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Abstract 
Tsunami events frequently cause vast damage to infrastructure 

and claim many human lives. A self-lifting membrane barrier was 
proposed to obstruct the impacts of tsunami while allowing 
permanent access to the sea while stored. Many aspects of this novel 
barrier concept have not been studied yet, including its performance 
under debris impact. Hence, this study firstly investigates the 
interaction between a self-lifting membrane barrier and tsunami-
induced debris transport. A unique set of laboratory experiments in 
a wave flume are carried out, in which 20 ft shipping container 
models are washed into a membrane barrier by tsunami-like waves. 
Varying hydrodynamic conditions and an altered amount of debris 
is used to evaluate different magnitudes of surge and debris loading. 
This unique set of tests showed that the larger the amount of debris 
the stronger the surge propagation upstream the barrier decreases. 
The dynamic character of the barrier-debris-interaction prevented 
formation of a temporally stable debris dam. In total, 90% of debris 
transport further inland is obstructed by the membrane barrier. The 
barrier retains functionality under debris-loaded surge impact. 

Keywords 
Tsunami Barrier, Tsunami Debris, Self-lifting Membrane Barrier, 
Coastal Protection, Debris Damming, Hazard Mitigation 

1 Introduction 
On March 11, 2011, an earthquake with the intensity of 9.0 on 

the Richter scale shook the floor in 130 km distance to the north-
east coast of Japan. Following the earthquake, a strong tsunami and its devastating impact particularly hit the prefectures 
of Iwate, Miyagi and Fukushima. As a consequence, the earthquake and tsunami damaged over 250,000 buildings, 
destroyed 140,000 of them completely and claimed almost 20,000 human lives (Dunbar et al. 2011; Fraser et al. 2013; 
Harbitz et al. 2016). Likewise, the tsunami event in the Indian Ocean 2004 and the recent one in Indonesia in September 
2018 show, that despite their scarcity such events must not be underestimated (Shibayama 2015; Widiyanto et al. 2019). 

Besides soft countermeasures such as tsunami evacuation, structural tsunami prevention measures remain to play an 
important role for tsunami hazard mitigation and are frequently considered by coastal planning agencies. Coastal dikes, 
sea walls and breakwaters are frequent among the common tsunami protection structures (Strusińska-Correia 2017; Shuto 
and Fujima 2009). Additionally, the mitigating effect of coastal forests as well as mangroves attracted notable attention 
as these vegetated coastal protection elements seemed to limit the damage to areas during the Indian Ocean tsunami in 
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2004 (Danielsen et al. 2005; Tanaka et al. 2007; Tanaka 2009; Tomiczek et al. 2020). Similar observations were made 
during the Tohoku tsunami in Japan 2011, which led to the design of forested embankments and comparable land use 
planning (Strusińska-Correia 2017). The use of such nature-based approaches to inundation mitigation is limited by the 
required space in inland direction, which is restricted in some coastal areas. For example, Lawrence and Nandasena (2019) 
showed that forest extending 150 m landwards had no mitigation effect on tsunami inundation. 

Investigations in the aftermath of the Tohoku tsunami indicate that coastal structures could only provide a limited 
mitigation effect. Failures of sea walls, breakwaters and concrete revetments due to overflowing of water resulting in 
fracture of crown armor, overturning due to the force exerted by withdrawn water and scouring of the dike toe was 
observed (Kato et al. 2012; Fraser et al. 2013). It should be noted that not all structures were designed for tsunami loadings 
but for floods, typhoons or wind waves. Overall, breakwaters with a combined length of 8,500 m collapsed during the 
Tohoku tsunami event (Fraser et al. 2013). Therefore, Takahashi et al. (2011) suggested that emphasis should be placed 
on stability so that protection infrastructure stays structurally intact even during high impact tsunami. 

1.1 Self-lifting membrane barrier  

Coastal structures tend to compete for space and aesthetics within the coastal area while also impacting local 
ecosystems. The constraints that are attached to these various considerations resulted in an increasing effort to design and 
conceptualize new tsunami barriers (see Marissen et al. 2013; Kimura et al. 2014; Chandramouli et al. 2018). The 
presently debated concept of tsunami barriers assumes them to remain hidden in a dormant storage provision until a 
tsunami event’s associated flow reaches the barrier’s location; only in such an event, the barrier is activated and may self-
lift through appropriate design features, e.g., floatation devices that hold the upper vertical member of the barrier afloat 
with the incoming waters. A very first example of that defense strategy was suggested by Marissen et al. (2013) who 
proposed a membrane barrier which is stored folded to minimize space requirement and lifts itself due to buoyancy forces 
on a floating member (FM, see Fig. 1). The onshore located barrier could be led along the shore to protect a specific 
coastal area or bay. A construction of a few kilometers could be installed at cities and power plants or downstream of a 
harbor area (Marissen et al. 2013). The flexible membrane could be made off an Ultra-High-Molecular-Weight-
Polyethylene (UHMWPE) fiber with a tensile strength of 3.4 kN/mm to withstand the hydrostatic and hydrodynamic 
forces acting on the barrier (Marissen 2011; Marissen et al. 2013). The bottom end of the membrane would be anchored 
to the soil, while the upper end is connected to the FM. The FM itself is connected to an upstream anchored UHMWPE 
fiber cable (see Fig. 1). Marissen et al. (2013) calculated, that a 3 mm thick membrane could take up hydrostatic forces 
of a 20 m high flood. The UHMWPE fiber has a density of 975 kg/m3, hence it would float (Marissen 2011). 

 

Figure 1: Schematic depiction of a self-lifting membrane barrier after Marissen et al. (2013); (a) stored and (b) lifted. 

Marissen et al. (2013) suggested first basic design guidelines based on hydrostatic considerations: 

• Initial membrane angle ϒ (Fig. 1b) should be smaller than 22.9° to reduce tension forces on the membrane and 
horizontal forces on the cables. 

• Membrane contour length should be more than double the design water depth. 

• Horizontal distance between FM and cable anchorage should be at least one and a half times the design water 
depth. 
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Marissen et al. (2013) proposed design guidelines based on the pressure distribution along the membrane in a 
hydrostatic equilibrium state. However, this is a highly simplified scenario since kinetic energy of the impacting tsunami 
wave will lead to different pressure distributions and overall higher pressure. Moreover, membrane and cable forces are 
in a dynamic balance during tsunami loading leading to various parameters being design relevant. Thus, barrier parameters 
likely need to be altered when hydrodynamic forces are considered. Hofland et al. (2015) investigated the dynamic 
behavior of the barrier in a 1:100 scaled model (Hofland et al. 2015) and found that the principle of the self-lifting 
membrane barrier (SLMB) is basically applicable. For flow depths larger than the barrier height the barrier stayed lifted, 
even while overflow occurred. It is still unclear if the barrier is susceptible to other failure mechanisms such as extensive 
scouring or abrasion of cables and membrane due to debris. Hofland et al. (2015) noted that a huge lack of knowledge 
concerning design and behavior of the barrier exists. Understanding local and irregular load concentrations, foundation 
loading, barrier side end design, varying wave parameters and debris impact would need more research. Concerning debris 
impact, Hofland et al. (2015) hypothesized that most debris impact would be stopped by the barrier. Furthermore, the 
acceptance among the local population of constructing such a barrier over multiple kilometers remains to be answered.  

1.2 Interactions between tsunami, structures, and debris  

Past tsunami events showed that debris such as trees, cars, boats, poles, and containers can cause immense damage 
(EERI 2011; Fraser et al. 2013; Palermo et al. 2013). The debris entrained in tsunami flood waves cannot be confused 
with debris flows (alpine/mountainous conditions) where –unlike to process at hand– an intricate mass and force balance 
between soil, pore pressure and free surface water flow exists. Various studies, both physical and numerical, have been 
conducted; multiple approaches have been considered to estimate debris impact forces generated by objects that are 
propagated by surges, bores and broken solitary waves (see Haehnel and Daly 2004; Nouri et al. 2010; FEMA 2012; 
Paczkowski et al. 2012; Como and Mahmoud 2013; Ko et al. 2015; ASCE 2016; ROH 2018). On the other hand, Nistor 
et al. (2017a) emphasized the importance of understanding tsunami-driven debris transport for better evaluating the hazard 
risk for a structure by also considering the likelihood of debris impact. 

Naito et al. (2014) developed a model to estimate potential debris distribution areas, distances and spreading angles 
based on satellite images made of shipping container terminals before and after the Tohoku tsunami event in 2011. Nistor 
et al. (2017b) investigated tsunami-driven debris transport over a horizontal apron under laboratory conditions. They 
found that the maximum longitudinal displacement as well as the spreading angles depends on the amount of debris. 
Goseberg et al. (2016b) showed by accurately measuring the debris’ path (Goseberg et al. 2016a) that obstructions have 
an influence on the spreading angle. It was shown that a first row of obstructions decreases the maximum longitudinal 
transport of debris. Stolle et al. (2018a) tested an approach where the final position of displaced debris can be described 
by a probability-density-function (PDF), allowing to predict the likelihood of debris impact. It was also found that 
standard deviation of the debris position distribution depends on initial debris orientation. Yao et al. (2014) investigated 
motion of debris accelerated onto a sloped beach model by a broken solitary wave in laboratory. They concluded that 
presence of debris can reduce maximum inundation (although measurement of maximum inundation was subject to high 
uncertainty). A similar effect on maximum inundation was observed due to presence of built environment (Goseberg and 
Schlurmann 2015). This supported Khan et al. (2000) who observed an increase in surge deceleration and surge height 
with increasing debris amount. Yao et al. 2014 underlined the high uncertainty concerning debris position and maximum 
inundation. In conclusion, Stolle et al. (2018a), Nistor et al. (2017a), Goseberg et al. (2016a) and Yao et al. (2014) support 
the finding of Matsutomi (2009) that tsunami debris transport is characterized by a high degree of randomness. 

Laboratory conditions should approximate the complexity associated with the spatiotemporal scales of the fluid-
structure-interaction. Thus, tsunami propagation over land is often simulated by bores or surges using dam-break waves. 
It has been shown that flow parameters of dam-break-waves are in reasonable agreement with tsunami field data (Chanson 
2006, Nistor et al. 2009). Several analytical solutions for surges and bores have been established (Ritter 1892; Whitham 
1955; Chanson 2005). Hence, many studies used dam-break waves to investigate interactions between onshore 
propagating tsunami, debris, and structures (Khan et al. 2000; Nouri et al. 2010; Shafiei et al. 2016; Nistor et al. 2017a; 
Derschum et al. 2017). Multiple shapes, sizes, and masses of debris models have been used to represent different kinds 
of debris like large woody objects (Nouri et al. 2010), houses (Yao et al. 2014; Ardianti et al. 2018), and shipping 
containers (Ko et al. 2015; Nistor et al. 2017a; Derschum et al. 2017; Stolle et al. 2017a). Especially debris representing 
20 ft shipping containers were commonly used due to their simple geometry and widespread existence in tsunami-prone 
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areas world-wide. Many studies concentrate on one type of debris (Cheng Chen et al. 2020; Derschum et al. 2017; Häfen 
et al. 2021; Khan et al. 2000; Nouri et al. 2010; Shafiei et al. 2016; Yao et al. 2014; Nistor et al. 2017a). 

In contrast to the above outlined research on debris transport in the coastal zone, little research has been attributed to 
investigate the ability of tsunami barriers to block debris. Pasha and Tanaka (2016) carried out experiments to investigate 
tsunami debris capturing potential of finite-length inland forest. Umeda et al. (2018) investigated debris interaction on an 
onshore located perforated tsunami barrier but focused on the inundation mitigation effect and the debris impact force 
exerted on the barrier. Shao (2005) and Takagi and Bricker (2014) used numerical models to investigate mitigation effects 
of breakwaters. Stolle et al. (2017b) experimentally investigated loads and effects associated with debris damming. In 
their experiment, debris with various geometries were blocked by an obstacle under steady-state flow. This resulted in an 
agglomeration of debris in front of the obstacle and subsequently increasing the load on it (Stolle et al. 2017b). In another 
study Stolle et al. (2018b) investigated debris damming loads under transient supercritical flow conditions and found that 
debris dams are less stable than under steady-state flow conditions. Usually, the phenomenon of debris damming is 
observed beneath bridges where wooden logs accumulate and eventually block the flow. Robertson et al. (2007) described 
debris damming as a phenomenon, where debris become wedged at a structure, resulting in increased drag and inertia 
forces due to a disrupted flow field. Schmocker and Hager (2011) noted a backwater rise caused by debris damming, 
potentially leading to overflow of the structure. Melville and Dongol (1992) as well as Pagliara and Carnacina (2013) 
showed that debris damming can lead to increased scouring. 

1.3 Objectives 

Tsunami and their severe effects in coastal areas hold immense potential for destruction of buildings, structures, and 
may inflict human live losses. Tsunami-induced debris and debris-related loading scenarios are research topics that require 
continues effort. Beside knowledge gaps related to structural loadings, it remains vital to continue research on novel 
approaches regarding protection measures such as tsunami barriers that can act as an element in a tsunami defense system. 
Little research exists concerning the behavior and potential of tsunami-barriers and their interaction with debris. This 
study firstly shed light onto the applicability of a SLMB under debris loading. The specific objectives of this study are: 

• To evaluate the effect of debris on flow parameters such as flow depth and propagation velocity and 
consequences for barrier functionality. 

• To investigate the potentiality of debris-induced damming upstream of the barrier under transient flow 
conditions. 

• To analyze the performance of the barrier to mitigate debris transport. 

As this preliminary study primes for extensive investigations, the parameter space is limited. The study focuses on a 
commonly utilized type of tsunami debris and a limited variation of wave conditions. Although understanding 
hydrodynamic and debris forces exerted on the barrier and cables is vital when it comes to application, the quantification 
of these forces is outside the scope of this study. 

2 Methodology 

2.1 Test facility 

The set of experiments is conducted in a wave flume at the Leichtweiß-Institute for Hydraulic Engineering and Water 
Resources, Department of Hydromechanics and Coastal Engineering at Technische Universität Braunschweig, Germany. 
The wave flume has a length of 19 m, a width of 0.30 m, and a depth of 0.35 m (Fig. 2). A dam-break gate separates a 
10.87 m long propagation section from a reservoir section with a length of 8.13 m. To simulate tsunami beach run-up, a 
sloping beach is made of wooden board (marine plywood, smooth surface on top), which measures 6.60 m in length and 
0.33 m in height resulting a 1:20 slope which lies in the range of naturally occurring beach slope angles (Pethick 1984). 
A horizontal section spans 4.27 m from the dam-break gate to the toe of the slope (Fig. 2). Flume bed and walls are made 
of acrylic glass. 
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Surges were generated by application of the dam-break method. The dam-break gate is made of a metal plate and 
placed between two boards with vertical slots allowing for a rapid vertical lifting of the plate, thereby releasing the water 
impounded in the reservoir. Rubber stripes connected to the metal plate edges are used to seal the gate. The Hager-Lauber 
gate opening criterion is applied, which is rather conservative (von Häfen et al. 2019), to ensure a dam-break wave being 
unaffected by the gate opening process. According to Lauber and Hager (1998), gate opening needs to be shorter than the 
time top: 

 𝑡𝑜𝑝 ≤ √2ℎ0𝑔  (1) 

where h0 is the impoundment depth and g the acceleration of gravity. 

 

Figure 2: Flume dimensions and bathymetry of the test facility as well as the Self-Lifting Membrane Barrier (SLMB) 
and measuring devices: Wave Gauges (WG), Cameras (CAM) and theirs positions within the three phases of the 
experimental protocol. a) side view, b) top view, c) detail of the lifted SLMB including dimensions. Wave gauge 
positions indicated without index ‘ (e.g., WG 5) belong to experimental phase 1. The gauge positions are shifted for 
experimental phase 2 & 3 indicated by index ‘ (e.g., WG 5’, see section 2.2). 

The opening time is assessed via video analysis and observed to be 0.179−0.033+0.017 s. Thus, it remains smaller than the 
maximum opening time of 0.226 s as per the Hager-Lauber-Criterion (Lauber and Hager 1998) for even the lowest 
impoundment depth.  

Hence, the generated dam-break waves are in good agreement with analytical solutions: Correlation coefficients r for 
observed surge profiles and the Ritter solution are in the range of 0.9841 to 0.9903 (Ritter 1892) and for observed surge 
propagation between 0.9993 to 0.9999 compared to the Chanson solution with a friction factor of 0.012 (Chanson 2006). 

To ensure comparable flow conditions in model and prototype scale, Froude similitude is applied. Derived from 
experiments by Hofland et al. (2015), a length scale of 1:100 is chosen. Flow depths observed roughly 6 m downstream 
of the dam-break gate are in the range of 0.13 m to 0.17 m (Fig. 5a, b) and therefore represent a surge of 13 m to 17 m in 
prototype scale. Such flow depths represent large tsunami events and thus compare well to flow depths in nature (EERI 
2011). The observed surge propagation velocity at the toe of the beach model is in a range of 1.25 m/s to 1.5 m/s (Fig. 5c, 
d), resulting in velocity of 12.5 m/s to 15 m/s in prototype scale. Similar velocities were observed during past tsunami 
events (Kawata et al. 1999; Morton et al. 2007; Choowong et al. 2008). 
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Due to their wide application in previous studies and their simple geometry, 20 ft shipping containers are used as 
debris. External dimensions of 20 ft containers are 6.058 m in length, 2.428 m in width and a height of 2.591 m. Empty 
containers of this size typically weigh 2250 kg and can reach 32,500 kg under maximum payload conditions (Norm ISO 
668:2013(E)). In 1:100 scale, a container has a size of 0.06 x 0.024 x 0.024 m3. The mass of the floating wooden container 
models is 0.028 kg resulting in a density of 810 kg/m3. Such a mass would represent a container with 79% payload. 
Table 1 contains the debris’ parameters in prototype and model scale. 

Table 1: Debris parameters of 20 ft shipping containers in prototype and model scale. 

Scale Length [m] Width [m] Height [m] 
Prototype 6.058 2.428 2.591 

Model 0.060 0.024 0.024 
 

A SLMB in 1:100 scale is modeled (see Fig. 2c) to test its performance with respect to tsunami inundation and debris 
retention. To determine the membrane contour and cable length, the preliminary design recommendations of Marissen et 
al. (2013) were employed (design water depth was set to 0.15 m) both to have initial guidance and to ensure latter 
comparisons. This results in a length of 0.40 m for both the membrane contour and cable. Model membrane and cables 
are made of polyethylene. The triple-welded membrane fabric has a specific weight of 0.14 kg/m2 and a tensile strength 
of 150 N/cm (for explanations of scaling of tensile strength see section 3.5). On both edges of the membrane, a 0.01 m 
wide and 0.32 m long stripe of tape is added to reduce side leakage between membrane and flume wall. Due to the water 
pressure acting on the membrane and unfolding it entirely, the tape is pushed against the acrylic side walls of the flume 
sealing the membrane against the flume wall. However, the sealing is not fully watertight which may have resulted in a 
minor model effect discussed in section 3.5. A FM made from a PVC pipe with sealed ends of acrylic glass is connected 
to the upper part of the membrane. The FM has a diameter of 0.05 m and generates a maximum of roughly 6 N of 
buoyancy in model scale. Two cables are connected to the FM which is anchored to the beach model; so is the bottom 
part of the membrane (see Fig. 2c). The parameters of the SLMB are listed in Table 2. 

Table 2: Dimensions and properties of the SLMB model. 

Parameter Unit Value 
Membrane width [m] 0.30 

Membrane thickness  [mm] 0.40 
Membrane contour length [m] 0.40 
Floating member diameter [m] 0.05 

Floating member width [m] 0.30 
Cable length [m] 0.40 

Max. float buoyancy  [N] 6 

2.2 Experiment Protocol 

The experimental protocol includes a total of 24 experiment runs within three different experiment setups (Table 3). 
Different amounts of debris models D are used in each experiment run to simulate a varying degree of debris loading. A 
number of 10 pieces of debris represents a low debris loading, while a total amount of 25 pieces is a high loading. Debris 
models are placed in rows of five pieces at the toe of the sloping beach (Fig. 2b). The longitudinal and lateral distance 
from one piece of debris to another is 0.024 m. The debris are orientated with their long side parallel to the flow direction 
and care was taken to accurately position the debris prior to each experimental run. In order to position debris accurately 
tags were marked to the according places on the beach model board. 

All experimental runs are carried out with two different initial impoundment depths, which allows the generation of 
surges with varying flow depths and propagation velocities; these results in a variation of the surge impact intensity on 
the SLMB and debris, respectively. For this study, an impoundment depth of 0.25 m for a low surge impact case and 
0.30 m for a high surge impact case is used. This results in flow depths at barrier position lower than the barrier design 
water depth in the low surge impact case and higher than barrier design water depth in the high surge impact case. Every 
experimental configuration is repeated three times. Video analysis reveals that in some of the runs FM clenching between 
flume walls occurred; these runs are omitted from the analysis as they result in excessive flow over the SLMB (e.g., 
exclusion of run 19). The remaining experiment runs are listed in Table 3, which contains the entire experiment protocol. 
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Table 3: Experiment protocol. 

Phase Test Nr. Barrier Debris amount D [-] h0 [m] 
1 1, 2, 3 no - 0.25 
1 4, 5, 6 no - 0.30 
2 7, 8, 9 with - 0.25 
2 10, 11, 12 with - 0.30 
3 13, 14, 15 with 10 0.25 
3 16, 17, 18 with 10 0.30 
3 (19), 20, 

21 with 25 0.25 
3 22, 23, 24 with 25 0.30 

 

Within the first phase (Table 3), reference data on surge flow depths and propagation velocities is collected. In this 
phase, the surge propagation is unobstructed by the barrier or debris. Wave gauge (WG) 2 is placed between dam-break 
gate and beach model to measure the surface elevation time history of the surge in the horizontal flume section. Wave 
gauges 3 to 6 are placed on the beach in increments of 1.50 m (Fig. 2a, b). 

For the second and third experiment phase (Table 3) the barrier is implemented, located 6.27 m downstream of the 
dam-break gate (2 m downstream of the beach toe, see Fig. 2a, b). In this case, the barrier represents an onshore protection 
structure. At this position, maximum flow depths represent the barriers design water depth (see Fig. 5a, b). To refine 
surface elevation data measurements in the vicinity of the barrier, WG 4’ and 5’ are moved closer to the barrier. 
Downstream of the barrier, WG 5’ and 6’ can measure flow depths of overflowed water (see Fig. 2b). Data collected in 
phase two serves as reference for flow parameters observed in experiment runs for phase three in which debris models 
are added. 

In the third phase, a varying amount of debris are placed at the toe of the beach model (see Fig. 2a, b). This simulates 
a multitude of containers stored in a harbor area. An incoming tsunami accelerates the debris downstream into the barrier. 
To reduce the risk of the debris impacting the wave gauges and thus being affected in their flow path, the wave gauges 
are shifted closer to the flume wall (see Fig. 2b). 

2.3 Instrumentation and Synchronization  

The instrumentation includes six wave gauges (AWP-24-2, capacity-type, see Table 4) and two cameras (CAM). The 
cameras (CAM 1, CAM 2) are installed in close proximity to the barrier. The field of view (FOV) of CAM 1 allows for 
an overview and upstream perspective on the barrier, whereas the FOV of CAM 2 provides a side view perspective (see 
Fig. 2a). Synchronization of camera footage was achieved visually by surge arrival at the tape markers upstream the 
SLMB (see Fig. 3a) as well as by a clapping noise on the soundtrack. An evaluation of the image data recorded allowed 
for qualitative and quantitative assessment of the surge-barrier-interaction, including debris damming and debris 
obstruction as well as capture ratios. 

Wave gauges WG 2 to 6 are located at various positions (Section 2.2). The reference wave gauge WG 1 is located at 
a fixed position 0.1 m upstream of the dam-break gate (Fig. 2). Within this study, the instant of gate opening is defined 
as time zero. Time zero (t0) is determined based on the surface elevation time history of WG 1, which detects a dropping 
water level once the gate is opened (𝑡1, threshold 𝛥ℎ = 0.03 m). Since WG 1 is installed in 0.1 m distance to the gate, an 
offset between gate opening (t0) and surface elevation drop (𝑡1) exists. This offset can be determined based on the velocity 

of the wave front propagating in the reservoir and the distance ∆𝑥𝑔1 between gate and wave gauge: 𝑡0 = 𝑡1 − ∆𝑥𝑔1√𝑔ℎ0.  
Table 4: Properties of utilized instrumentation. 

Abbr.  Instr. Name Manufacturer Amount [-] Meas. Unit Sampl. Freq. [Hz] Accuracy [%] Resolution 

WG AWP-24-2 
Akamina Technologies, 

Ottawa, Canada 6 
Water 

Depth [m] 200 0.15 - 
        

CAM 
Everio GZ-

HD40 JVC 2 - 50 - 1920x1080 
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3 Results 

3.1  Influence of SLMB on hydrodynamics  

A flow depth time history of (WG 4’) is depicted in Fig. 3b to visualize the stages of the barriers dynamic response 
on the arrival of the surge front; this is a complex process that deserves further description. The SLMB is initially resting 
at the beach slope (Fig. 3a, photograph 1). In the first instants after the surge front arrival the SLMB is overflown while 
simultaneously downstream pushing of the FM is observed (Fig. 3a photograph 2). Within the following approximately 
ten seconds surge flow depth increases first and then being constant (“Inundation”, see Fig. 3b). Then, the flow direction 
turns and retreating water from the beach slope interacts with the SLMB, now afloat and functioning as per its design 
(Fig. 3a photograph 3 & 4). The downward flow starts to form a hydraulic roller (Fig. 6). This results in an abrupt increase 
in flow depth (Fig. 3b, Fig. 6). 

Figure 3: (a) Phases of the SLMB interacting with the approaching surge. (b) Surface elevation time history for WG 4’, 
experiment 7, and references to associated phases of the barrier-surge-interaction shown in (a). (c) Determination of surge 
arrival times (∆𝑡𝑖𝑗) at different wave gauges, presented as a time history of flow depth. Vertical grey dashed lines indicate 
the estimated arrival times. Threshold is indicated by 𝛥ℎ (horizontal grey dashed line). 
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The roller moves upstream as a bore which is reflected multiple times at the flume wall and the beach model (“1st 
Reflection”, see Fig. 3b photograph 6). Even though tsunami waves may be reflected by landmasses or in bays (Yamazaki 
and Cheung 2011), within this study surge development is considered only from arrival to right before the first reflection.  

Surge arrival times for WG 2 to 6 are depicted in Fig. 3c. The instant is detected with a threshold of 𝛥ℎ = 0.002 m in 
flow depth at each particular wave gauge (see Fig. 3c). 

For estimating loadings on structures, the maximum flow depths and flow velocities (and their timing with respect to 
each other, Chock 2016) are important. Maximum flow depths can be derived from the surface elevation time histories 
by finding the maximum value within the relevant observation period (see Fig. 3b). Surge propagation velocities can be 
calculated by dividing the distance between two wave gauges (Fig. 2) by the corresponding difference in surge arrival 
time assessed through the method shown in Fig. 3c. 

Prior to a more specific presentation of the debris capture efficiency of the SLMB, it is essential to provide a clear 
observation of the effect that the SLMB has on the run-up process as compared to an unprotected beach; that is a situation 
without a SLMB structure present. An illustration of the maximum surface elevations over the entire run-up/run-down 
sequence for runs with and without the SLMB are shown in Fig. 4. Runs without the SLMB present show a nearly constant 
gradient of maximum surface elevations in flume axis (x-direction, Fig. 4), both for impoundment depths of 0.25 m and 
0.30 m. Hence, surface elevation is interpolated linearly between wave gauges and extrapolated beyond the last wave 
gauge. Linear interpolation has been used in former studies for minimum flow depths and maximum crests amplitudes of 
landslide-generated tsunami in laboratory (Jaffe and Gelfenbuam 2007; Lange et al. 2020). 

For experiments where a SLMB is present, it is assumed that propagation velocity downstream of the barrier is quasi 
zero due to kinetic energy of the wave being dissipated with barrier overflow. In runs with high surge impact, WGs 
downstream the SLMB can provide insight on the effect of the barrier on run-up (Fig. 4b). It is observed that maximum 
surface elevation at WG 6’ are not surpassing maximum surface elevation at WG 5’, as it is expected if propagation 
downstream is governed by kinetic energy. In fact, Figure 4b shows that maximum surface elevation is roughly equal 
downstream of the SLMB. Hence, propagation velocities downstream the barrier are quasi zero too (Fig. 5c and d). The 
extrapolation and interpolation of maximum surface elevations for runs with and without barrier are discussed in 
Section 4. 

Figure 4: Averaged maximum surface elevations for runs with and without a SLMB present for (a): low and (b): high 
impoundment depth. Error bars show minima and maxima within repetitions. Extrapolation for runs without barrier is 
linear due to the approximately constant gradient of maximum surface elevation. Extrapolation for runs with barrier is 
applicable since propagation velocity downstream the barrier is quasi zero. 
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3.2 Debris effect on wave parameters  

The SLMB needs to be functional under debris loading. Thus, understanding the effect of debris on wave parameters 
is crucial for estimating changes in hydrostatic and hydrodynamic forces exerted on the barrier in debris versus non-debris 
loading cases. Fig. 5 shows the effect of debris on maximum flow depths and surge propagation velocities for different 
impoundment depths and debris amounts. An effect of debris on maximum flow depth upstream the barrier cannot be 
observed (see Fig. 5a, b). In runs with low surge impact, the maximum flow depths downstream the barrier increase with 
increased debris amount, however no such effect is observed for runs with high surge impact. Presence of the barrier leads 
to decreased maximum flow depths downstream and increased maximum flow depths upstream the barrier (Fig. 5a, b). 

 The effect of debris amount and barrier on surge propagation velocity is shown in Fig. 5c, d. An increased debris 
amount leads to slightly decreased upstream surge propagation velocities in barrier proximity. This effect is more 
pronounced in runs with low impoundment depth. However, the effect of debris on downstream surge propagation 
velocities is unclear: In the high surge impact scenario, downstream propagation velocities vary greatly with debris 
amount, however no effect can be observed in the low surge impact scenario. 

Figure 5: (a), (b) Debris effect on maximum flow depths. (c), (d) Debris effect on surge propagation velocity. Plotted 
are the mean values of respective runs (see Table 3). 
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Debris, present in the flow approaching a shoreline or propagating on shore, may contribute to an increased water 
level in the vicinity of barrier-like topographies. A closer look needs to be taken in the context of SLMB to evaluate the 
possibilities of that debris-induced backwater rise. To that end, mean flow depth time histories at WG 4’ for various debris 
amounts and impoundment depths are shown in Fig. 6. A slight delay of surge arrivals with increased debris amount is 
observed, which is congruent with the results shown in Fig. 5c, d. In the high surge impact case increased debris amount 
leads to slightly higher flow depths at the beginning of the roller formation. Both Fig. 5a and 6 indicate that debris-induced 
backwater rise does not lead to increased maximum flow depths.  

Figure 6: Debris effect on mean flow depth time histories upstream of the barrier for various debris amounts. Ellipses 
indicate the hydraulic roller formation. 

3.3  Barrier-Debris-Interaction 

The phenomenon of backwater rise is usually attributed to debris damming (Stolle et al. 2018b). Image data is used 
to observe debris dam formation during the barrier-debris-interaction. Fig. 7 depicts different stages of interaction, shows 
the barrier as well as the debris dynamics, and assigns overtopping events to interaction stages. These stages are defined 
as follows: 

• The surge arrives at the FM followed by debris models. Impacting surge and debris exert horizontal forces on 
the FM pushing it in downstream direction (Fig. 7 box a). Hence, this stage is called the push-back stage. Debris 
are pushed against the FM, resulting in debris dam formation upstream the SLMB. Few debris models overtop 
the barrier during this early stage. In total, only 11.1% (2 out of 18) of all overtopping events occur during this 0.68−0.15+0.19

 s long push-back stage (Fig. 7). 

• Then, cable forces prevent the FM of being pushed back further (Fig. 7 box b). Buoyancy forces on the FM 
become dominant and the barrier lifts up (lifting stage). A cavity between beach floor and membrane opens 
(compare Fig. 1b, Fig. 7 box b). Water rushes in, leading to some debris entering the cavity. Then, flow changes 
direction rapidly pulling captured debris back upstream (Fig. 7 box b). This results in disintegration of debris 
dam into a loosely agglomerated field of debris upstream the FM, creating a ‘debris carpet’ (Stolle et al. 2017b). 
The lifting stage lasts for 0.48−0.22+0.19

 s and accounts for one third (6 out of 18) of overtopping events (Fig. 7). 

• Lifting of the structure stops when cable, membrane, and FM forces are in an equilibrium state and the SLMB 
stabilizes (Fig. 7 box c). Now, the SLMB is in its design state of operation. Barrier overflow and debris 
overtopping might occur. Overtopping events during equilibrium state account with 55,6% (10 out of 18) for 
most overtopping events. However, all overtopping events in equilibrium state occur in runs with high 
impoundment depth.  

Barrier-debris-interaction is a highly dynamic and transient phenomenon. Usually, only 1.15−0.22+0.38
 s lasts from surge 

arrival to completed barrier lift. A dam-like debris pattern stable for more than a short fraction of a second could not be 
observed. 
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Figure 7: Stages of barrier-debris-interaction recorded by CAM 1 (top in each box) and CAM 2 (bottom in each box) as 
well as distribution of overtopping events after surge arrival at the SLMB (𝑡𝑎𝑟𝑟). The photograph boxes show the 
interaction process during the (a) push-back stage, the (b) lifting stage and (c) the equilibrium state. Arrows in boxes 
indicate chronological process from left to right. 

3.4 Debris transport mitigation due to SLMB  

One objective of this study is to evaluate the SLMB’s capability to obstruct tsunami debris transport. The obstruction 
performance is quantified by the capture efficiency (Stolle et al. 2018b), i.e., the relative amount of debris hindered of 
moving downstream the barrier. For this purpose, three position modes are introduced to categorize the debris model 
positions in relation to the barrier (Fig. 8) before the 1st surge reflection arrives at the barrier (see Fig. 3b). Debris models 
that are washed over the FM of the membrane barrier are categorized as overtopped. Whereas the mode blocked is 
attributed with debris found upstream of the FM, the mode trapped refers to the cavity that forms when the membrane 
barrier is lifted (see Fig. 1 and Fig. 8). The decision in which mode a debris is, is made based on the position of its 
geometric center. Boundaries between mode regions run through the FMs center (Fig. 8). 
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Figure 8: Debris models were categorized based on their position at surge backwash. Models that were moved downstream 
of the FM are attributed as overtopped. Those debris models that were stopped and remained inside the cavity are counted 
as trapped. Blocked debris models were stopped and remained upstream of the FM. 

Fig. 9 shows the barrier’s performance of capturing debris. Depicted is the distribution of debris in relation to their 
position mode for different impoundment depths and debris amounts. The dominant mode for each scenario is blocked, 
followed by trapped in three out of four scenarios. It is unclear whether the amount of debris governs the mode. This is 
partly due to the large standard deviations, reaching up to 29% in the high surge impact/low debris loading scenario (see 
Fig. 9 second stack from left). The capture efficiency can be determined by the combined fraction of debris that are 
blocked or trapped. The repetition-averaged percentage of debris that are captured (blocked plus trapped, see Fig. 9) are 
97%, 67%, 96% and 93% (Fig. 9, see (1), (2), (3), (4) respectively). The total average of captured debris is 90% (Fig. 9, 
see (5)). By considering the large standard deviations, mitigation in the lowest achieving scenario (see Fig. 9, second 
stack from left) gives a conservative estimation of 51% capture efficiency (Fig. 9, see (6)). Given the number of 
repetitions is limited to three, some uncertainty remains (number of repetitions is discussed in section 4).  

Figure 9: Barrier performance on mitigating debris transport. Error bars show standard deviations within runs. 

When upstream flow depths surpassed the barrier height, overtopping was observed (see Fig. 7, box c). In cases where 
the flow depth over the FM is larger than the debris draft, the debris can pass the barrier. This raises the question if high 
debris draft lowers the possibility of overtopping and, furthermore, to what extent the capture efficiency is a function of 
debris geometry and density.  

3.5 Scale and model effects  

Out of practicability considerations, membrane and cable thickness were not modeled according to scale. It is unclear 
whether the relatively thick model membrane might lead to high stiffness that in turn could influence barrier behavior. 
Cables can be scaled only once the forces loading them are known. Since these forces are a priori unknown, unscaled 
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cables are used in this research. However, tensile stress decreases with increased cable cross-sectional area, which in turn 
reduces strain. In application, a 40 m long cable could potentially stretch up to 1.2 m if a fracture strain of 3% is applied 
(Hofland et al. 2015). Reducing strain might also reduce push-back of the FM. This might increase impact forces since 
horizontal forces cannot result in horizontal movement.  

Debris impacting the membrane near the wall slide around the membrane in some cases (Fig. 10b). These debris 
models were counted as trapped. The sealing between flume wall and membrane is disturbed while a debris is passing, 
leading to leakage which increases downstream flow depth. Furthermore, friction between membrane as well as the FM 
and the flume wall influences the barriers lifting time. 

 

Figure 10: (a) Photographs of near overtopping of a debris model. Debris draft may have an influence on the barrier’s 
capture capability. (b) Demonstration of debris side slipping around the barrier model. 

4 Discussion 
Instrumentation includes six wave gauges (Fig. 2, Fig. 3c, Table 4). Some wave gauge positions are shifted for the 

second and third experiment phase (see Fig. 2c). This might limit comparability between phase 1 and the other two phases. 
However, phases 2 and 3 are comparable with each other. Since all quantitative results are based on data of phase 2 and 3, 
shifting of WG position does not limit validity of findings. 

This study uses broken bores originating from a dam-break mechanism, modelling the hydrodynamic effects of 
tsunami wave propagating over dry land. In this context, it is noted that the duration of the broken bores when interacting 
with the SLMB, as well as during the entrainment and transport of debris, is short when compared to observed tsunami 
durations; these are typically in the range of 5 to 60 min whereas this work utilizes durations of less than 5 min (prototype 
scale). The issue of appropriate generation of tsunami in laboratory settings is a long-standing topic of debate in the 
tsunami community (see Goseberg et al. 2013, a review). In the case of debris-SLMB interaction, the duration of the 
tsunami is however less relevant as the initial phase of the barrier emerging from the ground and its response to the fast 
rise of the water is the governing process. Were the duration of the flow extended, only less significant changes would 
occur, and thus, there is little need to find experimental means to obtain longer flow durations. 

Interpolation and extrapolation of maximum surface elevation and propagation velocities are carried out linearly since 
the gradient in surface elevation is approximately constant when no barrier is present (Fig. 4). Interpolations of maximum 
surface elevation and propagation velocities close to the barrier are not accurate (see Fig. 5). Assuming an even water 
level downstream the barrier is appropriate for larger distances to the barrier. Close to the barrier, a stilling basin effect is 
observed (see Fig. 4b, Fig. 5c, d), where a large amount of energy is dissipated in turbulent flow. Thus, the linear 
interpolation is valid in larger distances downstream the barrier. It has been shown both in numerical and physical studies 
that tsunami breakwaters and other mitigation systems can lead to energy dissipation (Li et al. 2019; Rahman et al. 2021). 
The significant reduction in downstream propagation velocity (see Fig. 5c and d) indicates that the SLMB can delay 
tsunami arrival further inland. This potential advantage of the barrier could be detected by using additional wave gauge 
and velocimetry probes downstream the barrier in future studies. 

The effect of debris on the generation of backwater rise remains unclear from this work, since an increasing flow 
depth is observed in a high debris loading/low surge impact scenario only. In none of the experimental runs, a significant 
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increase in maximum flow depths upstream the barrier is detected (Fig. 5a, b, Fig. 6). The lack of backwater rise, as it 
was observed by Stolle et al. (2017b), could be due to the amount of debris not exceed 25, or the overall blockage ratio 
within the flume cross section. However, the flow conditions governing the barrier-debris-interaction (Fig. 7) are highly 
transient, preventing the formation of a debris dam. This is an advantage of such a barrier as additional loads due to debris 
damming are mitigated. The mentioned benefit together with unimpaired performance under occurrences of overflow 
represent a strong argument in favor of the SLMB. 

Only a single type of debris is used in this study. It is expected that debris types with less draft like boards, hydro 
poles, beams, or logs more likely pass the barrier. However, 20 ft shipping containers are utilized frequently in previous 
studies due to their simple geometry and widespread existence in tsunami-prone areas world-wide (Cheng Chen et al. 
2020; Derschum et al. 2017; Häfen et al. 2021; Khan et al. 2000; Nouri et al. 2010; Shafiei et al. 2016; Yao et al. 2014; 
Nistor et al. 2017a). Hence, their usage in this study allows for a high level of comparability with respect to previous 
studies. Secondly, considering multiple types of debris is beyond the scope of this preliminary study, since a much larger 
experimental program would be necessary to quantify statistical variations. 

As this is a preliminary study, the number of tests for each case was limited to three. This is however within the range 
of many studies about tsunami debris transport. Repetitions in studies presented in section 1.2 vary from one to six, some 
of them conducted three tests per case as well (Goseberg et al. 2016a; Goseberg et al. 2016b; Nistor et al. 2017b; Khan et 
al. 2000; Stolle et al. 2017a; Stolle et al. 2017b; Nouri et al. 2010). Nevertheless, other studies carry out more tests (ten 
in Yao et al. 2014, ten to thirty in Derschum et al. 2017).  

5 Conclusion 
This study presents experiments on the interaction between tsunami debris and a SLMB. The onshore propagation of 

a broken tsunami wave is simulated by dam-break waves run-up on a sloped beach model. Debris models representing 
20 ft shipping containers are used. Wave gauge and image data is analyzed. The following conclusions can be drawn from 
this study: 

• Surge propagation velocities upstream the SLMB decrease with increasing debris amount. No effect of debris on 
maximum flow depths upstream the barrier is identified. Based on these conclusions, impairment of barrier 
functionality by debris-induced wave parameter alterations is not expected for the type and amount of debris 
used. 

• Transient flow conditions lead to a dynamic barrier-debris-interaction. Rapidly changing positions of debris 
decrease the potentiality for the formation of a debris dam upstream the SLMB. 

• Barrier presence leads to the obstruction of more than half of the debris. Observations suggest that debris 
properties like draft could affect the obstruction performance. Probability of debris overtopping increases for 
larger reservoir impoundment depth. 

Future research should address statistical validation of the results obtained in this study, as well as application of varying 
debris characteristics and higher debris loadings.  
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Notation 
Name Symbol Unit 

Surge propagation velocity 𝑐 m/s 
Debris amount 𝐷 − 

Gravitational acceleration 𝑔 m/s2 

Flow depth ℎ m 

Maximum flow depth ℎ𝑚𝑎𝑥  m 

Impoundment depth ℎ0 m 

Time after dam-break 𝑡 s 
Time after surge arrival 𝑡𝑎𝑟𝑟 s 
Gate opening time 𝑡𝑜𝑝 s 
Distance to dam-break gate 𝑥 m 

Maximum surface elevation (maximum flow depth plus beach model height) 𝜂𝑚𝑎𝑥 m 
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