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This paper describes the evolution through three generations of pneumatic Tsunami
Simulators for physical model tests of realistic tsunami. The pneumatic method,
originally developed for tidal modeling in the Fifties, has been modernized to
generate extraordinarily long waves in a controlled manner, with accurate
reproduction of recorded free-surface tsunami field data. The paper describes how
the simulator designs were developed and how they performed in the laboratory.
Example results are presented from selected research studies that have validated their
performance and then used to quantify tsunami effects. Having described each of the
first, second, and third generation Tsunami Simulators, the paper discusses how to
calibrate the wave generation control to model tsunami with model periods 20–240 s
duration (equivalent to 2–20 min duration in prototype at 1:50 scale), many of which are
far too long to “fit into the test flume.” The evolution of a composite approach to wave
calibration is described with examples from second and third generation devices,
demonstrated by successful simulation of both the 2004 Boxing Day, and the 2011
Great Eastern Japan (Tohoku) Tsunami at 1:50 scale.
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INTRODUCTION

Accurate modeling of tsunami propagation and interaction with coastlines is vital to develop
informed tsunami defense, public advice and warning systems, and to manage disaster relief.
Tsunamis are generated by an earthquake, a landslide (above or below the ocean), a volcanic
eruption, or a major debris slide, any of which caused a rapid displacement of a large body of water,
generating a long gravity wave. Tsunami are parameterized according to period (T), wavelength (L),
wave height (H) and the components of the wave height positive and negative amplitude (a+ and a−).

Tsunami waves reach the coastline in a variety of different shapes due to the long distance
propagation, complex bottom and coastal bathymetry and their initial shape (Sriram et al., 2019).
Tsunami reaching the shore may be broadly classified in the following three categories (e.g. Shuto,
1985):

• Non-breaking waves that act as a rapidly rising tide, often observed during small and moderate
tsunami events;

• Breaking bore or hydraulic jump, observed as a result of wave breaking during large tsunami
events;
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• Undular bore, sometimes observed after long distance
propagation (in terms of wavelength) caused by the
disintegration of the tsunami into a series of solitons.

It is therefore vital for researchers to understand which type of
tsunami they are representing within their experiments. The few
field measurements of tsunami free-surface elevation that have
been recorded in recent years, (e.g. the trace recorded by the yacht
“Mercator” of the 2004 Indian Ocean Tsunami at a water depth of
14 m) show that the solitary and N-wave approximations are
poor representations of real tsunami signals. This is demonstrated
clearly in (Figure 2 of Schimmels et al., 2016) where they compare
the trace recorded by the yacht “Mercator” and one from the 2011
East Coast tsunami with a solitary wave.

A unique advantage of the pneumatic tsunami generation
method for physical modeling described here is that it enables the
displacement of very large volumes of water in a controlled
manner. This method makes it possible to generate waves of
very long wavelength and, crucially, has been shown to accurately
reproduce free surface profiles from recorded tsunami field data.
This paper aims to draw together the lessons learnt from over ten
years of research, designing, constructing and testing world-
leading pneumatic Tsunami Simulators for scaled laboratory
modeling.

This paper documents the development of a laboratory
modeling technique that can reproduce at appropriate scales,
subduction zone tsunami, for example, those measured in the
2004 Indian Ocean and 2011 Japan East Coast tsunami. This
paper will concentrate on the pneumatic tsunami generation
method, describing how designs were developed, how they
work, and presenting research results validating their
performance to quantify tsunami effects.

PREVIOUS WORK TO GENERATE
TSUNAMI IN LABORATORIES

Testing of tsunami in hydraulics laboratories has been relatively
rare, so advances in tsunami generation at laboratory scale are
similarly few. Previous tsunami simulation approaches can be
grouped under four main headings:

• those that generate waves by reproducing the physical
triggering mechanism of a tsunami, landslide or motion
of the seabed;

• simulating a part of a tsunami wave trace, primarily by dam-
break or similar;

• generating a much shorter wave such as a soliton;
• simulating a full time series using some form of Tsunami
Simulator.

Reproduction of the Prototype Tsunami
Trigger
In the past, reproducing the physical triggering of tsunami was
considered the most appropriate approach to simulating

tsunami-like waves. In the early 1970s at California Institute
of Technology where (Hammack. 1972; 1Hammack, 1973) used a
moving section (0.3 m or 0.6 m) of a test flume floor, raised or
lowered suddenly by a hydraulic ram to reproduce sub-sea bed
motion. Potentially a good way to simulate effects of sub-seabed
movement, this approach was only ever used in relatively shallow
depths, and had not been repeated until a series of recent micro-
experiments at Dundee, see (Lu et al., 2017a; 2Lu et al., 2017b).

Thunsyanthan andMadabhushi, (2008) attempted to generate
a scaled tsunami by dropping a 100 kg rectangular block vertically
into the deeper end of an ultra-short (4.5 m) flume in an attempt
to recreate a sudden sea-bed motion in reverse. The waves
generated were however, equivalent to H � 2.5 m, T � 7.5 s at
1:25 scale, which is far too short a period to bear any significant
similarity with realistic tsunami waves.

Practically all studies on landslide-triggered tsunami involve
the tsunami waves being generated using a physically realistic (if
simplified) landslide to displace the water in a flume/basin. A
useful review (of work mainly in the United States) is given by
Enet and Grilli, (2007). Wiegel, (1955) studied landslide-
generated waves in a flume using a wedge-shaped box sliding
down a plane. This “moving block” method is still the most
common way of modeling landslide-triggered waves, often with
sand or gravel filled boxes sliding down a slope under gravity.
Buoyant wedge paddles driven/controlled by electric or hydraulic
rams have been used to generate solitary waves in the Tsunami
Basin under the United States Network for Earthquake
Engineering Simulation (NEES) program, Yim et al. (2004),
McFall and Fritz, 2016. Each sliding wedge piston (29 no.) is
driven by electric motors to give wave periods of 0.5–10 s
(model), and maximum wave heights of 0.8 m in up to 1 m
depth. Landslide-triggered tsunami have also beenmodeled at the
University of Rhode Island using a Gaussian shaped underwater
shape sliding down a 15° slope, and similar experiments were
conducted in a wave basin at Bari by Di Risio et al. (2009). A
pneumatically controlled landslide generator was developed at
the Swiss Federal Institute of Technology in Zurich, Switzerland,
and was used to generate a high-speed granular slide at 1:675 of
Lituya Bay, (Fritz et al., 2001).

A major drawback of all these approaches is that they only
allow the study of tsunami or tsunami impact for near source
events.

Wave Paddles
The most common and robust attempt to reproduce subduction
zone tsunami waves in the laboratory has previously been a piston
paddle. This has been used in various laboratories, particularly in
the large Hydro-Geo Flume at Port and Air Research Institute
(PARI) described by Shimosako et al. (2002), and in the Large
Wave Flume (Großer Wellenkanal, GWK) described by
Schimmels et al. (2016). The PARI flume used a piston paddle
producing up to significant wave height, Hs � 1.4 m at T � 5.5 s,
but it is understood that the capacity may have been increased in
recent years. The GWK uses a piston type wave maker with a 4 m
stroke. In its usual mode, it can generate wave heights of up to 2 m
at typical periods between 3 s and 8 s in water depths between 4
and 5 m. The tsunami tests described by Schimmels et al. (2016)
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however, used a water depth reduced to 1 m to generate waves of
periods up to 100 s, corresponding to typical tsunami durations of
1,000 s at 1:100 scale. The maximum achievable wave heights
were about 6 cm, corresponding to 6 m at that scale.

Dam-Breaks
Several researchers have used a dam-break approach to
generating tsunami bore-fronts, see particularly Nouri et al.
(2010), Al-Faesly et al. (2012), Kihara et al. (2015). This
method is effective in generating a violent bore-front, but few
comparisons have been made with the full length of recorded
tsunami profiles. This may limit the application of this method to
the investigation of the initial tsunami impact loads only.

A pump-driven flow generator has been developed at
Franzius-Institute at the University of Hannover, using a set
of pumps to control depths and incoming/outgoing currents.
Generation of different kinds of waves are claimed by
Goseberg et al. (2013), Bremm et al. (2015), Drähne et al.
(2016), including single cycle sinusoidal waves, solitary waves
and N-waves. They present results from wave periods
20 s–100 s, with wave heights from 20 to 40 mm. Within the
limitations of the system, a pumped system gives a robust way
to add water volume to the test section, although installing new
pump capacity in any existing facility to give the volumes and
peak flows required by realistic tsunami may be extremely
expensive.

Pneumatic Tanks
A 3-part tsunami generator 45 m × 4 m, has been developed at
Kyoto University’s Ujikawa Open Laboratory of the Disaster
Prevention Research Institute (http://www.kyoto-u.ac.jp/
cutting-edge/project/page04.html) with results reported by
Hiraishi et al. (2015) and Tomiczek et al. (2016a, 2016b). The
generator combines a piston-based wave maker with a moderate
(2.5 m) stroke, a current generator, and an overhead water tank,
to allow flexibility in the profile of the waves generated. The
current generator, in particular, is needed to produce the long
period tsunami flows that follow initial bore-type waves. The
water tank, meanwhile, can reproduce other effects of tsunami
subduction zone movements, including those driven by two
linked sources.

A tsunami generator was created at the Laboratory of
Hydraulic Constructions (LCH) at Ecole Polytechnique
Federale de Lausanne (EPFL) in Switzerland that uses a
vertical release technique to generate surges and long waves,
Wüthrich et al. (2018). An upper reservoir was connected to a
lower reservoir, through three submerged pipes. When the
generation system was activated, a difference in the head
between the upper and lower reservoir was established,
resulting in a gravitational flow through the pipes. Since the
lower basin was completely filled with water, the incoming
discharge resulted in an upward flow at the channel inlet, and
subsequently, a free-surface wave formed and propagated
downstream in the flume.

Early examples of pneumatic tsunami generators include
(Togashi, 1986) and Palmer and Funasaki. (1967). These
facilities had a very similar generation technique to the facility

described within this paper, but with considerably smaller
Froude-scaling.

FIRST GENERATION OF PNEUMATIC
TSUNAMI SIMULATOR

Introduction
The first generation of pneumatic Tsunami Simulator was
conceived by HR Wallingford following the Indian Ocean
tsunami in 2004. At the time, the most popular method for
generating tsunami within laboratories was the paddle method,
based on methods used in laboratories across the world to
generate (shorter) wind waves. By increasing the stroke length
of a typical paddle wind wave generator, the period of the waves
could be increased so much that they might match the
extraordinarily long wavelengths of tsunami.

Unfortunately, in 2004, there was a practical limit to stroke
length that most laboratories could accommodate, and many
researchers had tried and failed to use this method to reproduce
full duration, and particularly trough-led, tsunami at that time.

In creating the pneumatic Tsunami Simulator, the HR
Wallingford team intended to extend the technology of tide
generation to produce an alternative tsunami generation
method avoiding mechanical stroke length limitations. Rather
than generating a very long wind wave, they hoped to use
advancements in vacuum pump and control technologies to
produce a very short tide.

The precursor of HR Wallingford (Hydraulics Research
Station, HRS) developed the tide generation method over fifty
years previously, Wilkie and Young (1952). In the 3 decades after
its development, this method was used extensively in physical
modeling at HR Wallingford, most notably within the large area
model for the Third London Airport (HRS, 1974) producing a
12.5 h tide in 7.5 min. Eventually though, this method was made
redundant by the advancement of large area numerical tidal
models.

The 2004 Indian Ocean tsunami had a duration of
approximately 20 min. At a scale of 1:50, this would require a
laboratory-scale wave of just under 3 min period. If the tide
generation technology of the Fifties was to be repurposed to
create a tsunami wave, it would require a 3x increase of speed of
that system. In discussion with the UCL researchers, the
Wallingford team agreed that this was a reasonable ambition,
and set to designing the first generation pneumatic Tsunami
Simulator (TS).

Concept Design
The methods described by Wilkie and Young (1952) were the
initial starting point for the concept design. A vacuum pump is
used to draw air out continuously of a steel box or tank. An outlet
underwater into the flume allows water to move into or out of the
tank. An air valve on the top of the tank is then used to regulate
the pressure inside the tank, raising and lowering the water level
inside (Tank Water Level, TWL). In the new systems, control of
this air valve, via computer software, allows the wave form
generated to be closely controlled.
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The wave from the TS is created by changing the relative
vacuum inside the TS and hence the TWL. Raising the TWL
creates a depression in the free-surface in the flume, creating a
wave trough. Lowering the TWL increases the flume water level
creating a wave crest. The control system involved changing the
angle of the computer-controlled inlet air valve. This process is
summarized in Figure 1.

Detailed Design and Construction
The first generation Tsunami Simulator at Wallingford was
constructed in spring 2008, funded by EPSRC through the
EPICentre grant (No. EP/F012179/1). This Tsunami Simulator
was designed to fit in either of HR Wallingford’s Flumes one or
two in the Froude Modeling Hall. These flumes are each 45 m
long and 1.2 m wide. Approach bathymetry and shoreline within
the flume were formed in cement mortar on top of compacted fill.
For the EPICentre experiments (Charvet, 2011), they were shaped
to represent a 1:20 coastal slope followed by a horizontal “inland”
inundation area (3.3 m long). The toe of the 1:20 slope was
situated 15.2 m from the outlet of the TS.

The design of the first generation TS (Allsop et al., 2008;
Robinson, 2009) was conducted with the aim of creating a TS tank
with sufficient strength to resist the developed pressures, but also
to allow rapid deployment, removal and storage. A modular
system of steel panels was chosen which created a 4.8 ml x
1.8 mH × 1.15 mW tank (length x height x width). Internal
bracing was included to avoid distortion under the pressure
difference between inside and outside the TS. Internal baffles
were also included to reduce longitudinal sloshing within the TS

tank, perhaps exacerbated by the single offset air inlet and outlet.
The front panel of the first generation TS was adjustable to create
different outlet heights. A plastic cylinder (115 mm diameter) was
placed over the bottom edge of the panel to reduce turbulence
created by the sharp steel edge during peak flows.

The first generation TS tank was connected to a two-stage
side-channel vacuum pump (7.5 kW Zepher™) RT-84086, and
two 4 inch butterfly valves. The first valve acted as a safety valve,
that was to be opened in cases of emergency to avoid the pump
being flooded. The second valve was connected to a computer via
a servo-motor operated by an open-loop control system,
calibrated to produce the required wave profiles. The size of
the valves and pump were chosen by recreating air-flow
calculations by Wilkie and Young (1952). The published valve
and pump performance characteristics were combined with the
flume and tank dimensions to estimate pressures, water levels and
flow-rates into the tank. These calculations were repeated for
different configurations for optimum use of the available space.

The TS (of any generation) can theoretically be controlled by
either a closed or open-loop system (Rossetto et al., 2011). With
open-loop control, the user prescribes a control valve position
time series during wave generation. This gives greater certainty of
the wave generated, but requires calibration for each desired wave
profile. A closed-loop control system uses a Proportional Integral
Derivative (PID) feedback loop to update the valve position based
on the difference between a measured and target variable, such as
the water level inside the TS tank, Tank Water Level (TWL). The
choice of the input variable is critical to the success of the
feedback system (Goseberg et al., 2013). A perfect closed-loop

FIGURE 1 | Schematic diagram of pneumatic Tsunami Simulator wave generation. From top left to bottom right: pump on and control valve open; pump on and
control valve closed creating wave trough; pump on and control valve open creating wave crest; wave propagating along flume.
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system does not require individual wave calibrations because the
system should produce the desired wave first time. An open-loop
system requires an iterative calibration process in order to
simulate the desired waveform. The first generation TS used
an open-loop control based on the LabVIEW software. Some
initial investigations into closed-loop control were conducted, but
the use of “water level only” control produced some “undesired
wave behavior in the flume” (Rossetto et al., 2011).

Testing
Initial testing of the first generation Tsunami Simulation was
performed during the EPICentre project. It was split into two
main stages: wave run-up tests; and measuring forces on a single
building. The first stage included identifying the range of waves
that could be simulated and their repeatability (Figure 2). Sine,
solitary (elevated) and trough-led N-waves were generated,
ranging in period from 5 to 18 s (model), with positive
amplitudes up to 0.1 m. The ability to simulate stable trough-
led waves is a unique ability of the pneumatic generation system.
An attempt was made to calibrate the Mercator wave trace from
the 2004 Boxing Day Tsunami at 1:50 scale (see Rossetto et al.,
2011). The trough and the front face of the crest were well
reproduced, however, the wave tail was not reproduced quite
as well.

The first research conducted with the TS investigated the run-
up of various elevated and N-waves. This work is described in
Charvet. (2011), and Charvet et al. (2013), and resulted in a new
predictive equation for wave run-up, perhaps now superseded by
McGovern et al (2018).

The second stage of the EPICentre project measured the forces
acting on a single idealized office or hotel building and are
reported in Lloyd. (2016). Lloyd focused on measuring total
body force and pressures acting on a square (plan) building at
different orientations to the incoming tsunami wave. A range of

solitary (elevated) and N-waves were used, with the body force
measured using a 3-axis load-cell and arrays of pressure
transducers used to measure pressures on the different faces.

Comments on the first Generation Tsunami
Simulator
The work done on the TS under the EPICentre project
demonstrated the capability of the pneumatic Tsunami
Simulator technique, but also highlighted areas for
improvement. These included the flume length (too short), the
height of the TS tank (should be increased to allow greater volume
and head of water to be used) and turbulence created at the outlet
during wave generation, particularly crest generation. The
introduction of an active wave absorption system and closed-
loop control were also desirable.

Follow-Up Numerical Study and Design
Improvements
Despite success with the generation of the 2004 Mercator time
series at 1:50 scale using the first generation Tsunami Simulator,
particular wave shapes/heights showed significant distortion. As
part of HYDRALAB IV, a 2-dimensional (2D) numerical model
of the Tsunami Simulator was created to:

• Identify factors and/or processes that reduced efficiency,
perhaps sloshing within the tank, eddies from the outlet, or
other phenomena;

• Identify inherent generation limits; and hence
• Investigate ways of increasing the generation window.

The (2D) numerical model was created using the
OpenFOAM® computational fluid dynamics (CFD) platform

FIGURE 2 |Repeatability of elevated and N-waves with the first generation TS (Rossetto et al., 2011), the profiles obtained from three tests for each of nine different
solitary wave heights (A) and (B) the profiles obtained for three tests for four different N-waves. Different line styles represent different repeat tests (solid, opaque and
dashed).
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(see Weller et al., 1998). The size and shape of the domain were
created to match that of the first generation Tsunami Simulator,
4.8 m long and 1.8 m high. The model used the interFoam solver
and replicated the tank control system using a time dependent
pressure boundary condition at the tank roof. Further model
details are described by Allsop et al (2014).

Initial testing confirmed that the CFD model could reproduce
the idealized tsunami waves generated in the lab showing suitable
agreement with the recorded wave gauge data. The OpenFOAM
model was therefore used to investigate the limits of the Tsunami
Simulator, in particular identifying the maximum height for
generated waves, and the maximum steepness of wave that the
tank could generate.

The numerical model simulations showed that an increase in
the height of the target signal did not necessarily leads to an
equivalent increase in wave height. As the steepness of the wave
increased, the wave was seen to separate into a series of sharp
peaks. This suggested that throttling at the outlet was imposing a
limit to the outflow rate, and thus to the rate of rise of the
tsunami wave.

The numerical model demonstrated that the outlet of the first
tank led to substantial reverse-flow eddies at peak flow
conditions. Incremental improvements to the flow-shaper in
the numerical model created a smooth contraction of the flow
through the outlet and a controlled expansion downstream. A
further project (under HYDRALAB IV) supported validation of

the numerical model by direct comparison between physical and
numerical tests using pressures measured at the top of the TS tank
as input to the numerical model. The tank was raised, and the
flow-shaper was installed (Figure 3). The Mercator time series
was generated at an undistorted Froude scale of 1:50 (Figure 4)
and the improved performance characteristics were reported by
Allsop. (2014).

SECOND GENERATION OF PNEUMATIC
TSUNAMI SIMULATOR

Introduction
The second generation Tsunami Simulator was constructed in a
flume ∼100 m long. This different flume had the added benefit of
greater width, 1.8 m, so more 3-dimensional experiments could
be run with flows through breaches in seawalls, or around groups
of buildings. The construction of the second generation Tsunami
Simulator within this especially long flume looked to limit (some
of) the effects of wave reflection. Local limitations forced the
Tsunami Simulator tank to be shorter, and coupled with the
desire to increase the rate of rise, the new tank was made taller at
3.5 m vs 1.8 m. This had the significant advantage of increasing
the maximum outlet flows, so (potentially) steepening the rising
part of the tsunami time trace. Results from the second generation
device in the 100 m long flume were presented by Chandler et al
(2016) and McGovern et al (2016). Interestingly, these
experiments provided insight into the ’flume length vs wave
length’ problem, and suggested ways by which the effects of
reflections might be reduced. The research performed during this
stage of research was funded by the European Research Council
(ERC) URBANWAVES grant (No. 336084).

Design and Construction
The CFD model developed to design the flow shaper for the first
generation TS was used extensively in the design of the second
generation TS. The effect of changing tank height and length were
investigated as well as the influence of the outlet height and the
still water level (SWL) in the flume at the start of wave generation.
The numerical model was also used to estimate the potential
performance of the second generation TS. One of the findings
from the numerical modeling was that for a TS tank less than

FIGURE 3 | Illustration of final design of the new outlet flow shaper (blue line)
superimposed on velocity field (gray to red scale where red is high velocity and
turbulence) from a numerical model of the original outlet (white circle) during crest
generation (flow out of the first generation TS into the flume, left to right).

FIGURE 4 | Mercator time series at 1:50 scale with measurements in improved first generation Tsunami Simulator.
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4.5 m long, there was no discernible sloshing within the tank
during wave generation, even without the presence of baffles. For
tanks longer than 4.5 m a longitudinal slosh could develop if
baffles were not used. This gave a desirable length of TS of
4.0–4.5 m. The width of the TS is governed by the width of the
flume into which it is placed. The height of the TS is governed by
the available head room above the flume and the maximum head
difference achievable with the vacuum pumps used. Greater head
differences (partial vacuum pressures) start to require more
complex and more expensive pumps.

For the second generation TS, a tank length of 4.0 m was
chosen as this did not need internal baffles, simplifying design
and fabrication. The headroom above the flume dictated a
maximum tank height of 3.5 m. The second generation TS was
designed to be deployed in HR Wallingford’s Flume 3, which is
1.8 mwide, 100 m long and 1.8 m deep, which in turn dictated the
maximum width of the second generation TS at 1.8 m. Due to
access constraints to Flume 3, the second generation TS required
a different construction method to the first generation, which had
been constructed outside the flume and lifted into position. The
second generation TS was constructed in-situ from long narrow
channel section panels. Each panel was 0.465 m wide and varied
in length depending in its intended location (side panels were
3.5 m long; front, back and top panels were 1.5 m long). All steel
design was accorded with Eurocode 3 (BS EN, 1993). The TS does
not come under the Pressure Equipment Directive (Directive, 97/
23/EC) as the vacuum inside it insufficient, but these regulations
were still consulted during the design phase for best practice
information.

Numerical modeling had demonstrated that the outlet height did
not influence the wave generated unless it was too close to the SWL
in the flume, and might therefore allow air into the outlet during
trough generation. An outlet height of 0.4 m was chosen as this
allowed the greatest range of flume depths (SWL’s) to be used. The
design of the front panels allowed the outlet height to be changed in
fixed increments by removing panels and moving the lowest panel
up. The same design of outlet flow shaper developed for the first
generation TS (see Figure 3) was used on the second generation TS.
Each of the eight top panels were pre-cut with an 8 inch (0.203 m)
diameter hole, which allowed instrumentation, vacuum hoses and
control valves to be fitted. Un-used holes were later blanked off. A 5
inch (0.127 m) internal diameter 45° butterfly valve was used for the
second Generation TS in combination with the ZepherUK RT-84086
vacuum pump from the first generation TS coupled with a new RT-
95330 vacuum pump (Zepher, 2016).

The control system for the second generation TS used a
Beckhoff EtherCAT based system, governed by a
programmable logic controller, PLC, and a. NET application.
The PLC does most of the work, and is where the main
functionality was set. The. NET application was effectively
used as a graphical interface for users to communicate with
the PLC on the controller. The control software allowed the
vacuum pumps to be switched on and off remotely and to control
the angle of the air valve in two different ways. The first, and
simplest method of controlling the valve was by setting a desired
angle and a speed (°/s) at which the valve should move to reach
this position from its current one. This was used to set the initial

water level inside the TS (Tank Water Level, TWL) and during
the commissioning stage to explore the response of the TS system.
The second method of controlling the valve position was through
a valve time series, given to the control application in a two
column. csv file. Various safety protocols were implemented
through the PLC, including a safe switch off procedure when
an emergency stop button was pressed and procedures to prevent
water from being drawn up into the vacuum pumps.

HR Wallingford’s Flume 3 has a hinged flap wave paddle
mounted at the upstream end of the flume and this could not be
removed for the deployment of the TS. The TS, therefore, sat
downstream of that wave paddle, ∼2.0 m from the end wall of the
flume, reducing slightly the available 100 m flume length. The
experimental setup of the second generation TS for the initial
URBANWAVES experiments is shown in Figure 5. Twin wire
resistance wave gauges were placed at various distances from the
front of the TS on the constant depth region of the flume and
along the 1:20 bathymetry slope. Wave gauges were typically
sampled at 100 Hz throughout testing.

Testing
A series of wave calibrations were performed and presented in
(Chandler et al., 2016). This included elevated (crest only) and
trough-led N-type waves. The calibrated elevated waves and
N-waves are summarized in Table 1 and Figure 6. The
calibration process was iterative, based on a degree of trial-and-error.

For shorter period waves, the propagation of the waves could
be tracked along the flume. The propagation of a 20 s elevated
wave is shown in Figure 7. The wave was unchanged as it
propagated over the area of constant depth (“offshore”
region), and then shoaled when it reached the 1:20 slope
(WG_05 and 06). The reflection from a vertical wall present at
the top of the 1:20 slope during this test can be seen in the second
half ofWG_06 traveling back along the flume toWG_05, arriving
at approximately 45 s. The wave fissions as it propagates against
the continued arrival of the incident wave.

For longer period waves (T > 45 s) the generation is not
complete before the reflections from the bathymetry (and any
structures present) reach the TS. Through the calibration process
in Flume 3, these reflections are accounted for by altering the
valve motion, creating a manual, pre-defined absorption system.
Due to the geometry and generation method employed by the TS,
a significant amount of “self-correction” occurred during wave
generation. Both “absorption” methods worked best for long
period waves due to the inherent response time of the TS. The
combination of these methods allowed the generation of waves
significantly longer than the experimental facility, discussed at
some length by McGovern et al (2018).

The presence of a 22 s period resonance within the wave flume
can be seen on the longer wave periods (Figure 6). The amplitude of
this resonance was 2mm and did not influence the generated wave
or the tests conducted. There was however, still a desire to remove
this resonance from the long waves generated. This led to an
exploratory study of active absorption on the third generation TS
described in Third Generation of Pneumatic Tsunami Simulator.

There is further discussion on the validity of the waves
generated by the second generation TS in McGovern et al.
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(2018), focusing particularly on the generation of waves that are
much longer that the wave flume. The 240 s N-wave has a
calculated wave length of ≈750 m, more than 10 times the
distance between the TS and the bathymetry.

Discussion on Tsunami Wave Calibration
Tests
The key finding that came from the calibration process was the
importance of the choice of calibration point when dealing with
such long waves. When using a single point to define a single
wave, the position of that point relative to any reflective surfaces,
such as the 1:20 slope or any tested seawall, becomes important
and can significantly influence the apparent wave form and
amplitude (Chandler et al., 2016). This finding is also
important when looking at tsunami wave forms measured in
prototype, such as the Mercator trace, as this may not itself be a
“clean” signal of the incident tsunami wave alone as it has
probably been influenced by reflections from the coastline,
especially the later part of the signal.

THIRD GENERATION OF PNEUMATIC
TSUNAMI SIMULATOR

Introduction
The third generation of pneumatic Tsunami Simulator took
advantage of the availability of HR Wallingford’s new Fast

Flow Facility (FFF) (Whitehouse et al., 2014). The FFF was
much wider (4 m) than the flumes for generations 1 and 2.
This created an opportunity to investigate three-dimensional
effects onshore, but the wider tank required much greater air
flow rates for operation than for the second generation TS. The
generally good experience in running the two (dissimilar) pumps
for the second generation device suggested that it would be simple
to again mount two vacuum pumps in parallel, hence an
additional RT-95330 was purchased to increase the peak flow
rate. Experience of the second generation device was used to
improve the control and generation of the tsunami length waves.
This stage of development was funded by the ERC
URBANWAVES project.

Despite using a rather different facility, design of the third
generation TS was built on the developments of the previous two
generations. The design of the third generation TS tank followed a
similar strategy to the second generation, with multiple small
bolted sections, rather than the larger panels with welded bracing
used in the first generation. The tank design again obeyed
Eurocode 3 (BS EN, 1993), and used lessons from the second
generation to increase panel stiffness by greater reverse folding at
the edges, and by reducing the number of bolts required by
changing panel cross sections.

Design and Construction
The third generation TS tank was 3.96 m wide, 4.0 m tall and
4.45 m long. It was positioned on a 1:10 approach slope within the
Fast Flow Facility, just in front of the existing wave maker

FIGURE 5 | Schematic of the second generation TS for URBANWAVES phase 1 testing, bathymetry in red on the left with the flume window in green and the
second generation TS in blue on the right.

TABLE 1 | Calibrated crest only (elevated) waves and N-waves using second generation TS.

Name Period, T (s) Crest amplitude,
Ac (m)

Trough amplitude,
At (m)

Calculated wave length, L
(m)

Elevated_T � 160 s 160 0.056 – 500
Elevated_T � 80 s 80 0.066 – 250
Elevated_T � 45 s 45 0.085 – 140
Elevated_T � 20 s 20 0.089 – 63
Nwave_T � 240 s 240 0.036 −0.041 750
Nwave_T � 200 s 200 0.040 −0.043 630
Nwave_T � 166 s 166 0.041 −0.041 520
Nwave_T � 111 s 111 0.053 −0.045 350
Nwave_T � 80 s 80 0.044 −0.039 250
Nwave_T � 80 s_max 80 0.075 −0.065 250
Nwave_T � 70 s_max 70 0.075 −0.067 220
Nwave_T � 40 s 40 0.033 −0.054 125
Nwave_T � 20 s 20 0.053 −0.049 63

Note: Wave length calculated using the shallow water approximation.
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FIGURE 6 | Calibrated crest only (elevated) waves (A) and N-waves (B) using the second generation TS, measured at the toe of the bathymetry.

FIGURE 7 | T � 20 s elevated wave propagating along the flume, WG_01 to 04 in a constant depth (7.0, 12.0, 17.0 and 22.0 m from TS respectively, h � 1.0 m),
WG_05 at the toe of the 1:20 slope (65.6 m from TS, h � 1.0 m) and WG_06 on the 1:20 slope (75.6 m from TS, h � 0.5 m).
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(bottom hinge type, Figure 8). A tapered base panel created a
horizontal platform from which the rest of the TS was
constructed. The OpenFOAM CFD model was used to assess
the impact of placing the TS on the approach slope and whether a
horizontal false floor was needed inside the TS. The CFD model
showed that there was no discernible difference between waves
generated with a sloping floor in the TS and a horizontal floor.
The third generation TS used two ZepherUK RT-95330 vacuum
pumps and a 7 inch (0.178 m) internal diameter 45° butterfly
valve, operated by the same Beckhoff AS1050 stepper motor used
in the second generation TS (Design and Construction). The third
generation TS was instrumented with a 3.5 m Temposonics
magnetostrictive float gauge inside the tank, a negative

(vacuum) pressure transducer in the top of the tank
measuring air pressure (0 to −500 mbar), and a pressure
transducer (0–0.5 bar) 0.65 m mounted at the flume floor in
the center of the back panel of the TS.

The bathymetry installed in the FFF consisted of a 1:20 slope,
starting 27.6 m from the front of the TS (Figure 8). The slope rose
to a height of 1.0 m above the flume floor, after which a 4.0 m
horizontal area allowed building arrays, coastal defenses (at the
seaward edge) and other structures to be placed and tested. The
central 3.0 m section of the horizontal area could be removed to
allow a mobile bed to be placed for scour experiments. Over-wash
from the wave generation flowed over the back of the bathymetry
and into the secondary (back) part of the “race-track” flume. Only

FIGURE 8 | Setup of the third generation TS for URBANWAVES phase 2 testing, from left to right: flume bottom hinge wave paddle (gray), third generation TS (blue
with flow shaper in magenta), bathymetry (green), flume windows (blue) and flume gate (gray hatch).

FIGURE9 |Comparison of time co-incident values for (A) valve angle and tankwater level, (B) valve angle and pressure at the base of the TS and (C) pressure at the
base of the TS and free-surface elevation at WG_01 (0.25 m from TS) for second generation TS.
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for the largest waves does enough volume of water enter this
secondary loop to create back-wash over the horizontal section
back into the main part of the flume. Twin wire resistance wave
gauges were placed along the flume in the constant depth region
and on the 1:20 bathymetry slope.

The control system for the third generation TS was also
upgraded from the second generation. The main advance was
the implementation of closed-loop control using a proportional-
integral-derivative (PID) feedback loop, instead of the open-loop
control of the second generation TS. This is similar to the work by
Goseberg et al. (2013) for their pumped Tsunami Simulator who
used a “real” PID control system to control their water pumps,
based on pressures measured in the flume. Goseberg et al. (2013)
found that the pressure sensor needed to be placed close to the
pumps, otherwise a long delay time was introduced into the
system which caused unstable oscillatory behavior. They also
found that the p, I and D variables needed to be tuned for each
wave generated using trial-and-error. A moving average filter was
applied to the pressure signal to reduce the influence of residual
oscillations.

Experience with the second generation TS (Chandler et al.,
2016) suggested that pressures from the transducer at the base of
the TS would be a good parameter on which to base the PID
feedback. This tank pressure showed a good correlation with both
the free-surface elevation (FSE) in the flume and with the valve
motion (Figure 9). Initial thoughts were to use either the TWL or
one of the wave gauges in the flume. There is no strong
correlation between the TWL and the FSE in the flume, so
this was not a good parameter to use. A wave gauge in the
flume would be ideal because it is directly measuring the
parameter that we want to control (FSE), however, there is a
time delay in the signal measured by any of the wave gauges and
TS. This would lead to the problems described by Goseberg et al.
(2013) when moving their pressure transducer away from the
water pumps.

During the commissioning phase of the third generation TS, a
set of PID values was established that allowed the system to
respond quickly enough to generate the desired wave form, but
not to become unstable. System responses were different when

FIGURE 10 | Comparison of the three calibration runs (PID control with seawall, PID control without seawall and open-loop (valve time series, vts) control) of N200
wave for (A) valve angle, (B) pressure at base of TS, (C) tank water level (TWL), (D) free-surface elevation (FSE) for WG_01 (0.25 m from TS, h � 1.0 m), e) FSE forWG_06
(toe of the bathymetry, 27.47 m from TS, h � 1.0 m) and f) FSE for WG_09 (closest to shore, 42.47 m from TS, h � 0.25 m).
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the air valve closes or opens, so different PID values were
prescribed depending on the valve motion.

Testing
Wave calibrations occurred in three stages:

• The first stage used the closed-loop PID control to generate
the full suite of waves, with no trial-and-error to match the
desired FSE. This matched the set-up used in the calibration
of the second Generation TS.

• The second stage repeated this process, but without a
seawall at the top of the 1:20 slope, so with lower reflections,

• The third phase of the calibration procedure required
manual modification of each PID derived valve time
series, where necessary, to achieve the desired free-
surface elevation within the flume.

During the first stage, the closed PID control system converted the
desired FSE into a pressure time series desired at the TS, which was
then supplied to the control software. The PID system then determined
the valve motion required to match the desired pressure. The results
from this first phase of calibration were mixed. Excellent agreement
was achieved between target and desired pressure time series, but this
did not always result in the desired free-surface elevation at the
calibration gauge. The differences were due in part to the distance
between the calibration gauge and theTS, anddue to the inability of the
feedback system to determine the direction of thewave and consequent
inability to distinguish when a reflected component is traveling back
against the generated wave. This resulted in truncated crests at the
calibration gauge, but apparently ‘correct’ pressure signal at the TS due
to reflected earlier parts of the crest.

The removal of the seawall for the second stage of calibration did
not significantly change the findings from the first phase, suggesting

that most of the reflection originates from the 1:20 slope. In the first
phase of calibration the seawall was reached by all waves and
overtopped by the majority. A comparison of various TS
instruments and flume wave gauges for the three phases of the
calibration exercise are shown for the N200 wave in Figure 10,
where the effectiveness of the PID system at following the desired
pressure signal is clearly observable. The free-surface elevation at the
toe of the slope is significantly different, particularly the trough and
the rise up to the crest (Figure 10E) with the PID control compared
to the target and the final calibrated time series.

The third stage enabled a better determination of the valve
time series, and a much greater understanding of the system
response based on the PID wave generation results. The open-
loop control results are also shown in Figure 10. The difference in
valve motion and in free-surface elevation is clear between open
and closed-loop control. Open-loop control was used during the
third Generation TS testing because it gave greater confidence in
what was being generated by the TS and propagating down the
flume. This method is similar to that used by Bremm et al (2015).

The family of waves calibrated is presented in Table 2 and
Figure 11 for elevated waves and N-waves. The Mercator time
series from the Indian Ocean Boxing Day Tsunami in 2004 was
also recreated at 1:50 scale (Figure 12A) as was one of the traces
from the Tohoku tsunami in 2011 (Figure 12B). As with the
elevated and N-type waves, these real tsunami time series were
initially generated using the closed-loop system and then refined
using open-loop control.

DISCUSSION

The most striking difference between the second and third
generation TS is the different system response, both in terms

TABLE 2 | Calibrated crest only (elevated) waves and N-waves using third generation TS.

Name Period, T (s) Crest amplitude,
Ac (m)

Trough amplitude,
At (m)

Calculated wave length, λ
(m)

E20 24 0.055 – 63
E20_max 31 0.113 – 63
E45 54 0.065 – 141
E80 75a 0.04 – 235
E80_max 86a 0.118 – 270
E160 150a 0.047 – 470
E160_max 146a 0.115 – 457
N20 20 0.084 −0.053 63
N40 42 0.048 −0.057 131
N50 50 0.052 −0.047 155
N50_max 49 0.061 −0.060 154
N80 87 0.040 −0.038 274
N80_max 87 0.070 −0.087 272
N120 129 0.047 −0.042 406
N120_max 129 0.072 −0.089 403
N160 170 0.052 −0.050 532
N160_max 168 0.080 −0.123 527
N200 208 0.054 −0.055 652
N240 245 0.056 −0.058 769

Note: Wave length calculated using the shallow water approximation
aindicates period affected by reflections at calibration point.
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of the TS directly and with the flume in which it sits. The valve
angle, TWL and free-surface elevation at the calibration point for
and N240 waves generated with both the second and third
generation TS are shown in Figure 13. The wave form
generated by both TS’s closely resembles the target (with a
slightly lower amplitude for the smaller third generation TS).
The corresponding TWL profiles are very similar between the two
generations (Figure 13B), but the valve motion used to create this
TWL change is very different (Figure 13A). This is due to the
different valve and pump characteristics of the second and third
generation TS and the effect of the different flume lengths.

The combination of the length and height of each of the
tanks (their cross-sectional area) is where the difference in
wave amplitude seen in Figure 13C originates. A larger cross-
sectional area allows greater wave amplitudes to be generated
for a given period, i.e., more capacity to draw in water for the
trough and more water to put into a crest. The width of the TS

has much less bearing on the waves generated as the waves
span the width of the flume, as does the TS, and only comes
into consideration when selecting a vacuum pump (or pumps)
to move the required volume of air in the required time. As
long as the pumps are sufficiently capable, only the cross-
sectional area of the TS and the flume length govern the size of
the waves.

The flume length influences the generated waves through the
travel time of the wave and therefore the interaction of any
reflections that may occur with the later parts of the wave. For a
very short flume, the reflections will return to the TS almost
immediately and would then re-reflect (if not accounted for) from
the TS. These re-reflections can be incorporated into the wave
generation to enhance the amplitude of the wave. In a very long
flume, reflections would not return to the TS before the wave had
finished being generated, so would not be able to be incorporated
in the generation to enhance the wave amplitude. Further

FIGURE 11 | Calibrated crest only (elevated) waves (A) and N-waves (B) using third generation TS, measured at the toe of the bathymetry.
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FIGURE 12 | Calibrated Mercator (A) and Tohoku (B) tsunami time series at 1:50 scale using third Generation TS.

FIGURE 13 | Comparison of (A) valve angle, (B) tank water level (TWL) and (C) free-surface elevation at the calibration point for second and third generation TS
(N240 wave), target (desired) profile indicated with dashed line.
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discussion on the influence of reflections on wave generation is
given in McGovern et al (2018).

As discussed in Testing, the PID control system in the third
generation TS, using a single pressure measurement within the TS
could not determine the direction of reflections and therefore
struggled to account for them correctly when looking at the wave
measured at the calibration point much further up the flume. This
required manual adjustment of the valve time series and the
running of the system during testing in open-loop control mode,
but using the PID derived valve time series as a starting point.

CONCLUSION

This paper has described the development and evolution of the
HR Wallingford pneumatic Tsunami Simulator (TS), which is
based on a pneumatic system. A unique advantage of the
method is that waves of very long wavelength can be
generated, due to its ability to displace very large volumes
of water in a controlled manner. The paper describes how,
through an ERC grant (URBANWAVES, grant no. 336084),
two EPSRC grants (EPICentre and CRUST, grant nos. EP/
F012179/1 and EP/M001067/1) and internally funded research
by HR Wallingford, three generations of TS have been
designed, built, tested and improved within a 10 years time
span. The three generations of TS reflect the increased
understanding of the technology, with the development of
numerical modeling to accompany the design of the TS, the
flow shapers at the TS outlets, detailed studies conducted on
the effects of location in the flume for calibration, and a control
software for the improved damping of reflections. It is noted
that the three TS developed over this period, have been
upgraded to have the same control software as was
developed for the third generation.

The TS has moved from a prototype to a mature technology,
with proven capacity for reproducing free surface profiles of
recorded tsunami field data. It can be applied directly to new and
innovative research and practical design studies. In particular, the
TS has unique capabilities in terms of its generation of stable
trough-led waves and tsunami-like wavelengths for scales of 1:50.
The latter makes the facility particularly useful for understanding
tsunami inundation interaction with coastal infrastructure and
especially scour phenomena, where the duration of the
inundation flow plays a critical role.
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