluid (1024 kg/m3), g
is the gravitational acceleration (9.81 m/s2), µ s is

boulder,

the coefficient of static friction between the boulder
and the bed,

θ

is the ground slope at the pre-

transport location, C d is the coefficient of drag, b
is the length of intermediate axis of boulder, c is
the length of short axis (height), and
coefficient of lift.

Cl

is the

If Eq. (4) is not satisfied, the boulder is stable
against the fluid flow.
For the joint bounded boulder

u2 ≥

2(ρ s ρ w − 1)gc(cos θ + µ s sin θ )
Cl

(5)

If Eq. (5) is not satisfied, the boulder is stable.
Different values of drag coefficient have been
used in past studies, for example, 1.2 (Nott, 1997),
2.0–1.5 (Nott, 2003), and 1.95 (Noormets et al.,
2004; Paris et al., 2010). Constants of 0.178 and
2.0, respectively, were taken as coefficients of lift
and inertia (Nott, 1997 and 2003; Noormets et al.,
2004 and Paris et al., 2010), and 0.7 as the
coefficient of static friction (Noormets et al., 2004;
Paris et al., 2010). In this study, 1.95, 0.178, 2.0
and 0.7 were chosen as coefficients of drag, lift,
inertia, and static friction, respectively.
The difference between minimum flow
velocities estimated by Nott’s equations and our
revised equations range between -65 and +214%.
For the submerged scenario, velocities are reduced
up to 56% (mean difference: -8%). Revision of the
lift force equation explains the contrasting results
for joint bounded blocks (-65 to +42%), for which
lift force is essential, and subaerial boulders (-31 to
+214%, mean difference +19%). Fig. 1 displays the
correlation between the results from the revised and
Nott’s equations for all boulders considered in this
paper. The effect of slope at the pre-transport
location (in situ boulder) is not significant, because
slope values of Lhok Nga are less than 2°. The
results are changed only by 0.1 m/s compared to a
horizontal bed. If we calculate the minimum flow
velocity for calcareous boulders for slope angles
10°, 20°, and 30°, the mean flow velocity is
increased by 0.3, 0.4, and 0.5 m/s, respectively
compared to the horizontal bed, and for
conglomerate megaclasts, increased by 0.6, 0.9,
and 1.1 m/s.
Application of the boulder transport histogram
to boulder accumulations in Iceland displays four
distinct regions characterized by different
properties (Fig. 2). The first region (white)
represents the range of flow velocities that are not
sufficient to initiate boulder transport (i.e., Eq. 4 or
5 is not satisfied). The second, third, and fourth
regions represent the ranges of flow velocity to
initiate the transport by sliding, rolling, and
saltation, respectively. The fourth region has an
open boundary at the top, but it is arbitrarily
limited to 25 m/s. Most of the boulders in Iceland
are not transported when the flow velocity is less
than 4 m/s. For velocities higher than 6 m/s, most
of the boulders are initially transported by rolling
and saltation. Field observations of characteristics
such as spatial distribution of fresh scars, striae,
percussive marks, or crushing were used by
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between 3 and 13 m/s at the nearshore during the
2004 tsunami in Lhok Nga Bay, Sumatra (Paris et
al., 2010). This range of flow velocity is shown in
histograms as a reference. Beach rock boulders,
which are no larger than 2 m, are initially
transported both by rolling and saltation (Fig. 3).
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Fig. 2 – Boulder transport histogram for storm
boulders in the Reykjanes Peninsula, Iceland (data
after Etienne and Paris(2010)).

20
15

25

10
20

5
0
0

5

10

15

20

25

Flow velocity (m/s)

Flow velocity (m/s) by revised
equations

25

15
10
5

Flow velocity (m/s) by Nott's
equations

0
1

2

3

4

Stable

5

6

7
8
9 10 11
Boulder ID
Sliding
Rolling

12

13

14

15

Saltation

Fig. 3 – Boulder transport histogram for beach rock
boulders in Sumatra (data after Paris et al.(2009)).
Dotted lines show boundaries of flow velocity of
the tsunami (3–13 m/s) on the coastal zone
(estimated by Paris et al.(2010)).
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Fig. 1 – Plots of flow velocities according to Nott’s
equations and revised equations.
Figs. 3 to 6. display boulder transport
histograms for boulders emplaced by the 2004
tsunami in Sumatra (Lhok Nga Bay). A tsunami
generally strikes the coastal zone as a supercritical
flow, the usual flow velocity of tsunami being
estimated as 10–18 m/s (Nanayama and Shigeno,
2006 and references therein), and was estimated
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Fig. 4 – Boulder transport histogram for coral
boulders in Sumatra (data after Paris et al.(2009)).
Dotted lines show the boundaries of flow velocity
of the tsunami (3–13 m/s) on the coastal zone
(estimated by Paris et al.(2010)).
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All coral boulders (Fig. 4 showing half of
them) can also easily be moved by the tsunami
flow, the dominant initial transport mode being
saltation. Calcareous boulders from the seawall
have higher densities (2.4 g/cm3) than corals (~1.2
g/cm3), and thus the required flow velocities are
higher than 3–4 m/s to be transported by sliding or
rolling, and higher than 11–12 m/s for saltation
(Fig. 5). This is in good agreement with field
observations by Paris et al. (2009), who noted that
boulders from the seawall were deposited near their
source (transport distance <280 m).
25

Flow velocity (m/s)

20

accordance with the distance transport observed for
these plurimetric megaclasts.
3. MODEL DEVELOPMENT FOR BOULDER
TRANSPORT BY TSUNAMIS
Boulder transport by fluid impact is complex
and the three dimensional phenomena is simplified
as follows. A boulder is regarded as a rectangular
prism and the 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
the 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 (Fig. 7).
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Fig. 5 – Boulder transport histogram for calcareous
boulders from a seawall in Sumatra (data after
Paris et al.(2009)). Dotted lines show the
boundaries of flow velocity of the tsunami (3–13
m/s) on the coastal zone (estimated by Paris et al.
(2010)).

Fig. 7 – Detailed sketch of a boulder transported on
a slope by a tsunami and its associated forces.
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Fig. 6 – Boulder transport histogram for
conglomerate boulders in Sumatra (data after Paris
et al.(2009)). Dotted lines show the boundaries of
flow velocity of the tsunami (3–13 m/s) on the
coastal zone (estimated by Paris et al.(2010)).
Conglomerate boulders have only two regions
in the histogram (Fig. 6), as these boulders were
joint bounded in the pre-transport setting and lifted
from their initial position. As shown in Fig. 6, flow
velocities higher than 9–10 m/s are required to
initiate their transport, whereas flow velocities
estimated by Paris et al. (2010) are slower than 13
m/s. Thus, the model predictions are in good

Where Fd = drag force, Fm = inertia force, Ff =
friction force, Fl = lift force, u = current velocity
near boulder, U = boulder velocity, h = water depth
near boulder, Fg = reduced gravity force, α = slope
of bed, ζ = water surface elevation measured from
a datum, and z = bed elevation measured from the
datum.
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.
Boulder in submerged condition;

(ρ

*
b

)

+C a volb (dU dt ) − (1 + Ca )volb (Du Dt )

−(C d AD 2 ) u − U (u − U ) + vol b ( ρ b* − 1) g (∂z ∂x )
2
+ C f volb ( ρb* − 1) g 1 − (∂z ∂x ) − (Cl Al 2 )(u − U ) 2 


U U =0
(6)

(

)

where ρ b* = ρ b ρ .
When a Boulder is transported in the partially
submerged condition, the flow pattern around the
boulder is rather chaotic compared to that in the
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submerged condition. The impact of the boulder to
water is also significant, thus the water depth
around the boulder is varied significantly and the
flow exhibits characteristics of turbulence.
However, simplifying the complexity associated
with, Eq. (6) can be revised for partially submerged
condition by imposing the ratio of water depth to
boulder height as follows. The lift force is omitted.

{ρ

*
b

}

+ Ca (h hb ) volb (dU dt )

−(1 + Cm )(h hb )volb (Du Dt ) − (Cd Ad h 2 hb ) u − U (u − U )

(

)

− volb ρb* − h hb g (∂z ∂x )

(

)

(

)

+ C f volb ρ − h hb g 1 − (∂z ∂x ) U U = 0
*
b

2

(7)

The boulder is subjected to the friction force
and self weight when it transports in subaerial
condition. The momentum equation can be derived
as follows.
dU dt + g (∂z ∂x ) + C f g 1 − (∂z ∂x ) (U U ) = 0
2

(8)

Depth integrated shallow water equations are
used to simulate tsunami propagation in ocean and
run up on ground. The equations are written as
follows.
∂ς ∂t + ∂Q ∂x = 0

∂Q ∂t +

(

)

∂ Q2 h
+ gh(∂ς ∂x ) + τ ρ = 0
∂x

(9)

(10)

where Q = discharge per unit width (= uh), τ
= bed roughness on water, τ = ρgnm2 Q 2 h 7 / 3 where
nm = Manning’s roughness coefficient.
Therefore Eqs (6 to 10) govern the transport of
a boulder by tsunami induced force (long period
wave).
3.1 Limitations of the model
1. A boulder is considered to be a
homogeneous cubic/or rectangular 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 underestimates 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 pre-transport 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
relationship (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 theoretical.
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 simulation, and they are obtained from
past studies. As in Noji et al. (1993), these
coefficients are time dependant 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 crushing 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 micro-topographical changes, but these
parameters could be important in boulder transport.
4. EXPERIMENTAL STUDY
An experimental study was conducted to
validate the numerical model in a flume (18 m long,
0.4 m wide, and 0.75 m height) in the hydraulic
engineering laboratory, Saitama University. The
flume bed was made of plain wood and that has a
1:20 slope continuing from a flat bed (Fig. 8).
Tsunami overland flow was generated by rapidly
opening a hinged gate, so called “dam-break” of a
water tank on the flat bed. Four water depths in the
tank were selected: H = 30, 25, 20, and 15 cm
(hereinafter dam-break height) that have potential
to make the turbulent flows of strong to weak on
the slope. A set of wave gauges, G0-G11
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(ultrasonic type; UD-500 KEYENCE, accuracy 0.1
mm) and current meters (propeller type; VO2103
KENEK, measuring range 3-200 cm/s, accuracy 3
cm/s) was deployed with each spacing 0.5 m to
measure flow depth and flow velocity on the slope.
The data were measured at frequency of 10 Hz.
The models of boulders were made of natural
limestone and coral. In addition, the boulder
models of cement were made to represent lighter
boulders such as porous coral boulders. The
average wet densities of the models of limestone,
coral, and cement were 2.76, 2.18, and 1.8 g/cm3
respectively. Fifteen boulder models of axesdimensions varying from 1.5 to 8 cm with the
shapes of cubic and rectangular and the flatness
index (Cailleux and Tricart, 1959) ranging from 1.0
to 3.0 were tested (Table 1). Four video cameras,
VC1-4 (Olympus) were placed to record the
transport of blocks on the slope. Straight lines, each
at 10 cm spacing, were drawn on the slope bed to
calculate the velocity of blocks during the transport.

Fig. 8 – Experimental setup, (a) schematic sketch
of experimental setup, G0-11 are locations of wave
gauge and current meter, VC1- 4 are video cameras,
PB is the pre-transport location of a block, H is the
initial water depth in the tank (dam-break height),
(b) slope bed and the block prior to transport, MTD
is the maximum transport distance (first stop), FS is
the final stop (c) A video camera (VC1) focusing
the pre-transport location of the block, (d) models
of boulders: blocks of limestone, coral, and cement
(synthetic), (e) Ultrasonic type wave gauge and
propeller type current meter.
Table 1 – Characteristics of boulder models. Note
that a, b, and c are the lengths of long, intermediate,
and short (height) axes of the blocks respectively.

First, the experiments without the blocks were
conducted and the characteristics of the flow (flow

depth and flow velocity) were measured. Second,
the experiments with the blocks were conducted.
Each block was placed with the long axis
perpendicular to the flow direction at the pretransport location (PB-Fig. 8) prior to the fluid flow
hit the block. In addition, different pre-transport
orientations of the long axis of the block to the
flow and the effect of number of the blocks
(interaction) on the transport distance were tested.
Each test was conducted at least three times (test
trials) for the accuracy of the results and out of the
three tests, one test was videoed. The spatial
progress of the blocks and the velocity were
estimated by analyzing frames which were
extracted at 0.1 s intervals from the video footages.
The blocks with the flatness numbers between
two to three were transported mainly due to sliding
and a few smaller blocks with the flatness number
one were moved mainly due to rolling. Rolling was
not always about the main axis as it was set in the
beginning, but was about different axes with time.
In some cases, the blocks were transported due to
both sliding and rolling despite the flatness number
of the block. For such cases, rolling was initiated
primarily due to the effect of macro-roughness of
the slope bed (e.g. construction joints of wooden
planks of the slope bed). The blocks were hardly
any transported due to saltation. The blocks had
two stops during its transport: the first, after
reaching the maximum transport distance by the
run-up flow; the block stopped temporarily during
the flow transition and the second, the permanent
stop after the run-down flow for a single dam-break
flow. Most of the blocks were transported up-slope
by the run-up flow and returned (or passed) the pretransport location by the run-down flow whereas a
few blocks stopped before reaching the pretransport location. We have observed secondary
motions during sliding of the blocks: swing (i.e.
back and forth motion of edges of the block) and
rotation on the slope bed. This may be due to both
the change in friction between the block and the
bed and change in hydraulic force applied on the
block or either. Such secondary motions were not
observed/or a very few during the transport by the
run-down flow.
4.1 Model validation
Except the coefficient of friction, the other
coefficients: drag (1.95), lift (0.178), and added
mass (1.0) are referred from the previous studies
(Nott, 2003; Paris et al., 2010). It was reported that
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the coefficient of drag is sensitive to Froude
number (Noji et al., 1993) and the orientation of the
body to the fluid flow (Hoerner, 1965). We
however use a constant coefficient for the drag
(1.95) as an initial step of the study. The coefficient
of friction was estimated by dragging with
relatively small velocity the blocks along the slope
bed under the wet condition and measuring the
force for motion by a digital force gauge (RX-10
AIKOH, measuring range 0-100 N, accuracy 0.2
N). Fig. 9 displays the temporal variation of
friction coefficient between the block and slope bed.
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limits are 0.4 and 0.2 respectively (Fig. 9). The
numerical modeling was done twice for each test
with the upper and lower limits of the coefficient of
friction.
Even though we maintained the accuracy of
dam-break flow, the maximum transport distance
on the slop-bed was different for the each test of
the block for the same dam-break flow. The
transport path of the block for the each test was
different, which was influenced greatly by the
friction of the slope-bed (Fig. 9) and modes of
secondary transport such as swing-motion and
rotations on the slope bed. Therefore we hardly any
observed the same maximum transport distance for
a single block during its three trials. Fig. 10
displays the comparison between the numerical and
experimental results for a limestone block
transported by the dam-break height of 30 cm.
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Fig. 9 – Time history of friction coefficient for the
blocks in motion.
It seems the coefficient can not be taken as a
constant as the variance in magnitude is significant.
The greater variations in the coefficient of friction
are attributed to the change in roughness due to the
spatial change of the texture of the wood of the
slope bed. Therefore, the upper and lower limits of
the coefficient were defined rather than taking an
averaged value, which satisfy all the blocks tested.
The upper limits for the coefficients of static and
dynamic fictions are 0.7 and 0.5, and the lower

Fig. 10 - Comparison between the modeling and
experimental results for Li – (6 x 4 x 4) – H = 30.
Note that dashed line shows maximum transport
distance of the block for test trials, circles indicate
experimental results, and continuous line displays
numerical results for the upper and lower limits of
the friction.
The trend of modeling results well agrees with
the pattern of experimental results despite the exact
overlapping each other. For all most all the test
cases, the rage of maximum transport distance
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predicted by the model agrees with the observed
range in the experiments. Fig. 11, Li-(4 x 4 x 4) –
H = 30 shows a significant mismatch between the
transport times of the block: the model predicted
time is higher than the measured time in the
experiment. This is due to the rotation of the block
on the slope bed during the transport, thus the main
transport mode sliding was hindered. Such a
complex motion can not be simulated by the model.
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mode for the blocks with the upper limits of the
friction during the forward motion. Axis of rolling
of the block observed in the experiment was
different whereas the model assumes uni-axial
rolling. For the platy blocks of cement (Ce – (8 x 4
x 2 and 6 x 4 x 2) – H = 30), the model with the
high friction predicts rolling during upslope
transport whereas both sliding and rolling were
observed in the experiment. The model predicts the
experimental results of block transport more
accurately for the dam-break heights of 25, 20, and
15 cm compared to that of the dam-break of 30 cm.
The predicted initial velocity of the block well
agrees with the measurement in the experiments.
We did not observe significant vertical spraying
when the wave front hit the block, thus the effect of
impact force could not to be significant. In
addition, secondary transport modes like rotation
and swing were not observed during the experiment.
The conditions of the experiment well conjugated
the theory developed in the model, thus
reproducing the experimental results with a good
accuracy. The smallest block (Fig. 12) was only
transported by the dam-break height of 15 cm. It
stopped after reaching the maximum transport
distance and the model also predicted the same.
4.5
4

0.5
0
0

2

4

6

8

10

12

-0.5

Boulder position (m)

Boulder velocity (m/s)

1

3.5
3
2.5
2
1.5
1
0.5

-1

0

-1.5

0

Time (s)

2

4

6

8

10

12

8

10

12

Time (s)
1.5

The numerical model underestimates the
velocity of the block in the beginning of the
transport compared to that of measured in the
experiments. We observed that the wave front hit
the block with vertical spraying (splashing) and
then covered the block with water in a very small
time (0.1-0.4 s). There could be an impact force
associated with the vertical spraying, that could
increase in the velocity of the block in the
beginning. The model predicts the velocity of the
block reasonably well during the backward
transport. We did not observe any complex flow
patterns like vertical spraying during the backward
transport of the block.
The small blocks (Li – 2 x 2 x 2, Co – 2 x 2 x
2, and Ce – 1.5 x 1.5 x 1.5, Table 1) were
transported due to rolling by the dam-break flow of
30 cm. The model also predicts the same transport

1

Boulder velocity (m/s)

Fig. 11 - Comparison between the modeling and
experimental results for Li – (6 x 4 x 4) – H = 30.
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Fig. 12 - Comparison between the modeling and
experimental results for Ce – (1.5 x 1.5 x 1.5) – H
= 15.
5. CONCLUSIONS
The hydrodynamic equations derived by Nott
(1997 and 2003) are a simple and useful tool for
predicting the initial transport of a boulder by
tsunamis or storm surges, but they can be improved.
In this study, Nott’s equations were revised: (1) the
equation for submerged boulder scenario was
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revised by rearranging the lift area of the lift force,
(2) the subaerial boulder scenario was reconsidered
by rearranging the lift area and omitting
inappropriate use of inertia force, and (3) the joint
bounded scenario was revised by balancing force
components in the lifting direction, and the effect
of the slope at pre-transport location was tested.
The differences between the results obtained
from Nott’s equations and the revised equations
were discussed for four cases (representing a
population of 244 boulders). The minimum flow
velocity required to initiate the transport of
submerged boulders from the revised equation is
less than that from Nott’s equation (e.g. reduced up
to 56% for submerged boulders, 65% for joint
bounded blocks). This is attributed to the increment
of the lift area in the revised equation. The
minimum flow velocity required to initiate the
transport of subaerial boulders from the revised
equation also differed in comparison with the
results of Nott’s equation (e.g., 4–22% for boulders
detached from a seawall by the 2004 tsunami in
Sumatra), while the latter is not applicable for some
boulders (e.g., beach rock boulders transported
from the near shore by the 2004 tsunami). This is
attributed to an inappropriate use of inertia in
Nott’s equation. If we consider a joint bounded
scenario for storm boulders in Iceland, the
minimum flow velocity varies from -43 to +41%
compared to that derived by Nott’s equation. The
negative and positive percentages correspond to the
increment in the lift force against the self weight of
the boulder and vice versa in the revised equation.
The mean difference between the results of the
revised equations and Nott’s equations range
between -8 % (submerged) and +19% (subaerial)
for the 244 boulders analyzed.
A graphic tool called the ‘boulder transport
histogram’ that represents the range of flow
velocities required for the initial transport of a
boulder in different modes: sliding, rolling, and
saltation, was introduced. The boulder transport
histogram can be used to predict the possible initial
transport mode of a boulder with a given flow
velocity. These theoretical results were compared
to field data, and the initial transport mode of
boulders from different ranges of flow velocities
can be found. The numerical model fits particularly
well with velocities estimated for the 2004 tsunami
in Lhok Nga Bay (Sumatra). The boulder transport
histogram could be a valuable tool to reconstruct
the magnitude of prehistoric extreme energy events
such as tsunamis or storm surges in terms of flow
velocity.
Governing equations for boulder transport by
tsunamis in submerged, partially submerged and
subaerial (not in fluid contact) conditions were
derived from Nott’s original equations (1997,
2003). A new numerical solution to the governing

equations along with equations for tsunami-induced
flow was proposed.
Well controlled experimental studies are
required to validate the numerical models of
boulder transport by tsunamis prior to use for
analyzing the observations of boulders in the field.
Such experimental studies are extremely rare in the
previous studies. An experimental study was
conducted to validate the numerical model. The
model can simulate the boulder transport due to
sliding, rolling, and saltation. The underlying
theories for modeling these transport modes are
associated with numerous assumptions. Boulders
were simply modeled by cubic/rectangular (flatness
number varying from one to three) blocks with
different densities. The simplified shape is one of
great assumptions in order to reduce in complexity
of calculation of applying forces/moments to the
boulders. Tsunami overland flow was simulated by
dam-break flow. The blocks with the flatness
numbers between two to three were transported
mainly due to sliding and a few smaller blocks with
the flatness number one were moved mainly due to
rolling. In some cases, the blocks were transported
due to both sliding and rolling despite the flatness
number of the block. The change of transport mode
was mainly attributed to the friction (macro
roughness) between the bed and the block. The
blocks were hardly any transported due to saltation.
The numerical model was able to reproduce the
experimental observations fairly well. The
difference between modeling and experimental
results was mainly attributed to the secondary
motions likely swing and rotation due to both the
variable friction and fluid forces applied to the
blocks.
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