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ABSTRACT
Coastal areas have long been attractive to human beings and therefore
experienced a faster urbanization process and popular migration, which result in the
lacking of living spaces and overcrowded urban atmosphere. This condition is to be
worsen by a faster population growth and rising sea level due to global warming in the
future. Therefore a new concept of house – the floating houses – has been proposed,
which treats the sea as land resources for residential or commercial use. As floating on
water, this type of house is greatly affected by sea waves, and the users may thus
experience motion sickness. In this research numerical wave fields representing the
worst conditions for an offshore area in HK were input to the floating house models in a
general purpose finite element program, ABAQUS, with the fluid-structure interaction
handled by the Coupled Eulerian-Lagrangian method. Inter-story drifts and the resultant
motion sickness phenomena were thereby quantified through the dynamic response of
the floating house when subjected to typhoon generated waves. The preliminary study
shows that additional damper and structural strengthening might be required to ensure a
comfort and stable condition during typhoons.
1. INTRODUCTION
1.1 Coastal Cities and Floating House
Acting as access points to marine transportation and trade, the low-elevation
coastal zones (LECZ) (below 10 m of elevation) have always been attractive to human
beings, and therefore experience a quick development and urbanization. It is estimated
that 10% of the world’s population and 13% of the world’s urban population concentrate
in this 2% of the world’s land area (Mcgranahan 2007). Some studies predicted that the
population in LECZ may approach 1.4 billion (12% of future population) by the year of
2060, among which 411 million people will live in the 100-year flood plains (Neumann
2015). In the foreseeable future, these low-elevation areas may suffer from a significant
land loss because the global mean sea level is likely to rise by 0.45 m to 0.82 m at the
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end of this century (IPCC 2013) as a result of the global warming. In respond to the
problems of overpopulation and flooding in future coastal cities, a new type of houses –
the floating houses have been proposed and implemented as a potential solution.
Floating houses are designed to stay on water and utilize the space of seas, rivers, and
lakes. Compared with traditional anchored houseboats, modern floating houses usually
are designed for high quality living spaces and are arranged in regulated urban planning
which is similar with houses on land. Countries like Netherlands which long suffers from
the housing shortage and flooding problems have been ahead of the world in this field.
In 2009 and 2010, 93 floating houses were constructed and towed into the IJburg’s
Water District, and a floating community therefore formed in Amsterdam (Nick 2014).
Architects also believe that the floating structures can help relieve the London’s housing
crisis (Eleanor 2016). Compared with normal land-based houses, the floating houses
are designed to stay on water surface by moving up and down along the anchors, which
could help prevent large quantities of financial and property loss due to extreme floods
or sea level rise in the future.
1.2 Hong Kong – A Metropolitan Coastal City
It is reported that a considerable portion of the world’s LECZ population (73% in
the year 2000) gathered in Asia, while Eastern Asia had the majority of this population
with the highest LECZ population density (Neumann 2015). As one of the Asia’s largest
coastal cities, Hong Kong (HK) has been suffering from the soaring housing prices
(HKSAR RVD 2016) and small living spaces (Jayantha 2010) due to insufficient land
supply for its high population density (6,690 people per km2 by mid-2014). The local
government thus conducted a series of land reclamations to increase the land supply,
which later caused some ecological problems such as the decrease of Chinese white
dolphins (HKDCS 2017). The floating houses may thus be a viable solution to the
aforementioned housing issues in HK without sacrificing the ecology of the sea. Besides,
modern floating houses mostly are launched or planned in clam waters like in the rivers
or lakes. HK, however, is a place that has long been exposed to the threat of typhoons.
Choosing HK as the study area provides an opportunity of extending the application of
floating houses to more general water conditions where the sea is periodically affected
by the typhoon-induced waves.
1.3 Research Aim and Objectives
By taking HK as a typical case of metropolitan coastal cities, this research aims at
investigating the dynamic response and the corresponding comfort issue of the floating
houses when subjected to typhoon generated waves. Several objectives were defined
to carry out the whole study:
First, based on an existing case, design a prototype floating house with a high-end
villa-type configuration.
Second, reproduce the extreme wave fields and designed floating house in
numerical models.
Third, quantify the motion sickness phenomena and story drifts of the house under
typhoon conditions. The results will aid in exploring the potentials and limitations of the
floating houses in more depth.

2. METHODOLOGY
2.1 Basic Design of the Floating House
The floating house in this study is designed based on the real floating house
project in Lake Huron, Canada (MEADE 2012). The floating house is a two-story
wooden structure with a 3-m floor height in each story, standing on a floating platform.
The dimension of each floor is 6m × 12m; therefore, the total floor area is around 140m2
which is a common size of a villa. The floating platform is made of steel pontoons and
steel frames following the original design. The first floor and roof are supported by
continuous columns with a cross-section of 0.1m × 0.1m. The configuration at the
foundation level (i.e., the ground floor plan) is half-open, enclosing an indoor area of
40m2 (4m × 10m) with 1m wide surrounding corridor. By adopting this design, when the
wave hits the wall, part of the water can go through columns freely and thus the wave
load can be reduced.
2.2 Fluid-structure Interaction Model
Coupled Eulerian-Lagrangian method Water-based disasters can severely damage
coastal structures and cause huge loss of lives and properties. Since laboratorial tests
are expensive and time consuming, in this study the numerical approach using the
coupled Eulerian-Lagrangian method (CEL) is adopted to simulate the fluid-structure
interaction in various scenarios. The CEL method (as implemented in the general
purpose finite element program, ABAQUS) has been successfully applied to simulate
the impacts of waves on structural walls (Como 2013) and offshore bridges (Do 2016).
In an Eulerian approach, the nodes are always fixed in space when the material deforms
(or flows through the undeformed elements, so that the mesh distortion problem in the
traditional Lagrangian approach can be avoided (Simulia 2014a). Therefore the Eulerian
method can effectively simulate conditions with extreme deformation such as fluid flow,
and the material is tracked by computing the Eulerian volume fraction (EVF) for each
time increment. In particular, the sea water is assumed to be an incompressible,
frictionless Newtonian fluid modeled as the Eulerian part and governed by the
Navier-Stokes equation. A linear Hugoniot form was used to represent the equation of
state defining the volumetric response (Simulia 2014b). Three parameters were required,
including the density of sea water = 1030 kg/m3, dynamic viscosity = 0.001 kg/m/s, and
the speed of sound in water = 1500 m/s. Apart from the sea water, the floating house is
modeled with the conventional Lagrangian approach. A general contact interaction was
defined based on an enhanced immersed boundary method between the Eulerian and
Lagrangian body, with zero interface friction coefficient (Simulia 2014a).
Description of numerical wave flume
By adopting the Eulerian method, a full scale
numerical wave flume was built to represent a relevant portion of the offshore sea (see
Fig. 1). The flume is 300m long, 40m wide, 25m high, and is divided into two parts along
its height. The bottom and the top half were, respectively, filled with the sea water
material (with 10m in height) and an empty material (with 15m in height). The 10m depth
of water conforms to the average recorded water depth at West Lamma Channel wave
station, where the data of extreme wave heights were collected (HKSAR CEDD 2017).
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Fig. 1 Meshes and boundary conditions of modeled numerical wave flume

As illustrated in Fig.1, the bottom of the wave flume was modeled with a no-slip
condition based on the assumption that fluid has zero velocity relative to a solid
(seabed) boundary (Day 1990). The two sides of the flume were modeled with a free-slip
condition, where the velocity component perpendicular to the side faces is set to zero,
while the velocity components in other directions are unrestricted, so that the water can
slide freely along the side faces. The boundary conditions at the out-flow face of the
flume was divided into two parts. The lower part below the still water level was set to
have a zero perpendicular velocity boundary to store the water; the upper part was set
as zero pressure Eulerian outflow condition, which means the water above the still water
level can exit freely once the water surface rise above the initial depth. This boundary
condition was used by Do (2016) and helped reduce the effects of reflecting wave.
Together with the 300m long flume, this configuration can ensure that the response of
the floating house is not affected by the reflective waves during the simulation. As for the
boundary at the in-flow face, a velocity profile was applied to mimic a sinusoidally
moving piston-type wave maker for generating the waves in shallow water. The trial and
error method was used to search for the proper amplitude of the piston motion that can
generate the desired wave height at the target location.
HK is periodically attacked by typhoons with an average frequency of 6 times per
year between 1961 and 2010 (HKO 2016). The wave data near HK during the typhoons
is available at the long-term wave monitoring station at the West Lamma Channel since
1994 (HKSAR CEDD 2017). As shown in Fig. 2, the yearly maximum recorded wave
heights Hmax were classified into 8 frequency sub-domains based on the corresponding
wave periods, and each sub-domain represent a frequency range of 0.025Hz. The
estimated maximum wave heights within these sub-domains (see Table 1) form an outer
envelope that progressively decreases with the frequency, covering all the recorded
wave data, and were used to reproduce the worst wave conditions in the model.

Fig. 2 Measured wave heights fall into different frequency domains

Table 1 Statistics for reproducing wave fields
Sea state
Wave frequency (Hz)
Wave height (m)

1
0.075
5.46

2
0.1
5.05

3
0.125
4.68

4
0.15
4.32

5
0.175
3.95

6
0.2
3.49

7
0.225
3.04

8
0.25
2.59

When the sea water flows through the Eulerian mesh, the Eulerian volume fraction
(EVF) is calculated within each element which indicates the volumetric percentage of
the element occupied by water. Hence, the wave height at any specific location in the
flume can be computed by summing up the EVF values of all the elements in the vertical
water column at that location multiplied by the corresponding height of each element.
Finer mesh were used for the water in the vicinity of the floating house, while coarser
mesh were used in the remaining portion of the flume to save the computational cost.
The floating house is arranged at 50m away from the in-flow face. The amplitude of the
piston-type motion (of the wave maker) was adjusted until the wave height at the floating
house match with that measured at the West Lamma Channel.
Floating house modeling
The floating house was modeled with Lagrangian approach,
capturing the major structural features of the real house (see Fig. 3). The floating
platform was modeled as a 14m×7m×2m rectangular block with an average density of
500kg/m3, using 8-node linear brick elements (C3D8). The superstructure consists of a
wood frame modeled with linear beam elements (B31) and structural walls with 4-node
shell elements (S4). Both the frame and walls were assigned with isotropic linear elastic
material with a Young’s modulus of 10GPa, representing the material property of wood.
The weights of floors were added to the beams as point masses by considering a floor
load of 2kPa. The sections of structural members were modified so as to satisfy a
normal serviceability consideration, with a lateral drift around 1/700 when subjected to a

10-year recurrence interval wind. The floating house was initially placed with its bottom
touching the water surface (0 draught), and the longitudinal side is arranged parallel to
the longer dimension of the flume. The foundation is restrained horizontally at its four
bottom corners to prevent it from drifting away with the wave, but is allowed to move
freely in the vertical direction. After defining a general contact between the floating
house and sea body, the simulation was conducted in two steps. In the first step the
gravitational load was gradually applied to the system, and the floating house was
allowed to fluctuate freely until stabilized. Afterwards, waves generated at the in-flow
face were input to the system to examine the dynamic responses of the floating house.

Fig. 3 Numerical model of the floating house

3. RESULTS
3.1 Motion Sickness Phenomena
Motion sickness, known as a discomfort feeling with symptoms such as paleness
and vomiting due to continuous exposure to the motions of the surrounding environment,
is an issue that one may concern when living in a floating house during the typhoon
season. Motion sickness was first quantified, in terms of the motion sickness dose value
(MSDV), through a time-dependence model proposed by Lawther (1987). It was later
revised by the International Organization for Standardization (ISO 2631-1, 1997), with
the expression given in Eq. (1):
𝑇
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𝑀𝑆𝐷𝑉 = √∫ (𝑎𝑤 (𝑡)) 𝑑𝑡
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where 𝑎𝑤 (𝑡) is the frequency-weighted acceleration of the motion in the vertical
direction, and T is the total duration (measured in seconds) that one is exposed to the
motion. This expression is equivalent to multiplying the root-mean-square (RMS) value
of frequency-weighted acceleration during the period T by T1/2. A vomiting incidence (VI)
representing the percentage of people who experience vomiting can be approximated
as one third of the dose value (Lawther 1987). This model covers a range of exposure
time between 20min ~ 6hr, and the vomiting incidence varies up to around 70 %. The

MSDV model has been used to predict the sea sickness where the vertical oscillation is
the major cause of sickness, such as on ships (Lawther 1988).
In the numerical simulation, the floating house was subjected to various sinusoidal
wave fields (as listed in Table 1) for 40s only, because an approximate periodic vibration
can be determined after the first several waves. The vertical acceleration time history of
the floating house oscillation was generated at the foundation level, based on which the
mean RMS acceleration could be computed over the 40s period. The dose value as well
as the vomiting incidence with an extended exposure period of 2hr (7200s) can then be
estimated accordingly, as shown in Fig. 4. It is observed from Fig. 4 that the curve can
be approximated by a parabola, with a peak vomiting incidence (VI) of about 10% at the
wave frequency of 0.15Hz and wave height of 4.32m (at the wave state 4). An illness
rating of 0.5 which represents an overall feeling between ‘I felt all right’ and ‘I felt slightly
unwell’ is attained during this 2 hours based on the relationship specified by Lawther
(1987). Although the scoring of VI and IR is not high, the event with such a magnitude
(wave state 4) happened more than 30 times in the recent 30 years. Therefore
additional damper is recommended for the floating house to be constructed in offshore
zone.
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Fig. 4 The vomiting incidence at different sea states

3.2 Inter-story Drifts
Similar with the oscillation acceleration, lateral displacement time history can be
generated from the numerical model at different floor levels. After eliminating the
displacement component due to foundation rotation, the time history of the inter-story
drifts can be obtained, and the maximum drift ratio (story drift / story height) occurred at
each wave state is plotted in Fig. 5. Compared with the motion sickness symptom
caused by vertical acceleration, the story drift is more related with horizontal impact
forces from the waves, which explained the descending trend of the curves with the
wave height decrease. The results showed that for a house designed with a normal
serviceability consideration, the drift ratio can reach around 7% at the ground floor level

and 4% at the 1st floor level. Such story drift already exceeds a commonly used
allowable drift of 2% in seismic design (AISC 2003), and is likely to cause damage to the
structure. In this case, structural strengthening is required, especially for the 1 st floor
where the wall receives the largest portion of the wave impacts.
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Fig. 5 Maximum drift ratio at different sea states

4. CONCLUSIONS
The floating house is a new type of home which may be a solution to the land shortage
problems in the metropolitan coastal cities. Before introducing this new type of house to
the regions where typhoons occur frequently in summer such as HK, the comfort issues
need to be examined first. This study numerically inspects the dynamic behaviors of the
floating house when subjected to various typhoon-induced waves using the CEL models.
The results showed that up to 10% of the residents may experience motion sickness in
the floating house during typhoons and that the maximum story drift may exceed 7% at
the ground floor. Installation of additional damper and reinforcement are therefore
recommended when constructing floating houses in the zones with frequent typhoons.
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