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ABSTRACT

Earthquake-prone areas are also facing the risk of flood due to rapid climate change in recent years. Therefore, the buildings
located in these areas have need to reduce risk not only of earthquakes but also of floods. To reduce these risks a floatable
building can be considered. As part of a basic study on the seismic performance of these floatable buildings, this experimental
study was conducted. Based on the prototype which had two floors and a basement, 1/30 scale model was made and placed in
a water basin. Its base was not fixed so that it could slide if applied force was greater than frictional force. The model was also
designed to behave like a rigid body in order to see the acceleration changes between the base input and the building model.
The base input load was applied using one directional shaking table.

Impact and seismic loads were applied to the base of building model. The dominant period of the impact load was in short
period region around 15 Hz. For the seismic load, seven ground motions matching the spectrum of S3 of the seismic design
code (in Korea) were selected. From the experiments, it was shown that as the water level increased, the transmitted acceleration
from the base to the building decreased. In case of the seismic load adjusted according to the similarity theory, the acceleration
was reduced by about 20% when the ratio of buoyancy to building weight was 80%. As the dominant frequency of the base
input acceleration was higher, the reduction of transmitted acceleration to the building was more effective.
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INTRODUCTION

In recent years, extreme weather events have increased the risk of flooding due to rising sea levels and heavy rainfall. In
response to this, the Buoyant Foundation Project (BFP) was launched in New Orleans in 2006 to introduce a floatable building
system that installs buoyancy in the foundation. It has also been proposed to install buoyant foundations under historic buildings
[1] in areas where flooding is expected to occur to enable resilient recovery from flooding. In the Netherlands, 32 floatable
homes have been built in a recreational area on a dyke near Massbommel[2], and in the UK, floatable homes (see Figure 1) in
a flood-prone area of Buckinghamshire have been designed to rise to the level of floodwaters.

In this study, the seismic response of a floatable building due to changes in water level was researched as part of a fundamental
study for seismic design of floatable buildings. For the study, small scaled model of a building and a water tank were constructed
and installed in one-directional shaking table to conduct experiments. The impact load and earthquake loads were applied to
the base of the model, and the acceleration response of the model to the base input was measured by increasing the water level
step by step until to floating.

CURRENT STATUS AND PRO TOTYPES
Current status

There are two main ways to achieve buoyancy in a floatable building. One is to install the buoyance body at the foundation of
the building, as in the case of the BFP [1]. In this method, a buoyant body, usually made of expandable polystyrene (EPS), is
installed on the lower part of the building, and lightweight steel beams are installed on top of it, and the building is placed on
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top of them. A mooring is installed on the outside of the building to anchor the building when floating, and a screen is installed
around the foundation to prevent floating material from penetrating the lower part of the building. Another method is to use the
buoyance of the building's basement, such as the example of floatables in the UK (Figure 1). The space in the concrete basement
acts as a buoyant body, providing buoyancy to the building. A separate concrete walls and a slab with beams are built on the
outside of the basement, and the building's basement floor is placed on top of the beams.

Previous studies of floating buildings subjected to seismic loading [3] have shown that the acceleration response of the top
floor in 1/10 scale model experiments was reduced compared to the value when the foundation was fixed. However, for models
in which the lateral displacement of the floating building was controlled by the mooring, the acceleration of the roof floor was
sometimes greater than that of a model in which the building was fixed to the ground due to the collision of the building and
the mooring under seismic loading. Therefore, it was shown that the acceleration response of a floating building could be
reduced except for the collision of the building with the mooring.

Figure 1. Floatable building with basement (https.://www.baca.uk.com/amphibioushouse.html).

Table 1. Small Scale Model

Description . . Model . .
Without Mooring With Mooring

Weight (kg) 6.29 6.38

C, Center of mass from the bottom (mm) 96.8 96.8

Draft (mm) 107 107

Length x Breadth x Height (mm) 300 x 200 x 320

Friction Coefficient 0.32

Water tank length x breadth (mm) 357 x 260

Prototype

As seen before, there are two types of floatable buildings: those that use buoyant materials such as EPS and those that use the
buoyancy of underground structures. In this study, the buoyancy of the underground structure was selected as the prototype
model.

The prototype consisted of a total of three floors, including the basement, and assumed a height of 2.7 meters for the basement,
3 meters for the first and second floors, and a plane width and length of 9 meters by 12 meters. In the prototype, the gravity
load (DL+0.25LL) of the building[4] was assumed to be 3,091kN, and the model was set to float by buoyancy when the water
level was above 2.9m from the bottom of the basement floor.

EXPERIMENTS

For this study, a small scale model of a floatable building and a water tank were made and shaking table experiments were
conducted. The water tank was attached to the top of the one directional shaking table, the model was placed in the water tank,
and input loads were applied at the base. The acceleration response of the building model was measured and analyzed by
varying the water level.
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Design of model

A small scale model was designed based on the prototype. The model was 1/30th the size of the prototype, with dimensions of
200mmx300mm and a total height of 320mm as in Figure 2. To make it float, the weight was adjusted using aluminum and
acrylic, and the height of the basement was determined to be 120 mm to prevent the model from being submerged when floating

on water.

To see clearly the acceleration changes between the base input and the building model as an initial study on the seismic design
of a floatable building, the model was made as a rigid body. To behave as rigid body the lateral stiffness of it increased using
aluminum plates on both sides of the model (Figure 2 (a) and Figure 3 (a)). In addition, the model with mooring was made to
have a cushioning effect by using a 20mmx20mm 'L' shaped aluminum angle and sponge to prevent collision with the side wall
of the tank as in Figure 3 (b). The details of the model with and without mooring is summarized in Table 1. The coefficient of
friction in Table 1 is the static coefficient of friction using inclination test and is the mean value of 5 trials.
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Figure 2. Model dimension; (a) front elevations (b) side elevations (c) building length (B) & basin length (L)
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Figure 3. Model (a) without mooring (b) with mooring (c) measuring points for acceleration
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Figure 4. Floatable building model: (a) with no water, (b) with water, (c) friction model

Expected behavior

When there is no water in the floatable building, as shown in (a) of Figure. 4, the constitutive equations of the system [5] of
building are
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mil + cu + ku + Ff = —miiy(t) @9

Where, m is the mass of building, ¢ is the damping and % is the stiffness due to mooring, Fy= u W is friction force, u is the
friction coefficient in the absence of water and /¥ is the wight of building.

If there is water in the tank, as shown in (b) of Figure 4, the mass of the building can be modeled as m=m+m,, where m, is the
added mass of water [5, 6]. The damping effect of the water can also be modeled as a convective mass m.. However, since the
mass of the water is relatively small compared to the mass of the building, the effect of the water may be insignificant.

If the buoyancy increases as the water level increases, the friction force will decrease, and the behavior of the building may be
affected. The friction force at the water level 4 is shown in Eq. (2).

F = u(W — B) = u(m — hAp,,)g (2)

where, B is the buoyancy due to water level and A4 is the area of the building's basement (assuming no change in area in the
basement).

In Eq. (1), when the stiffness and damping of mooring is not included, only the building mass and the friction force will be left
on the left-hand side. If the inertia force of building excited by the base input acceleration exceeds the friction force, slippage
occurs and the acceleration of the building is expected to decrease due to the damping effect of friction and water.

Experimental method

A water basin to control water level was constructed for this experiment and it had 356 x 260 mm in the length and width and
175 mm in height. It was made of transparent acrylic for water level control and observation of the experiment and the bottom
of the tank was made of the same aluminum as the model (see Figure 2 and 3). As shown in Figure 3 (b), guides and rollers
were attached to simulate mooring to keep the motion of model stable in horizontal direction when floating in the water. The
rollers were 30 mm high and attached to the sides of the basin so that the model could only move in the longitudinal direction.

As in Figure 3 (c), accelerometers were attached to the center of the model to measure the horizontal acceleration of the first
floor and the roof floor, and accelerometers were installed on both sides of the roof to measure the vertical acceleration to check
the rocking motion.

Base input loads

Two types of base input loads were used: impact load with high-frequency rages and earthquake load with low-frequency
ranges. The impact load was generated by applying 0.8 mm for 0.04 seconds. The maximum acceleration of the impact load
was about 0.29g and the dominant frequency of power spectrum is about 14Hz, as in Figure 6. For the seismic loads, seven
earthquake records similar to the earthquake response spectrum of soil site S; (Figure 5) were selected according to the seismic
design standard for buildings [7]. The magnitude of the earthquakes was adjusted according to the standard to create seven EQ
seismic loads as shown in Table 2. Table 2 shows the adjusted maximum acceleration of each earthquake, and the dominant
frequency faom in the power spectrum of the earthquake is much lower than in the case of impact loading. The time histories
and power spectra of the earthquakes are shown in Figure 7.

To see the effect of frequency of earthquake loads, the additional experiment was performed by creating seismic wave EQNs
that was multiplied the time interval by 1/v/30 according to a similitude theory [8] but kept the acceleration at its original
magnitude.

Table 2. Selected Earthquakes
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RESULTS AND COMPARISONS
Results for impact load

The acceleration response of the first floor (herein after 1F, refer Figure 2 (a)) of the building due to the base impact load was
measured with increasing water level. The maximum and minimum values and the ratio of 1F/Base acceleration are summarized
in Table 3. The buoyancy ratio is the ratio of buoyancy to the building weight.

Figure 6 shows the time history and power spectrum of the acceleration of base impact load and 1F acceleration for a water
level of 90 mm in the model without mooring. From the time history, it can be seen that the maximum value of 1F acceleration
is reduced and delayed due to the damping effect. The dominant frequency of the power spectrum in (b) of Figure 6 occurs is
14.2 Hz for the base input acceleration and 13.8 Hz for 1F acceleration. It can be seen from the time history and spectrum that
the seismic acceleration of the ground floor decreases as the building slides due to the increase in water level.

3.0 Z 0.008
7]
20 e e ----Base input
T 2 0.006 S
210 = g 9 ——1F. acc
Wiy < - ' \
E g
< 0.0 § 0004
240 1 7.6 7.8 8 @
g ]
s g 0.002
w-2.0 | 5
S i ——1F. acc «
<-3.0 : : 0.000 R
R Base input
4.0 P 0 10 20 30 40 50 60
Time(sec) Frequency(Hz)
(a) (b)
Figure 6. Response to impact load; (a) time history (b) power spectrum
03 0.035 : 03 0.06
02 £ 003 M 02 | Zoos |
& A <
S goos H“HI h B oy l £ oo
5 s g oo i i K 4\1 TR ) oo |||
goo "W‘H"!l"‘l“;‘lf",'\. VM goos ‘H\ U‘ \ ’l 1 H g oo ﬂj\fy WA A g"“’ \
] 0 5| w51V s a0 3 :M‘JWW{‘\ ‘H P w120 "2 30 35 Joo [
&0 | 1 W 2 \ Zoo |
02 nm; U W . 02 N Ul o o
03 0 5 10 15 20 25 03 0 5 10 15 20 25
Time(s) Frequency(Hz) Time(s) Frequency(Hz)
(a) EQI (b) EQ2
03 0.16 03 0.05
s . = |
s (| Fo o ‘ ==l zoo ||
T oo v o ‘\I‘ i JLEY y gg: \ g fon | \
T 0 5 10 15 R0 25 30 35 : \ T 00 — “"‘Wm] W\ M |
ﬁ 0.1 " ' ég“: \"J | g 0 29 1 4 8 10 12 gom /‘\ \ /\ﬁ
02 i, S I o \ S e jo—
’ 0 S 10 15 20 25 02 2 0 5 10 15 20 25
93 Time(s) Frequency(Hz) Time(s) Frequency(Hz)
(c)EQ3 (d) EQ4
02 0.05 03 0.03
go.oa 02 gnoys ur
£ " | goo’ | ‘ g g 0o ‘( \“
§ 00 "“‘”"‘""'l"”" il y foo || g Ly ) §°°“ I WAT
K] 0 {1 ot 20 30 40 § 'J' 3 00 .,‘\hF P AL N sy Ao § 001 |y | /U ‘ \
< 01 S \ & o Y 10 15 20 25 30 5000 \ | |
VW o1 ‘ / W
0
02 0 5 10 15 20 25 ¢ 0 S 10 15 20 25
Time(s) Frequency(Hz) 02 Timels) Frequency(Hz)
(e) EQ5 () EQ6
03 0.045
> 004
02 | % 0035 ‘
01 ‘l (k| £ oo |
g ° 0 w 5l &*l ‘H“ 4’1’; i 20 25 30 35 cEk o A "
201 2 oos \ il “
g 3 001 Al
e 2o LAV AUin
o \
0 s 10 15 20 25
04
Time(s) Frequency(Hz)
(8) EQ7

Figure 7. Time history and power spectrum for EQ loads

5



Canadian-Pacific Conference on Earthquake Engineering (CCEE-PCEE), Vancouver, June 25-30, 2023

Table 3. Max. & Min. Accelerations of Models for Base Impact load

Measured Acc.(m/sec?)

Buoyan- Water

cy ratio  level, M;?I'l& Model without mooring Model with mooring

(%) (mm) Base 1F ratio Base 1F ratio
0 0 max 237 2.59 1.09 1.99 235 1.18
min -2.99 -3.10 1.04 -2.87 -2.75 0.96
10 10 max 226 243 1.08 1.77 2.05 1.16
min -2.95 -291 0.99 -2.80 -2.90 1.04
max 2.16 239 1.11 1.90 2.17 1.14

29 30 ]
min -2.83 -2.70 0.95 -2.81 -2.87 1.02
max 2.29 2.36 1.03 1.81 2.14 1.18

48 50 .
min -2.83 -2.45 0.87 -2.78 -2.59 093
max 221 2.00 0.90 1.98 2.03 1.03

67 70 ]
min -2.87 -2.10 0.73 -2.80 -2.25 0.80
36 90 max 242 1.53 0.63 2.00 1.38 0.69
min -2.95 -1.89 0.64 -2.77 -1.78 0.64
max 221 0.77 0.35 1.85 0.69 0.37

100 105 .
min -2.77 -1.17 0.42 -2.81 -1.34 0.48

Figure 8 plots the ratio of building acceleration to the base impact load in Table 3 against the buoyancy ratio for the building
weight. In both models, the ratio of building acceleration to the base input (herein after, building acceleration ratio) decreases
as the water level increases, where the value with mooring being somewhat larger. In the model without mooring in Figure 8,
the input acceleration and 1F acceleration are nearly to 0 for buoyancy ratios below 30%, but the building acceleration ratio
gradually decreases as the buoyancy ratio exceeds 50% and the building acceleration ratio is less than 70% for buoyancy ratios
above 80%.
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Figure 8. Relationship between 1* floor acceleration ratio with buoyancy ratio for impact load

Results for earthquake loads

The earthquake loads are applied to the model with mooring and the results are summarized in Table 4 and 5. Figure 9 (a) and
(b) shows the maximum value of the building acceleration ratio to the buoyancy ratio for the earthquake load EQ and EQN.
The average value for the seven earthquake loads in Figure 9 show that the building acceleration ratio tends to decrease with
the increase of buoyancy ratio as in the case of impact load. In Figure 9(a), the earthquake EQ6 has the smallest building
acceleration ratio, and this result may come from the components of the high frequency of the earthquake (refer Figure 7).
From the average values of the EQ loads, it can be seen that the building acceleration ratio does not decrease until the buoyancy
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ratio of 50%, but it decreases by about 10% when the buoyancy ratio is 70% and by about 20% when the buoyancy ratio is
90%.

The graph of the experimental results for the EQN is shown in Figure 9(b). In this case, the overall trend is similar to that of
the EQ case, but the building acceleration ratio is reduced relatively more. It can be seen that the reduction is about 10% at 70%
buoyancy ratio and 20% at 80% buoyancy ratio. Among the seismic loads of EQN, the smallest building acceleration ratio was
found in the case of EQ6N.

Table 4. Max. & Min. Accelerations for Earthquakes EQ (for Model with mooring)

Measured max. acceleration(m/sec?)
Buoyan- Water Max.
cy ratio  level & EQ1 EQ2 EQ3 EQ4 EQS5S EQ6 EQ7

(%) (mm)  min. Base 1F Base 1F Base 1F Base 1F Base 1F Base 1F Base 1F
max 2.24 2.35 2.69 2.70 2.20 2.25 2.28 2.38 1.73 1.74 2.87 3.02 2.11 221
0 0 min -1.63 -1.67 -206 -2.14 236 -241 -1.54 -1.62 -154 -1.62 209 -2.16 -231 237
max 221 2.31 2.68 2.61 2.21 2.14 2.28 2.33 1.67 1.73 2.83 2.92 2.10 2.11
10 10 min -1.64 -1.66 -202 -2.07 241 244 -154 -1.61 -155 -1.55 209 -202 -228 -238
max 225 2.33 2.68 2.49 2.20 2.25 2.27 2.37 1.68 1.73 2.85 2.92 2.11 2.14
= 30 min -1.63 -1.69 -202 -2.16 238 -241 -1.53 -1.56 -1.54 -1.50 -2.07 -195 -233 233
max 2.24 2.28 2.64 2.26 2.18 2.33 2.25 2.32 1.64 1.73 2.85 2.74 2.12 2.28
48 50 min -1.63 -1.68 -205 217 237 -235 -1.50 -1.58 -1.53 -1.54 209 -199 -229 230
max 2.23 2.18 2.78 2.54 2.20 2.20 2.33 2.37 1.68 1.73 2.90 2.66 2.09 1.61
67 70 min -1.64 -1.67 215 233 234 220 -1.54 -1.60 -155 -1.58 207 -190 -229 -1.24
max 2.23 1.93 2.64 2.13 2.16 1.48 2.29 2.23 1.68 1.59 2.87 2.59 2.11 1.93
86 %0 min -1.64 -1.70 -202 -198 241 -203 -148 -1.53 -1.54 -144 208 -195 -220 -2.13
max 2.25 1.59 2.66 1.90 2.17 1.62 227 1.58 1.60 1.37 2.87 2.01 2.11 1.12

100 105

min -1.64 -136 202 -166 -235 -147 -148 -1.77 -1.53 -135 205 -191 -227 -1.06

Table 5. Max. & Min. Accelerations for Earthquakes EQN (for Model with mooring)

Measured max. acceleration(m/sec?
Buoyan- Water Max. ( )

cy ratio level & EQN1 EQN2 EQN3 EQN4 EQNS EQN6 EQN7

(%) (mm)  min. Base 1F Base 1F Base 1F Base 1F Base 1F Base 1F Base 1F
0 0 max 1.74 1.89 - - 2.12 234 234 2.50 1.71 1.83 3.06 3.25 2.05 2.20
min 232 249 - - 221 223 218 -240 -132 -138 -2.87 -294 -233 -250

10 10 max 1.71 1.81 2.27 2.40 2.14 2.27 2.37 2.32 1.73 1.81 2.92 3.03 2.09 2.19
min 240 251 229 243 221 220 -224 225 -132 -137 298 295 -233 246

29 30 max 1.73 1.82 2.15 241 2.16 2.30 2.37 242 1.74 1.84 3.10 3.02 2.08 2.20
min -229 238 -225 238 223 213 -215 227 -130 -136 -2.87 -282 232 234

48 50 max 1.73 1.79 2.19 2.52 2.10 226 234 2.35 1.71 1.72 3.11 2.54 2.06 2.17
min -235 238 229 235 221 -199 215 222 -128 -134 287 265 -236 228

67 70 max 1.79 1.65 2.23 2.37 2.17 1.99 2.34 2.01 1.73 1.58 3.05 2.21 2.09 2.13
min -2.32 222 232 232 224 -178 220 -1.74 -128 -1.10 298 241 232 -2.14

36 90 max 1.75 1.00 2.25 2.30 2.19 1.19 2.38 1.66 1.73 1.48 3.08 1.58 2.12 1.30
min 229 -130 -229 227 225 -147 219 -1.66 -129 -088 292 -1.70 -226 -1.77

100 105 max 1.71 0.65 221 1.97 2.20 0.84 234 0.89 1.70 0.59 292 1.13 2.11 0.81

min -237 -1.17 227 -178 221 -093 -218 -092 -129 -0.51 295 -1.25 -225 -1.07
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Acceleration magnitude and frequency effects

The relationship between the acceleration magnitude of the earthquakes and the building acceleration ratio as the water level
changes is shown in Figure 10. Figure 10 (a) is for seven EQ loads and shows that the acceleration ratio of the building is
constant regardless of the magnitude of the seismic acceleration when the water level h is 0 mm, but when h increases to 70
mm, the building acceleration ratio tends to decrease with the increase of the base acceleration. As in Figure 10 (b), the tendency
for EQN loads is similar to the case of EQ but the slope of the building acceleration ratio decreases more steeply when the
water level h increases to 70mm. Therefore, the building acceleration ratio tends to decrease as the buoyancy ratio (water level)
increases and the magnitude of the seismic acceleration increases.

The relationship between the dominant frequency of the earthquakes and the building acceleration ratio is shown in Figure 11
as the water level changes. Figure 11 (a) is for the EQ load and shows that when h is 70 mm, the acceleration ratio of the
building response tends to decrease with the increase of the frequency. Figure 11 (b) is for the EQN seismic load and has a
similar shape to the EQ case, and the building acceleration ratio decreases more steeply when the water level increases to 70
mm. Therefore, it can be seen that the building acceleration ratio tends to decrease as the dominant frequency of the earthquakes
increases.
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Rocking motion effect

Because floatable systems are not anchored to the ground, but are mounted on a foundation, they can experience rocking motion
as well as sliding. The vertical accelerations were measured on both sides of the roof floor to see the effect on rocking motion.
The maximum acceleration with increasing water level is shown in Figure 12 for the EQ6N seismic load, where the building
acceleration ratio is significantly reduced.

In Figure 12, it can be seen that the largest vertical acceleration due to rotation occurs when the water level is zero, with a
maximum of 0.23m/sec?, which corresponds to 9.4% of the maximum horizontal acceleration of 1F. However, at water levels
above 10 mm, the vertical acceleration suddenly decreases. It can be said that the friction force decreases due to the water,
causing slippage, which leads to a relative decrease in rocking motion. It is shown that the effect of rocking motion on the
horizontal acceleration of the building is insignificant when there is water.
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Figure 12. Vertical acceleration with water level Figure 13. Comparison of results based on input load

Comparison based on input loads

For 3 types of the base inputs, the building acceleration ratio of the model with mooring is plotted against the buoyancy ratio
in Figure 13. For the comparison, the mean value for earthquake load in Figure 9 are used. In Figure 13, the building acceleration
ratio is the largest when the impact load is applied, followed by the average value of EQN, and then the average value of EQ.

The spectrum of the impact load (in Figure 6) has a dominant frequency of 14 Hz, while the dominant frequency of the EQ
load is in the 1.1 to 3.6 Hz and the EQN is in the 6.0 to 19 Hz (Figure 11). Comparing the results of the three input loads, the
building acceleration ratio is reduced the most in the case of the impact load because of the largest magnitude and the highest
frequency of base input acceleration.

Comparing the average values of EQ and EQN earthquake loads in Figure 13, the building acceleration ratio of EQN decreases
further as the buoyancy ratio increases above 70%. Although the magnitudes of EQ and EQN seismic accelerations are the
same, the transfer of seismic loads with increasing water level decreases as the dominant frequency of earthquake shifts to the
high frequency region.

CONCLUSIONS

In this paper, a small scaled model experiment was conducted to see the acceleration response of a floatable building due to an
increase in water level during base ground shaking. The building model was constructed to behave as a rigid body, and a water
tank was installed on a unidirectional shaking table, and the model was placed on it, and the shaking table experiments were
conducted using impact loads and earthquake loads. By measuring and comparing the input ground acceleration and the
response acceleration of the building as the water level increases, the following conclusions were drawn.

For both high-frequency impact loads and low-frequency earthquake loads, the acceleration ratio of the building model to the
input ground acceleration decreased with an increase in the buoyancy ratio (water level). In the case of the experiments where
the frequency of the earthquake was adjusted according to the similitude law, the acceleration reduction effect was insignificant
in the range of 50% or less of the buoyancy ratio compared to the weight of the building, and the building acceleration ratio
was reduced by 10% at 70% of the buoyancy ratio, and 20% at 80% of the buoyancy ratio.
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For all three types of input base accelerations, the building acceleration ratio tended to decrease more steeply as the magnitude
of the acceleration increased and as it contained more high-frequency (short period) components.

Though it was found that the acceleration response of the floatable building decreased as the buoyancy ratio increased, the
reduction ratio of the acceleration transmitted to the building was as low as 10% when the buoyancy ratio was 70% or less.
Therefore, further research is required on how to reduce the acceleration transmitted to the floatable building even when the
building is in a low water level.
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