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Recent natural disasters, such as the 2004 Indian Ocean and 2011 Tohoku Tsunami,
exhibited the importance of tsunami-resistant infrastructure in high-risk coastal areas.
The failure of critical infrastructure in tsunami-stricken communities has led to a recent
emphasis on extreme loading conditions associated with tsunami events. One of the
critical loads identified by previous research was debris loads. Debris is defined as solid
objects entrained within the inundating flows and can range from construction materials
to shipping vessels. The emphasis of tsunami loading has led to recent progression in
the understanding of debris loads and effects, particularly in evaluating the impact of a
single debris piece on a structure. The following paper reviews state-of-the-art research
in tsunami-driven debris motion and loads and identifies future directions of research into
debris loads and effects to aid in the design of tsunami-resistant infrastructure.
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INTRODUCTION

Tsunamis are among the most destructive and deadly natural disasters. Several recent events, such
as the 2004 Indian Ocean Tsunami, the 2010 Chilean Tsunami, and the 2011 Tohoku Tsunami,
have emphasized the importance of studying tsunami-induced loading conditions. The failure of
critical infrastructure (Yeh et al., 2014) and the lack of a clear understanding of the tsunami-induced
loading conditions highlighted the deficiency of current building design in tsunami-prone areas
(Taubenböck et al., 2013). In the aftermath of tsunami events, reviews of current building standards
have clearly shown that existing standards do not properly account for, or in some cases explicitly
address, tsunami loads and effects (Palermo et al., 2009). These findings have led to an increased
emphasis on the need to understand tsunami flow conditions and associated loads by researchers,
engineers, and policy makers in an attempt to design tsunami-resilient infrastructure. In North
America, this effort resulted in the addition of a new chapter in the upcoming ASCE Minimum
Design Loads for Buildings and Other Structures (ASCE 7, 2016) for the design of structures in
tsunami-prone areas of the United States: West Coast, Alaska, and Hawaii (Chock, 2016).

Tsunami engineering research has primarily focused on hydrodynamic loading, as generally field
observations have identified hydrodynamic conditions as the critical load (Charvet et al., 2014).
Additionally, information regarding critical flow features, such asmaximum inundation and run-up,
is available from post-tsunami field surveys. However, many field observations of tsunami-affected
built areas have shown that debris loads and effects can play an important role in structural failure
(Yeh et al., 2013). Until recently, existing guidelines have conservatively addressed debris impact
recommending that all structures be designed for the impact of a single object (FEMA, 2012).
Similarly, in research, the focus has been on quantifying the load of a single debris impact (Haehnel
and Daly, 2004; Matsutomi, 2009; Aghl et al., 2015). Another aspect in the design of tsunami-
resilient infrastructure is the identification of critical areas for debris impact. This aspect has been
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significantly more difficult due to the random nature of debris
motion (Matsutomi, 2009) and to the wide range of variables that
affect debris motion (Naito et al., 2014).

The objective of this review is to (1) evaluate the current
state-of-the-art research into tsunami-driven debris motion and
loads, (2) indicate areas of research needs, (3) highlight results
from a collaborative research effort by the University of Ottawa,
Canada, the University of Hannover, Germany, and Waseda Uni-
versity, Japan, to develop new experimental methods to evaluate
debris motion, and, finally, (4) evaluate debris impact loads on
structures. These objectives have been reached by conducting
a comprehensive literature review and further drawing conclu-
sions regarding research gaps and outlining the methodological
requirements and facilities to address current and future research
needs.

LITERATURE REVIEW

Debris Transport
The focus of post-tsunami forensic engineering surveys of affected
coastal communities has primarily evaluated the hydraulic condi-
tions of the tsunami inflow, such as inundation depth, flow veloc-
ity, and spatial inundation limits (Saatcioglu et al., 2005; Borrero
et al., 2006; Fritz et al., 2006). However, information regarding
debris impact cannot easily be identified from the field data, aside
from the fact that debris impact may have occurred. Critical infor-
mation such as the flow conditions, debris velocity, and debris
orientation at the time of impact cannot be determined without
a video or images of the impact (Charvet et al., 2014). Therefore,
very little information regarding debris dynamics within extreme

hydrodynamic flows can be derived directly from field impact sites
in the aftermath of a disaster.

Debris motion has been equally challenging to evaluate in the
field, as the type of debris can vary significantly and few studies
have performed a comprehensive survey of debris in the aftermath
of a tsunami event. Any rigid or deformable objects entrained
within the inundating flow, such as construction materials, vehi-
cles, or shipping vessels, all common to many coastal communi-
ties, can become debris (Naito et al., 2014). Additionally, multiple
potential debris sources make the identification of the source of
debris challenging, particularly in the post-event site surveys. The
work of Naito et al. (2014) was among the first field survey to
examine overall transport of the debris after the 2011 Tohoku
Tsunami. Naito et al. (2014) examined the position of displaced
shipping containers and vessels after the 2011 Tohoku Tsunami
as they originated from a clear source (the port area) for which
substantial documentation of their position before the tsunami
existed. From the survey, Naito et al. (2014) were able to develop
a conservative estimate of the maximum spreading angle of the
shipping vessels in relation to their original location.

Based on the identified sources and subsequent field investi-
gations, Naito et al. (2014) proposed a method to determine the
maximum spreading area of the debris. Their method considered
the origin of the debris as the geometric center of the debris source
(black dot in Figure 1). The debris was assumed to propagate in a
shore normal direction (dashed line) and conservatively estimated
to propagate within a ±22.5° spreading sector in the inundation
direction to the onshore extent of the tsunami inundation limit.
From the point if maximum debris displacement, a similar ±22.5°
spreading sector was considered as a potential motion area a result
of the outgoing flow. Based on the limited observations collected

FIGURE 1 | Identification of area for potential debris impact [adapted from Naito et al. (2014)].
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from field data, themajority of debris fell well within the proposed
spreading angle.

The maximum displacement limit of the debris was calculated
based on the debris concentration, which was defined as the plane
area of the debris at the source divided by the spreading area
of the debris. A conservative estimate was made to establish a
debris concentration of 2% that would contain the majority of
the debris. The debris limits for the inundating flow are defined
by the ±22.5° sector area defining a spreading area that gave
a debris concentration of 2% (50 times the plane area of the
debris), termed the inflow region. However, if the spreading area
encroached on an area where the inundation depth is less than
0.91m (the “prescribed” floatation threshold for debris), this area
is not considered as it was expected that debris would ground and
no longer propagate forward (red area in Figure 1). As a result,
the maximum inundation limit of the debris would be truncated.
Additionally, from the center of the inundation limit, a return
spreading area can be again determined using the ±22.5° conical
area from the inundation limit toward the shoreline. The second
area represents the potential spreading sector as a result of the
outflow and is termed the outflow region. Based on the method
outlined by Naito et al. (2014), any critical structures located
within the two spreading areas (indicated by the light gray area in
Figure 1) should be designed for debris impact. A detailed design
example using this method can be found in Naito et al. (2016).

While the method of Naito et al. (2014) provided a conserva-
tive approach to evaluating the debris impact potential, several
assumptions are associated with their proposed method. The
topography of the spreading area has a substantial influence on
the flow conditions and therefore the debris motion. Naito et al.
(2016) indicated that, in cases with large topographical features
that would divert flow, the spreading area should be shifted to
account for these irregularities. Naito et al. (2014) also indicated
that buildings could act as obstacles in the path of debris motion.
In the case of industrial areas, large reinforced concrete buildings
would act as a barrier to debris motion as long as the inunda-
tion depths were less than 0.91m than the top of the building.
However, in cases where the inundation depths’ area greater than
0.91m above the maximum height of the building or when the
surrounding buildings are likely to be destroyed by the inundating
flow (wooden structures), the buildings should not be considered
as obstacles to the debris. Additionally, themethod only examined
one type of debris whereas debris are of wide variety of sizes
and properties, such as buoyancy, that would influence their
propagation distance.

To provide a larger dataset examining the spreading area of
debris in tsunami-like flow conditions, Nistor et al. (2016) exam-
ined the transport of multiple scaled-down shipping containers
in controlled laboratory conditions, over a flat horizontal topog-
raphy and with no obstacles. The study found that the spreading
angle of the debris increased as the number of debris increased.
This was attributed to the inter-debris collisions and flow per-
turbations caused by the debris within the flow. Nevertheless,
the motion trajectories of all debris occurred well within the
spreading angle of ±22.5° proposed by Naito et al. (2014). Nistor
et al. (2016) determined that as the number of debris increased,
the longitudinal displacement of the debris decreased. The latter

conclusion counters the method proposed by Naito et al. (2014),
which suggested that as the number of debris increased, the
spreading area also increased. Additionally, Nistor et al. (2016)
noted that the debris tended to propagate as an agglomeration
which counters assumptions, made in the FEMA P646 (FEMA,
2012), that the likelihood of multiple debris impacts occurring is
unlikely.

Goseberg et al. (2016b) built upon the study of Nistor et al.
(2016) by including a scaled-down built environment, to act
as obstacles to the propagating debris. Their study found that
the obstacles acted as a macro-roughness feature for both the
debris and inundating flow, resulting thus in significantly shorter
longitudinal displacements of the debris. However, the obstacles
appeared to have no influence on the spreading angle and the
debris once again fell well within the ±22.5° spreading angle
proposed by Naito et al. (2014). Due to scaling issues related to
debris transport in a scaled experimental environment, further
work is needed to properly understand the momentum transfer
for debris–debris and debris–fluid interactions to possibly amend
the method proposed by Naito et al. (2014).

There are still multiple challenges that must be overcome to
properlymodel debrismotion in a reduced scale experimental set-
ting. The foremost issue is the scaling of tsunami flow conditions
(Madsen et al., 2008; Rossetto et al., 2011; Goseberg et al., 2013).
Related to debris transport, the motion of debris was shown to
be a highly variable process (Bocchiola et al., 2006; Matsutomi,
2009). Hence, extensive information is required to obtain mean-
ingful results. To retrieve the necessary information, tracking of
the debris’ transient motion requires experimental methods that
do not influence the debris motion while providing high-quality
data regarding the debris’ position, orientation, acceleration, and
velocity.

Braudrick and Grant (2000) examined the entrainment of
individual large woody debris (LWD) in steady flow conditions.
Experiments were performed to test a simple entrainment model
of a single piece of LWD based on a balance of forces as depicted
in Figure 2. The original model considered the LWD as a smooth
cylinder lying on a smooth bed; however, the debris cross-
sectional geometry may also be rectangular. The initial movement
of the LWD was by sliding, though Braudrick and Grant (2000)
noted that the initial movement tends to be more complex with
significant pivoting involved. Figure 2 outlines the basic force
balance used in the model considering a flow downstream with
a channel of slope θ. The gravity force is the effective weight
(Weff = Fg − FBuoyant) of the debris. The friction force (Ff = FNμ)
acts in the upstream direction and is a function of the normal
force (FN) and the friction coefficient (μ) between the bed and
the LWD. The drag force (Fd) is a function of the water velocity,
flow depth, drag coefficient, and angle that the log is traveling in
relation to the flow direction. The model performed reasonably
well under experimental scrutiny though the pivoting, which was
not captured by the model, was an important aspect of the LWD
motion.

Imamura et al. (2008) experimentally evaluated the transport
of boulders in a dam-break flow and developed a simple model
for estimating their motion. Imamura et al. (2008) determined
that the boulders tended to be transported by saltation or rolling
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FIGURE 2 | Debris entrainment force balance [adapted from Braudrick and Grant (2000)].

initially (within the higher velocity flow). When flow velocity
began to decrease, as the bore reached the point of maximum
inundation and as the bore receded, the boulders would be trans-
ported by sliding. Their study also found that the debris orienta-
tion affected themotion of the boulder. The boulder would always
pivot to have the long axis perpendicular to the flow direction,
using some of the hydrodynamic energy, resulting thus in the
boulder aligning with the long axis perpendicular to the flow and
having thus a greater displacement under inflow conditions.

The model developed by Imamura et al. (2008) was based on a
force balance of the boulder in contact with the ground. The forces
to be considered for the boulder transport are the hydraulic force,
the frictional force, and the component of the gravitational force
on the slope. The balance of these forces resulted in:

ρskrd
3X′′ =

1
2
CDρf (U − v) |U − u|

(
krd2

)
+ CMρfU

′
(
kd3
)

− (CM − 1) ρfu
′
(
krd3

)
− krFb − krFg, (1)

Fb =
μ
(

ρs − ρf

)
krd3g cos θ X′

|X′| , (2)

Fg =
(

ρs − ρf

)
kd3g sin θ, (3)

where ρs is the density of the boulder, kr is the ratio between the
long axis and short axis of the boulder, d is the length of the short
axis, u′ is the acceleration of the boulder,CD is the drag coefficient,
ρf is the density of the fluid, U is the current velocity, u is the
velocity of the boulder, θ is the angle of topographic slope, μ is the
coefficient of friction, and CM is the mass coefficient. This model
tends to underestimate the propagation of the boulders, likely
because the friction was always considered (even when saltation
or rolling occurred) and the model does not consider the initial
pivoting of the boulder, influencing thus the exposed surface area
of the debris.

Matsutomi et al. (2008) examined the correlation between
debris concentration and debris velocity as well as the hydro-
dynamic conditions in a dam-break flow. Debris concentration
was expressed as the void ratio (1− plan area of debris/area of
flume bed). An increase in the debris concentration resulted in
increased flow resistance in the bore front. The flow resistance in
turn increased bore depth as well as decreased debris velocity and
bore front propagation. The debris velocity was found to be always
less than or equal to the bore front velocity.

Matsutomi (2009) evaluated the motion of driftwood pieces in
steady-state, high-velocity flow to determine the probability of the
driftwood colliding with a structure. The probability of impact
was determined based on the lateral diffusion (y-direction) of
the driftwood as the driftwood propagated downstream, therefore
assuming that the structure would be in the center of the flume.
The Gaussian probability distribution of the driftwood location
(Ky) in the x- and y-direction was expressed as:

Ky (x, y) =
1√
2πδy

exp

(
− (y − ȳ)2

2δy
2

)
, (4)

where δy is the variance as a function of x (flow direction), roughly
expressed as:

δy
2
(x)

L2w
=

1
n
∑n

i=1 (y − ȳ)
L2w

= a
(

x
Lw

)b
, (5)

where Lw is the length of the driftwood, a and b are a function
of the debris’ physical properties and geometry. Extensive work is
still needed in the classification of the a and b coefficients due to
the variety of debris that are potentially present during a tsunami
(Naito et al., 2014). The mere utilization of wooden debris with
uniform draft restrains the validity of such approach in relation
with different material debris.

As a preliminary investigation of debris motion in tsunami-
like flow conditions, Yao et al. (2014) evaluated the motion of
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scaled-down coastal house models in flow conditions developed
by the shoaling and subsequent breaking of a solitary wave over
a sloping bed. Their study examined the maximum debris inun-
dation compared to the limit of the maximum flow inundation.
The debris initially propagated within the overflow of the bore
due to high flow velocities and water depths. As the overflow
approached maximum inundation, the flow velocity and depth
decreased, resulting in the debris contacting the bed and slowing
down, falling thus behind the advancing bore front. In the case
of smaller offshore waves, the debris fell behind the bore front
earlier due to an earlier contact with the bed. For the most part,
the debris were unaffected by the receding flow, except when they
had grounded significantly earlier and were thus much closer to
the coastline. The receding wave, in this case, pulled the debris
further seaward than their initial position.

Recent improvements in non-intrusive laboratory techniques
for tracking debris motion have allowed for more a more detailed
evaluation of the intermediate variables important for debris
motion, such as changes in their orientation during displacement
as well as their velocity (Goseberg et al., 2016a; Stolle et al., 2016).
Rueben et al. (2014) used a novel camera-based tracking algorithm
to assess the repeatability of the motion of square boxes on a
sloped bed. The camera-based tracking algorithm was developed
to identify a pattern of dots painted on the top of each box. The
number of dots drawn on the top of each box was the identifier of
each box as well as the orientation. The algorithm performed well
for experiments conducted at larger scale comparing to smaller
scale experiments for which the algorithm failed to identify the
pattern on the top of each box.

Rueben et al. (2014) found the motion of the debris was gen-
erally 1-D and repeatable during the onshore direction phase.
However, once a debris reached itsmaximum inundation, it would
then ground and be subsequently washed seaward by the reced-
ing flow. The trajectory of the debris in the receding stage was
significantly more variable, possibly due to eddies induced by the
grounded debris within the returning flow.

Rueben et al. (2014) additionally examined the effect of mul-
tiple debris and fixed obstacles on debris motion. For multiple
debris, the motion remained qualitatively similar to that of the
single debris case. However, the presence of more debris led to
the grounding point being significantly closer to the shore and
the peak onshore velocity also occurred later. Alternatively, in
offshore direction, peak velocities were similar to the case of single
debris experiments. This is likely due to less disturbance induced
in the local flow fields by debris as they had already dispersed. To
examine the effect of obstacles, a fixed box was placed in front of
the debris to initiate a forced rotation. The rotation of the debris
resulted in a significantly more random trajectory and grounding
point. The obstacle also reduced the peak onshore velocity of the
debris, likely as a result of the energy lost during their rotation.

Shafiei et al. (2016) used a sensor-based tracking system, which
recorded the accelerations of debris within dam-break flow con-
ditions. The acceleration was then integrated over time to obtain
debris velocity. Using a force balance and based on the assumption
that debris entrainment begins after the leading edge of the bore
passes the debris and that average stream-wise velocity behind the
bore is constant, the following equation can be derived regarding

the velocity profile (u) of the debris propagation:

u (t) = U −
(CdρfAd

2md
t + 1

U

)−1

(6)

where U is the bore velocity, Cd is the drag coefficient, ρf is
the density of fluid, Ad is the area of the debris projected to the
incoming bore direction, md is the mass of the debris, and t is
the debris travel time. The study showed that the debris velocity
matched well to the proposed model and indicated the limit of Eq.
6 is the bore velocity.

Debris Impact
The primary approach to the modeling of debris loads has been
on the impact force of a single debris on a structure (FEMA,
2012). As a result, the focus of current tsunami guidelines solely
considers the impact of single debris; the likely occurrence of
multiple, simultaneous debris impacts has not yet been evaluated.
Nouri et al. (2010) examined the impact of a single wooden log
on a structure. The debris impact resulted in an increase of the
peak forces acting on the structure from 250 to 650N. It was noted
that while the debris impact load can be large, the dynamics of the
impact are significantly different than those of the hydrodynamic
loads, which are sustained. Nouri et al. (2010) also examined the
impact duration of the debris and found that the impact duration
was constant regardless of variation in log mass and velocity.

The majority of debris impact research has gone into deter-
mining maximum debris impact forces, as the maximum force
will conservatively be included in the future design guidelines.
The determination of the debris impact load has been based
on the one-degree-of-freedom model proposed by Haehnel and
Daly (2002) (Figure 3). Where the structure is considered to be
rigid, the impact zone is considered to have a stiffness (ki), the
debris propagating at velocity (ud) with a stiffness (kd) impacts the
zone causing a net displacement of x0. Due to the relatively short
duration of the impact, the damping has generally been ignored.

There are several methods of solving for the maximum impact
force, the most common approach being the contact-stiffness
method, which is the approach used by the FEMA P646 (FEMA,
2012). The basis for this prescription is given by a debris modeled
as a log impacting a rigid structure (Haehnel and Daly, 2004).
Maximum impact force is thus expressed as:

Fi,max = u
√
k
(
md + CMmf

)
, (7)

where u is the velocity of the debris, k is the effective contact
stiffness (k = 1

ki + 1
kd ), md is the mass of the debris, CM is

the added mass coefficient (dependent on debris geometry and
density), and mf is the mass of displaced fluid. In considering
the maximum impact force, Matskevitch (1997), in a study of ice
impacts, included a reduction in the impact force as a result of
the eccentricity (e) and Haehnel and Daly (2004) considered the
obliqueness (β) of the impact.

e =
1√

1 +
(

ε0
ri

)(
1 + μ

(
r0
ε0

)) , (8)

β = sin ϕ, (9)

Frontiers in Built Environment | www.frontiersin.org January 2017 | Volume 3 | Article 25

http://www.frontiersin.org/Built_Environment
http://www.frontiersin.org
http://www.frontiersin.org/Built_Environment/archive


Nistor et al. Tsunami-Driven Debris Motion and Loads

FIGURE 3 | Schematic of the one-degree-of-freedom model proposed by Haehnel and Daly (2002).

where ε0 is the distance from the center of gravity of the debris
to the point of impact, ri is the radius of gyration of the debris,
μ is the coefficient of friction between the debris and structure,
r0 is the radius of the log, and ϕ is the angle of impact relative to
the log surface. Haehnel and Daly (2004) examined the effects of
impact eccentricity, the distance from the impact axis to the center
of gravity of the debris, and obliqueness, angle of the impact face
to the structural face, on the impact force.

From the analysis of the impact force, Haehnel and Daly (2004)
derived Eq. 10. The eccentricity of the debris impact results in a
decrease in the impact force proportional to the distance of the
impact away from the center of gravity of the debris. The oblique-
ness of impact generally decreased in a sine function from the 90°
impact (long axis perpendicular to the structure). However, for
a 0° angle of impact, the impact force was maximum. Although
eccentricity resulted in a decrease in the maximum impact force,
torque around the vertical axis of a structural member might be a
side-product and no guidance exists at present to address such an
additional load.

Fi,max = eβu
√
k
(
mD + CDmf

)
. (10)

Riggs et al. (2014) evaluated the added mass coefficient by
examining the impact of an aluminum box on a structure in-air
and in-water. The in-water tests were performed by connecting
an aluminum specimen to guidewires within a flume. The flume
used a long wave generator to generate a wave that propagated
the aluminum specimen along the guidewire toward the structure.
The in-air tests were performed by connecting the aluminum
specimen to a pendulum system that accelerated the specimen to
a velocity matching the velocity in the in-water tests. The study
found very little difference in the peak impact force between the
in-air and in-water tests. Moreover, Riggs et al. (2014) determined
that the difference in impact force between the in-air and in-water
tests was unaffected by the debris impact velocity. Based on these
findings, Riggs et al. (2014) did not support the use of the added
mass coefficient in the evaluation of debris impact force. However,
Shafiei et al. (2016) performed a similar study examining the effect
of the added mass coefficient with denser debris and found the
peak impact force to be up to 1.5 times greater in-water than
in-air. More research is needed to determine if the added mass
coefficient is necessary in the design for debris impact at full
scale.

Aghl et al. (2014) expanded upon the work by Riggs et al.
(2014) to develop a 1-D bar model that accurately estimated the

impulse demand of a debris impact event. The model considered
the structure to be rigid, therefore the impact force which was
fully dependent on the properties of the debris. The impact force
(F) was derived from the 1-D wave equation, assuming that the
debris responds uniaxially to impact (Eq. 11). The impact force
equation was very similar to that of the contact-stiffness approach
(Eq. 7), without the added mass of the fluid. For the 1-D wave
equation to be correctly evaluated, the stiffness of the debris must
be considered as the equivalent stiffness of a 1-D bar (kd) (Eq. 12).

F = u
√

kdmd, (11)

kd =
EAd
Ld

, (12)

where u is the impact velocity,md is themass of the debris, E is the
Young’s modulus, Ad is the cross-sectional area of the debris, and
Ld is the length of the debris. The derived formula also resulted
in a constant impact force for the duration of the elastic impact,
resulting in a rectangular impact pulse with a duration of td.

td = 2
√

md
kd

. (13)

Aghl et al. (2014) evaluated the 1-D bar model with in-air
experiments performed by accelerating debris (at full scale) to
impact structures using a pendulum system. The experiments
were performed with a wood pole, a steel tube, and shipping
containers. The peak impact force was demonstrated to be within
5% for all the impact experiments when compared to the model
equation. The impact duration was also well predicted in the
cases of direct or close to direct impact of the shipping container.
However, as the container impacted at the corners, the impact was
not elastic, as was modeled, resulting in a significant difference
between the analytical and experimental impact duration. Each
debris impact force–time history had a characteristic impulse
shape for the different debris types: half-sine (wood pole), rect-
angular (steel tube), and trapezoidal (shipping container). For all
experiments, the impulse (area under the curve) for the impact
model was less than the experimental results, indicating that the
impact model is a conservative estimate of the impulse.

Ikeno et al. (2016) performed large-scale experiments evaluat-
ing the impact of large wood logs using a dam-break hydraulic
boundary condition as well as in-air testing. The study compared
the results of both test conditions to available debris impact
models. The authors noted that the impact force using a hydraulic
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boundary condition had a significantly lower impact force than
the in-air experiments as well as the impact models. As a result,
they considered the potential effects of water cushioning between
the wood-log and the impact surface. Additionally, Ikeno et al.
(2016) considered the effect of oblique collisions using the trans-
formation of kinetic energy to rotational energy during oblique
debris impacts by defining a reduction coefficient λ:

λ =
1 +

( ε0
r
)2cos2θ

1 +
( ε0

r
)2 , (14)

where θ is the collision angle between the debris face and the
impact surface. The authors noted that the improved equation still
overpredicted the experimental results, though it did not repro-
duce the reduction in force observed in the experimental data.

The ASCE7–Chapter 6: Tsunami Loads and Effects is the first
guideline which approaches the design of coastal structures in
tsunami-prone areas in mandatory language (Chock, 2016). The
code uses the approach outlined by Aghl et al. (2014) for calcu-
lating the maximum impact force and duration. In the event that
the structure being designed is in close proximity to debris sources
with large debris, such as shipping containers and shipping vessels,
the code also uses the approach proposed by Naito et al. (2014) to
determine if the structure must be designed for the larger debris
impact loads.

Debris Damming
Debris entrained within the flow can result in additional loads
and effects on structures, particularly when the debris forms a
“dam” in front of the structure or between columns, referred to
as debris damming or accumulation (Robertson et al., 2007). The
hydrodynamic force on a structure can be estimated by using a
similar equation to the drag force (FD) (Bremm et al., 2015):

FD =
1
2
CDρf AU

2, (15)

where CD is the drag coefficient, ρf is the density of the fluid, A is
the cross-sectional area, andU is the flow velocity. The debris dam
created by the debris will increase the cross-sectional area (A),
which will in turn increase the hydrodynamic force linearly (Yeh
et al., 2014). Alternatively, the properties of the dam will influence
the drag coefficient as well as the surrounding hydrodynamic
conditions (Parola, 2000).

While very little research has gone into debris damming in
tsunami flows, research has been done within river engineering.
Debris damming, in river flows, has been extensively studied due
to the buildup of debris at bridge piers, depending on the shape
of the structure the drag coefficient may vary as a result of the
dam (Parola, 2000). The dam creates a blockage, further restring
the flow path, the blockage results in a large increase in the flow
depth. The debris dams also can result in increased scour as
they tend to redirect the flow pattern resulting in increased scour
underneath the debris dam (Pagliara andCarnacina, 2013).Due to
the more diverse nature of debris in tsunami flows and due to dif-
ferent obstacle settings found in tsunami inundation areas, further
research is expected to clarify whether river engineering findings
on debris damming can be applicable to tsunami engineering.

Numerical Modeling of Debris
The numerical modeling of fluid–structure interactions (FSI) is
a common topic in several fields of engineering. One of the
main issues is that the numerical model needs to be able to
reproduce all the physically relevant scales that affect the FSI
(Canelas et al., 2015). However, the physical scales that affect the
interaction are often not clear, resulting in these models requiring
a high level spatial and temporal resolution. This difficulty has
led to attempts to simplify the FSI by providing one-way coupling
between model elements: fluid–structure or fluid–air–structure.
One-way solid–fluid coupling considers the solids as massless
marker particles that moved unconstrained on the water surface
(Wu et al., 2014). One-way fluid–solid coupling causes the solids
to move in relation to the fluid without the solids affecting the
fluid. The one-way coupling methods can provide good results if
the scale of the interaction between the phases is disproportionate
in one direction, however, formany cases this is not the case. Two-
way dynamic coupling of fluid and solid numerical solvers have
become increasingly popular as computational resources are able
nowadays to handle the significant computational demands of the
two-way models. However, the development is still very much in
its early stages.

Wu et al. (2014) used the Navier–Stokes equations coupled
with the VOF free-surface tracking technique and a large eddy
simulation turbulencemodel to calculate the flow field around the
solids. Additionally, Wu et al. (2014) used partial cell treatment
(PCT) to locate the faces of the solids. The basic principle of the
PCT is similar to the VOF method where each cell was assigned
a value between 0 and 1 indicating the phases present in the
cell. When the solid phase was present within the cell, the cell
is assigned a porosity that reduces the effective volume of the
cell, and in the case where the cell was completely solid, the cell
was removed from the Navier–Stokes equation calculations. The
calculated porosity was used to adjust fluxing quantities, such
as momentum and mass. The motion of the floating body was
determined using the discrete elementmethod (DEM) to calculate
the translation and rotation. The translation was calculated using
Newton’s equations of motion, and the rotation was calculated
using Euler’s equations. The forces on the solid were calculated
by integrating the fluid pressures on the surface of the solid.

The model from Wu et al. (2014) was validated using two
laboratory experiments: a positively buoyant box in a tank of
water (0.15m× 0.14m× 0.14m) and a negatively buoyant box
(0.02m× 0.02m× 0.02m) in a tank of water. The boxes were
released in the tank, and the motion of the box was tracked using
cameras. Generally, good comparison between the numerical and
experimental results was observed, with a maximum difference in
displacement of 0.0044m over a 0.06m water column. The differ-
ence was due to the numerical simulation showing the negatively
buoyant box rebounding off the bottom of the tank whereas the
experimental results showed no such phenomena.

Smoothed-particle hydrodynamics (SPH) has been increas-
ingly used in the modeling of free-surface flows (Gomez-Gesteira
et al., 2012) and has been shown to be able to simultaneously deal
with multiple body dynamics (Amicarelli et al., 2015). However,
few current models can capably handle the transport of moving
bodies in free-surface flow. Primarily, the current models have
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modeled themoving bodies as a rigid body ofmoving particle sim-
ulations (MPS) fluid particles with an imposed rigidity (Canelas
et al., 2013). While the models have achieved generally good
results (Manenti et al., 2008; Rogers et al., 2009), the modeling of
the interactions between the body and the fluid was not based on
rigid body contact laws (Canelas et al., 2013).

Canelas et al. (2013) incorporated a DEM model where the
interparticle rigid body forces are taken from rigid body con-
tact laws. The boundary particles of the rigid body are taken
as fluid particle allowing the DEM model to be coupled with
the SPH model. The contact force between the fluid and rigid
body particles is decomposed into a repulsion force, which also
takes into consideration the deformation of the particle, and a
damping force, which takes in consideration for energy lost during
deformation. The coupled model was validated using a dam-
break experiment entraining PVC cubes. While the model and
the experimental results had qualitatively similar results, the study
noted that that the bottom friction was not properly modeled
resulting in the motion of the debris (particularly of the bottom
box) to lag behind the experimental results. Moreover, due to
the high computational cost associated with the coupled model
resulted in the particle resolution being too low to properly resolve
the water surface and bore profile.

Amicarelli et al. (2015) modeled the moving bodies using the
MPS method. However, the authors used a modified bound-
ary condition, originally proposed by Adami et al. (2012), for
a more stable pressure gradient around the moving bodies. The
solid–solid interactions were also adjusted by the addition of
a coefficient to the repulsive boundary conditions proposed
by Monaghan (2005) to better preserve global momentum and
kinetic energy through the body–body interactions. The SPH
model was validated using a 2D wedge falling into a water tank.
The study compared the acceleration of the experimental and
numerical model with generally good accuracy. Pressure fluctu-
ations were common throughout the experimental runs, which is
a commonly noted problem with SPH models (Gomez-Gesteira
et al., 2012; St-Germain et al., 2013).

The numerical model used in Amicarelli et al. (2015) was
also used to qualitatively examine 3-D test cases where debris
interacted with a bore front and two sets of obstacles. The bore
was developed using a dam-break, and the debris was tracked
using cameras. The numerical model resulted in good results
when comparing both the trajectory and the orientation of the
debris was also relatively well reproduced. The presence of the
obstacles resulted in the formation of recirculation zones in front
of the obstacles furthest downstream, and the body dynamics were
maintained through this highly non-linear zone.

Canelas et al. (2015) presented the most recent version of the
DualSPHysics with its many improvements on current modeling
of fluid–solid interactions. The primary difference in the model
presented by Canelas et al. (2015) was the addition of a δ-SPH
term to the continuity equation which helps in the interface
description between the solid and fluid phase. The rapid change
in the density at the interface results in the pressure and density
fluctuations that can be seen in many SPH fluid–solid modeling.
The SPH model showed promising results when examining the
rising of a submerged positively buoyant cylinder. The SPHmodel

compared well to the analytical solution for the linear acceleration
when the Reynold’s number was laminar and showed a notice-
able shift in acceleration as the boundary layer transitioned to
turbulent flow. The model also showed the stabilization of the
density fields indicating that the δ-SPH term helping handle that
particular common problem.

While the work by Canelas et al. (2015) and Amicarelli et al.
(2015) showed a lot of promise in the SPH fluid–solid modeling,
there are still many issues that have yet to be thoroughly eval-
uated. Amicarelli et al. (2015) presented a method of handling
solid–solid interactions, yet, the contact mechanics were not fully
evaluated. Canelas et al. (2013) coupled the SPH model with
a DEM; however, the large computational cost associated with
the coupling makes the use of the coupled model unfeasible for
many studies. The addition of solid deformation and inelastic
collisionswould also greatly improve the applicability of themodel
throughout coastal and hydraulic engineering.

CRITICAL REVIEW AND FUTURE
RESEARCH DIRECTIONS

The above presented literature review outlines the state-of-the-
art knowledge on debris-induced loading and associated effects
in the context of extreme hydrodynamic flows as arising from
natural disasters, such as storm surges, tsunami, and flash floods.
The current body of literature covers fundamental processes of
impacts on vertical structures, either derived from experimental
or analytical strategies. To date, this knowledge has started to
improve guidelines and standards written in mandatory language,
yet many aspects of the problem of debris exerting forces on or
interacting with the build environment remain unclear.

The study of debris within the context of tsunami engineering
has been difficult due to the random nature of debris transport
(Matsutomi, 2009). Determining aspects of debris dynamics from
post-event engineering survey has been challenging due to a
lack of documentation regarding potential debris sources (Naito
et al., 2014). Moreover, determining impact forces without the
flow conditions at the time of impact makes drawing conclusions
from impact sites equally challenging. Due to these challenges,
alongwith the relative rare occurrence of tsunami events, available
field data to be compared to experimental and numerical model-
ing results are limited to few post-tsunami forensic engineering
surveys. Therefore, the determination of debris dynamics and
impact loads has primarily been performed in an experimental
setting.

The study of tsunami flows and their interaction with coastal
infrastructure in a laboratory setting has fundamental scaling
issues related to the period of a tsunami wave. Historically, the
study of tsunami loads was performed using a broken solitary
wave as the hydrodynamic boundary condition (Arnason et al.,
2009). However, Madsen et al. (2008) showed that the spatial and
temporal duration of a solitary wave was not on the same order
of magnitude of observed tsunamis. Despite these observations,
broken solitary waves have still be used to examine the near-
shore impact of tsunamiwaves as well as incipient debris transport
(Arnason et al., 2009; Chinnarasri et al., 2013; Yao et al., 2014;
Nistor et al., 2016). Chanson (2006) indicated that the dam-break
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solution was a good representation of tsunami surge profile over a
coastal plain. The application of the dam-break in an experimental
setting has shown better results representing the period of a
tsunami wave (Imamura et al., 2008; Al-Faesly et al., 2012; Shafiei
et al., 2016), though large experimental facilities are needed to
achieve these flow durations at an appropriate scale. Other tech-
niques, such as the use ofN-waves (Tadepalli and Synolakis, 1994),
cnoidal waves (Synolakis et al., 1988), and pump-driven longwave
generation (Goseberg et al., 2013), have been shown to better rep-
resent tsunami inundation temporal features in a variety of cases.
However, these experiments were performed at small scales. In
determiningmaximumdebris loads, the hydrodynamic boundary
conditions must be carefully considered within the experimental
procedure; it is generally recommended to aim at scales as large
as possible to accurately model debris impact processes (Chock,
2016).

The problem of experimental scales extends to debris dynamics
and impact loads, where little research has been done to determine
minimum scales at which experiments can be performed. Studies
of debris transport have mentioned the effects of turbulent eddies
on debris transport (Rueben et al., 2014; Yao et al., 2014). How-
ever, as with most coastal physical models, studies are often scaled
using the Froude number. The scaling of amodel using the Froude
number often does not adequately scale turbulent length scales
(She and Leveque, 1994), resulting in an unproportioned effect of
turbulence on the debris transport. Another scaling concern for
debris transport is the effect of viscosity on the transport of debris
at small scales. Similar to themodeling of dam-breaks (Lauber and
Hager, 1998), there is likely a scale at which the viscosity of the
fluid will have a significant effect on debris transport, and hence,
the scaling of physical properties using Froude would no longer
be adequate. A determination of the minimum scales required
would help evaluate the applicability of studies to debris transport
problems.

Additionally, the scaling of the debris for impact loadsmust also
be taken into consideration. Studies of impact loads have often
focused on scaling the physical properties of the debris, such as
length, width, height, and mass; however, little research has been
performed in examining the scaling of mechanical properties,
such as stiffness and elasticity, which is critical in determining
maximum impact loads. The minimum scales at which these
experiments can be performed would be dependent on the mate-
rial as the study must consider the loads at which the debris main-
tains elastic properties. A determination of the minimum scales
would help identify experimental facilities capable of modeling
debris impact loads. Moreover, the scaling of the plastic region
of impact needs to consider the effect of debris deformation on
maximum impact forces, building upon the studies by Aghl et al.
(2015). Other physical properties, such as the draft of the debris,
also need to be considered, as was shown in Shafiei et al. (2016)
where the draft of the debris had a significant effect on the added
mass coefficient.

In overcoming scaling issues related to debris dynamics, the
physical modeling of debris is essential to provide benchmarking
data for the numerical models, particularly due to the lack of
available field or prototype data. Numerical modeling has made
recent strides in the development of two-way coupled fluid–solid

interactions. The availability of high temporal and spatial resolu-
tion of the various drivers of debris transport and impact would
allow for numerical models to be accurately validated and cali-
brated. In particular, the momentum transfer between the fluid
and free-floating solids needs to be thoroughly evaluated to be
applied to numerical models. The momentum transfer between
the fluid and the solid objects, as well as the reciprocal effects, is
critical in resolving the entrainment and transport of debris within
extreme hydrodynamic events.

In the determination of debris impact loads and effects, the
primary objective is to apply the findings of the research to pro-
pose accurate methods of determining design loads on structures
in extreme hydrodynamic events. One of the difficult aspects
in designing for extreme hydrodynamic events, like tsunamis, is
determining the design conditions and maximum loads associ-
ated with such rare events. Commonly, the design conditions for
tsunamis are taken from historical maximum tsunamis (Okada
et al., 2005). However, as observed during the 2011 Tohoku
Tsunami, historical maximums may not always provide a measure
of maximum conditions (Esteban et al., 2015). As a result, recent
efforts have beenmade to implement probabilistic tsunami hazard
analysis and tsunami-resistant design (Chock, 2015).

Assessing debris impact is currently considered as a determin-
istic design condition (Chock, 2016), despite the motion of debris
being a random process (Matsutomi, 2009). The FEMA P-55 and
FEMA P-646 (2012) guidelines maintain a conservative approach
where debris impact should always be considered. The upcoming
ASCE7 Chapter 6 also maintains a conservative approach when
referring to debris ubiquitous to coastal areas, such as hydro poles
and concrete debris (Chock, 2016). However, for larger debris,
the ASCE7 uses the empirical approach proposed by Naito et al.
(2014), based on a limited data set. The limited data set was due
to difficulties in assessing debris sources in the aftermath of the
2011 Tohoku Tsunami, limiting the data set to debris with clearly
defined debris sources, such as shipping vessels and shipping
containers.

To better design structures for debris impact within the proba-
bilistic assessment of tsunami hazard and account for the random
nature of debris motion, the probabilistic assessment of debris
motion would improve the quantification of debris loads. Con-
sidering the effect of the proximity of the debris site, the debris’
physical properties, local topography, surround obstructions, and
potential flow conditions on debris dynamics and entrainment
would also help assess the likelihood of debris impact, as well as
identify the type of debris impacting a structure.

Additional consideration is needed to quantity of debris
entrained within the flow. Currently, design guidelines only con-
sider the possibility of single debris impacts. However, in a study
of the transport of shipping containers in extreme hydrodynamic
events, Nistor et al. (2016) determined that the debris often
tended to propagate as an agglomeration. Based on this finding,
an assessment of multiple debris impact needs to be studied to
determine if building standards need to consider multiple debris
impacts as the critical load. Additionally, the agglomeration of
debris would also increase the risk of debris accumulating at the
upstream face of structures, therefore increasing the risk of debris
damming.
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CONCLUSIONS

Several post-tsunami forensic field surveys over the past decade
have led to increased awareness about loads associated with
tsunami-induced coastal inundation. One of the loads identified
from these field surveys is debris loads, where objects entrained
within the flow can impact and accumulate onto structures,
causing supplementary loads in addition to the previously con-
sidered hydraulic ones. Due to the random nature of debris
motion and the relative rarity of tsunami events, the assessment
of debris motion loads in the field has been limited. However,
recent advancements in the determination of debris dynamics
using an experimental setting have allowed for improvements
in the methods available for the assessment of mechanisms of
debris load as well as of the potential maximum impact loads.
Based on an extensive literature review of debris dynamics in
extreme hydrodynamic conditions, the following conclusions can
be drawn:

1. An assessment of the lower bounds for experimental scales
and conditions is needed to determine the type of experi-
mental facilities necessary to accurately assess debris loading
conditions. Consideration is needed in scaling of the debris
mechanical properties, such as their stiffness and/or elastic-
ity. This is particularly necessary when assessing their plastic
deformation, as these properties vary widely and would have
to be accounted for in scaled models.

2. As there are several means of reproducing hydrodynamic
boundary conditions used in tsunami engineering, the hydro-
dynamic forcing factor in an experimental setting needs to
consider what the critical condition is when assessing debris
loads.

3. Rigorous, high-resolution studies are needed to provide
detailed, tailored benchmark data sets to aid in the calibration

and validation of numerical models developed for debris
impact.

4. Fundamental research is needed on the various fac-
tors governing the actual debris entrainment and the
solid–solid/solid–fluid momentum transfer which are critical
for validating numerical models.

5. Due to the random nature of debris motion and recent con-
sideration to probabilistic tsunami hazards design, a prob-
abilistic design approach is needed to assess the likelihood
of debris loads occurring, which would be a function of the
proximity of debris sources, debris properties, and surrounding
environment.

6. It is important to evaluate of multiple impact events, as well as
the increased likelihood of debris damming as they propagate
as an agglomeration.
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