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Seismic defence structures

Field of Invention
The present invention relates to seismic defence structure, in particular structures offering

seismic defence for buildings or groups of buildings.

Background

According to the US Geological Survey there are more than three million earthquakes every
year worldwide, the vast majority are magnitude 3.9 or lower but more than 900 measure 5.0
or higher on the Richter scale. The ground vibrations caused by even minor earthquakes
have an impact upon the structural integrity of buildings. Similarly intrusive ground vibrations
from urban train systems, subways, machinery such as piledrivers and roads often affect
property values or land usage. Seismic waves are made up of surface waves (Rayleigh
waves), pressure waves and shear waves which travel through the ground. Surface waves
cause the majority of any damage and travel farthest, but volume (pressure and shear)

waves also cause damage, especially in cases of wave trapping in sedimentary basins.

It is desirable to provide a defence structure to prevent seismic waves from reaching
buildings. Waves of a frequency of around 1 to 10 Hz in particular can cause a large amount
of damage because such low frequencies travel large distances and they often match the
resonant fundamental frequency of buildings. Even small magnitudes of seismic waves due
to machinery or nearby railways can cause significant damage to buildings, especially over
time. In buildings such as nuclear power plants and oil refineries, even a small level of

damage to the building can have disastrous consequences.

In “Seismic metamaterial: how to shake friends and influence waves?” (S. Brilé, et al.), a
seismic test was performed on a regular square grid of empty cylindrical boreholes of around
5m depth, 320mm diameter and 1.73m spacing. The test showed reduced transmission
through the ground of seismic waves of around 50Hz due to destructive interference of
seismic waves in the transmission direction caused by the periodicity of the grid (this

is a so-called partial stop band i.e. a range of frequencies for which elastic waves of certain

polarization cannot propagate in certain crystallographic directions within the array).

In “Artificial Seismic Shadow Zone by Acoustic Metamaterials” (Sang-Hoon Kim and
Mukunda P. Das) and “Seismic Waveguide of Metamaterials” (Sang-Hoon Kim and
Mukunda P. Das), a defence was proposed that consisted of huge empty boxes (meta-

boxes) with side-holes corresponding to the resonance frequencies of seismic waves. The
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meta-barrier composed of many meta-boxes attenuates the seismic waves, which reduces
the amplitude of the wave exponentially by dissipating the seismic energy. These meta-

barriers are placed in the ground around a building to be protected.

“Possible Measures Of Taking-Over/ Dynamic Control Of Seismic Actions Applicable To
Urban Utility Systems. Seismic Waves Deflection/ Damping Using Metamaterials”
(Ungureanu et al.) describes the reflection of seismic waves and the methods described
above (empty boreholes in a periodic pattern and meta-boxes to attenuate waves) as

seismic defences for buildings.

Summary of Invention

In one aspect the invention provides a seismic wave shield comprising a set of columns
embedded in regolith and in contact with bedrock, wherein the columns are formed of a
material with a material contrast with the regolith. Such a shield reflects seismic waves by
producing a stop band which covers a larger range of frequencies, and has a decreased
lower frequency limit over that of the stop band in the empty borehole array of the prior art.
The shield has a wide zero frequency band-gap. Seismic waves having a frequency within
the stop band cannot pass through the shield. The larger bandwidth of the stop band of the
present invention over the prior art is due to the contact between columns and bedrock and
a material parameter (for example, the density and/or Young's Modulus and/or Bulk modulus
and/or shear modulus) mismatch between the regolith (often soft soil) and the material in the
column. Furthermore, the lower limit of the stop band approaches OHz, to create a zero
frequency band gap, due to the contact between the columns and the bedrock. This contact

effectively pins or clamps the columns to the bedrock.

The increased bandwidth, near-zero frequency band-gap and increased upper frequency of
the stop band allow the present invention to reflect a large band of seismic waves of a low
frequency. Thus the stop bands cover the frequencies that travel farthest and cause the
most damage to buildings. The stop band also covers most resonant frequencies of
buildings. The effect is caused by wave physics, so the composition, arrangement and
shape of the columns can be chosen according to wave physics to produce the desired stop
band.

In order to create a stop band covering frequencies around 1 to 10 Hz using the method of
empty boreholes, the holes would need diameters of a few metres to tens of metres. It is

clearly not practical to have large holes in the ground, particularly in areas where other

2



WO 2018/073412 PCT/EP2017/076844

buildings are nearby. Thus the present invention achieves a useful stop band in a practical

manner which is not achievable with methods of the prior art.

The material contrast between the columns and the regolith occurs when a property of the
material of the column is different from that property of the regolith. For example, the
columns may have a different density, Young's modulus, shear modulus or Bulk modulus
from the regolith. More than one property may differ between the materials of the columns
and the regolith. For example a material forming columns may have a different density and a
different Young’s Modulus from the regolith material. The material of the columns may be a

solid, liquid, foam or gel.

The material contrast may be achieved by the columns having a higher density than the
regolith or the material contrast may be achieved by the columns having a higher Young’s
modulus than the regolith or the material contrast may be achieved by the columns having a
higher Bulk modulus than the regolith or the material contrast may be achieved by the
columns having a higher shear modulus than the regolith. The material contrast may be

achieved by a combination of two or more of these conditions.

The material contrast may be achieved by the columns having a density of at least 1.1 times
the density of the regolith or the material contrast may be achieved by the columns having a
Young’s modulus of at least 10 times the Young’s modulus of the regolith or the material

contrast may be achieved by the columns having a Bulk modulus of at least 10 times the

Bulk modulus of the regolith or the material contrast may be achieved by the columns having
a shear modulus of at least 10 times the shear modulus of the regolith. The material contrast
may be achieved by a combination of two or more of these conditions. The Young’s modulus

of soil may be 153 MPa and the Young’'s modulus of the bedrock may be 30 GPa.

The columns may have a larger density than the regolith. The columns may be at least 1.1

times as dense as the regolith.

The density range of the regolith may be 1600 to 2300 kg/m® and may be 1800 kg/m?® (or
where the regolith is peat the density may be 1200 to 1300kg/m?). The density of the
bedrock may be 2500 kg/m3. The density of columns, which may be formed of concrete,
may be 2300 to 2500 kg/m3.Other embodiments may use special concrete (heavy
concretes) which may be denser. The columns may be at least 1.1 times as dense as the

regolith. Preferably, the columns may be at least 1.4 times as dense as the regolith. The
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columns may be at least 4 times as dense as the regolith, for example when the columns are

formed of steel pile (density of around 7000 kg/m?).

The columns may have a higher Young’'s modulus than the regolith. The Young's modulus of

the columns may be at least 10 times higher than the Young’s modulus of the regolith.

A bottom portion of each of the columns may be embedded in the bedrock. This provides
more effective pinning of the columns to the bedrock and reduces the lower frequency limit
of the stop band creating a perfect or near-perfect zero frequency band-gap. This is
advantageous because reducing the lower limit of the stop band to create such a zero

frequency band gap means that lower frequency seismic waves can be blocked.

The height of the bottom portion may be greater than 30cm. This means that the column is
attached more tightly to the bedrock and so the lower limit of the stop band is reduced so

that it is closer to zero.

The diameter of columns () may be guided by an objective of minimal strength capacity
designed under vertical loads, and usual practice in drilling has the diameter as 25 to 50 cm,
but it could be realized in the range of 10 to 150 cm. The diameter of the columns is chosen
dependent on their surroundings so that the columns will not fail under the vertical load
applied to the columns by anything situated on top of them. The strength of the material
forming the columns and the vertical load that will be applied to them will both affect the
diameter chosen. For example, the maximum strength of concrete under vertical loading is
usually 12 MPa (for rigid columns) to 25 MPa (for pile). These are the values of the stress
corresponding to the failure of the concrete and the diameter of columns formed of concrete
will be adapted dependent on the applied vertical load (kN). A higher load will require a

larger diameter of column.

The length of the bottom portion of each column that is embedded in the geotechnical

bedrock may be at least 3 to 5 times the diameter of the column (3 to 59).

The total volume of the columns may be at least 15% of the volume of the shield. Preferably,
the total volume of the columns may be at least 19%. More preferably, the total volume of
the columns may be 50% of the volume of the shield. The desired volumes may be
calculated using the dilute composite limit for the appearance of partial stop bands

(numerical computations support conclusions drawn from Maxwell-Garnett theory).
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The depth of the shield is the height of the regolith from the bedrock to ground level. The
perimeter of the shield is defined by the outermost columns and the innermost of the shield
and the area of the shield is the area inside the perimeter. The volume is the depth multiplied

by the area of the shield. This percentage is optimised to block seismic waves.

The columns may be positioned periodically, for example on points of a Bravais lattice, or
quasi-periodically, in the shield. This increases the frequencies reflected by the shield by
causing destructive interference for certain frequencies in the manner of a metamaterial. The
columns may be positioned on points of a hexagonal, square, triangular, other Bravais lattice
or quasi-periodic lattice, or on points on a quasi-random lattice. The high contrast in
parameters between the columns and the surrounding material (i.e. the material contrast)
mean that the columns behave as Helmholtz resonators and the resulting localised
resonances produce the stop band. Thus the periodicity of the columns can be broken and
the columns may be placed in a near-periodic arrangement or a random arrangement and

the shield will still produce the stop band.

A width of the shield in the direction of waves to be blocked may be at least 2 rows of
columns. More preferably a width of the shield in the direction of waves to be blocked may
be at least 3 rows of columns. The wider the shield is, the more effectively waves are
blocked. The width may be measured in the direction from the area to be protected, radially
outwards from the column closest to the area to be protected to the column furthest from the
area. Alternatively the width may be measured in the direction between the area to be
protected and a source of seismic waves, if the location of that source is known, from the

column closest to the source to the column closest to the area to be protected.

The shield may also have a plate attached at a first end of the plate to a first column of the
shield, the plate further being attached at a second end of the plate to a second column of
the shield. The plate may be attached to sides of the first and second columns. The plates
may be attached to the columns at a depth of 5m below the ground surface. All of the
columns in the shield or a sub-set of the columns may be joined by plates. These plates may
be made of concrete, steel, a combination of concrete and steel or another solid material.

The plates improve the stability of the columns and insert additional stop-bands.

The columns may be formed of concrete or steel or wood or a combination of two or more of
these materials, for example steel and concrete. These materials have a high density and

Young’s Modulus, so the mismatch between the columns and the regolith is high, causing
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the bandwidth of the stop band to be large. The materials forming the columns may vary

gradually over the shield from one end of the shield to the other.

The regolith of the invention may be soft soil (e.g. sedimentary soil with clay), alluvial basin,

gravel, alluvium, peat or sand. Any material beneath the ground, but above the bedrock may
be considered to be part of the regolith. In general, the invention works more effectively, the
lower the density or Young’s Modulus of the regolith, because this increases the mismatch

with the columns which increases the bandwidth of the stop band.

A second aspect of the present invention provides a method of shielding an area from
seismic waves by installing a seismic wave shield on at least a part of a perimeter of the
area. As discussed above, seismic wave shields prevent the passage of seismic waves
having frequencies within the stop band of the seismic wave shield. Installing such a shield
around a perimeter of an area will prevent seismic waves of stop band frequencies from
entering the area, thus shielding the area and preventing damage from being caused inside

the area by seismic waves.

The seismic wave shield may be positioned outside of a lateral perimeter of a building. This
prevents seismic waves from reaching the ground beneath a building and so prevents
damage to the building. Alternatively, the seismic shield may be positioned partly or wholly
inside of the lateral perimeter of a building. This prevents seismic waves from reaching the

building.

In some embodiments, the columns may be positioned beneath a building inside the lateral
perimeter of the building, but are not foundations of the building. In some embodiments, the
columns are not directly attached to the building. In these embodiments, the columns may
be provided between foundations of the building, but the columns of the shield are not
attached to the building. In some embodiments, the columns do not directly contact the

building, for example regolith may be present between the columns and the building.

Additionally, the prevention of seismic waves reaching the structure will lead to less elastic

strain, lower pore pressure changes and hence will limit the risk of soil liquefaction occurring.

A third aspect of the present invention provides a seismically shielded building which
comprises a seismic wave shield positioned adjacent to a part of a perimeter of a building. In
the direction of the shield, the building is protected from seismic waves having a frequency

within the stopband of the shield, reducing the chance of damage to the building.
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Brief Description of drawings
Figure 1 shows a horizontal section view through the soil of a shield, which is an

embodiment of the present invention, surrounding a building.

Figure 2 shows a vertical section view of a shield, which is an embodiment of the present

invention, surrounding a building.

Figure 3a shows a perspective view of column of a shield according to the present invention

with plates attached.

Figure 3b shows a top view of column of a shield according to the present invention with

plates attached.

Figure 3¢ shows a side view of column of a shield according to the present invention with

plates attached.

Figure 4 shows the the band diagram of a shield formed of columns shown in Figure 3.

Detailed description

Seismic waves may travel long distances and cause damage to buildings as discussed
above. A seismic wave shield according to the present invention can be installed around an
area or building to be protected and the shield will then reflect these waves in order to

prevent them from reaching the area or building.

An example of a seismic wave shield according to the present invention comprises a set of
columns embedded in superficial soil (for example, alluviums or peat), the columns being
clamped to a geotechnical bedrock. The Young's modulus, E, contrasts in this example are
the following:

o Ecoumn > 100.Esyperficial soil and

o Egeotechnical bedrock > 5. Esuperficial soil-

e 1MPa < Esyperficial soit < 10 MPa

e 5000 < Ecolumn < 30 000 MPa.
The Young’s modulus of concrete, which may be used as the material for the columns is

15 000 to 30 000 MPa. The Young’'s modulus of mortar or a mix of soil plus cement grout is
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around 5 000 MPa. The columns are formed of a material with a strong material contrast

with the regolith.

An embodiment of the present invention has a set of cylindrical columns located in the
regolith and in contact with the bedrock which is 10 to 200 metres beneath the ground. The
columns are in the range of 25cm to 1.5m metre in diameter. In this example, they are made
of concrete and the bottom 50cm of the columns are embedded in the bedrock. The columns
are positioned in a square array and are spaced 0.5m to 5m (with a minimal spacing of 2 to

3 diameters) from their nearest neighbours.

The minimum spacing may be determined by the influence of a column on its nearest
neighbours during drilling work whilst assembling the shield. If columns are too close, the
drilling effect produced while creating a column could reduce the diameter of adjacent
columns, thereby reducing the efficiency of the shield. Drillers’ experience had shown that a

minimal spacing between 0.5m and 5m can limit the occurrence of this effect.

The regolith in this example is soft soil, but in general, regolith is the material lying on the
bedrock up to the ground level. It can be made up of many different materials such as soil,
loose rock, biological material, sand, alluvium, peat and/or others. The bedrock is solid rock

that sits underneath the ground beneath the regolith.

This shield has a stop band for seismic waves of OHz to 20Hz which means that waves
within this range are reflected and partially absorbed by the shield. Energy is partially
dissipated as heat. As discussed above, the most damaging seismic waves have a low
frequency and are within this range, so this shield is very effective in preventing damage to
buildings by seismic waves. These columns can produce a stop band whilst having a much
smaller diameter than the boreholes used in the prior art because they are in contact with
the bedrock and because the density and modulus of concrete is much greater than that of
air. The mismatch between the properties of the columns and the regolith causes the
reflection of seismic waves. The contact between the columns and the bedrock increases
the bandwidth of the stop band and brings the lower frequency limit of the stop band towards
OHz.

Many embodiments of the present invention create a complete stop band for Rayleigh,
pressure and shear waves (for all crystallographic directions) and additional partial stop

bands.
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The lower limit of the stop band for shields according to the present invention is very low and
approaches OHz. The stop band is produced near OHz because points in the shield are fixed
which mathematically results in a wave dispersion in the shield that does not pass through
zero frequency, thereby producing a zero-frequency stop band. The fixed points in the shield
are provided by the columns in the shield which are fixed by being in contact with the
bedrock.

In this embodiment, the bottom 50cm of the column is embedded in the bedrock in order to
clamp the columns more securely to the bedrock. Attaching the columns more securely to
the bedrock, increases the effects of the columns being in contact with the bedrock
discussed above. Columns embedded in the bedrock are clamped to the bedrock. By
clamping the columns to the bedrock, the lower frequency limit of the stop band is reduced

and the bandwidth of the stop band is increased.

Columns in other embodiments may be in contact with the surface of the bedrock or they
may be embedded in the bedrock. Preferably, the columns are embedded in the bedrock by
more than 0.3m.

In general, the more of the column that is embedded in the bedrock, the more securely the
column will be clamped and the closer to OHz the lower frequency limit of the stop band will
be.

The material used for the columns may have a larger or smaller density and/or a higher or
lower Young's Modulus and/or a higher or lower bulk modulus and/or a higher or lower shear
modulus than the regolith. The mismatch between properties of the columns and the regolith
widens the stop band, so the greater the difference between these properties of the regolith
and the columns, the larger the bandwidth of the stop band produced by the shield. Thus,
when the columns have a larger density than the regolith, the higher the density of the

material used to form the columns, the lower the frequency of the stop band produced.

If the contrast in material parameters, (for example, density and/or Young’'s modulus and/or
Bulk modulus and/or shear modulus) is too large, the bandwidth of the stop band reduces,
so the contrast should be moderately high, not extremely high, which requires optimization to
achieve the optimal low frequency stop band in terms of frequency bandwidth and location in
the spectrum with achievable material parameters. The columns may be less than 2 times as
dense as the regolith. The Young’s modulus of the columns may be less than 200 times the
Young's modulus of the regolith. The shear modulus of the columns may be less than 300

times the shear modulus of the regolith.
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The columns in this embodiment are made of concrete. Concrete has a much greater
density and Young’s Modulus than the regolith (soft soil in this embodiment) which is often
made up of soil or loose rock. Thus the mismatch between the regolith and concrete is high
which causes the range of frequencies covered by the stop band to increase, widening the
band and so stopping more seismic waves from propagating through the shield. In other
embodiments, the columns may be made of steel which also has a high density and Young's
modulus than the regolith. Rubber may also be used for forming columns. Typical values of
parameters of concrete are shown in Table 1 and typical values of parameters of several

types of sedimentary soil are shown in Table 2.

Alternatively, composite columns of two or more media can be envisaged. Parts of the
columns may be formed of stiffer material, for example, steel and parts of the columns may
be formed of softer material, for example, concrete or rubber. For example, the columns may
be made up of layers of concrete and layers of steel which alternate vertically up the column.
Or, the columns may have a concentric circle cross section with alternating circle sections of
concrete and steel to improve the reflection properties of the columns and the shield. This is
attractive both in terms of manufacture and in improving the band-gap width. Another
alternative is for the columns to be formed of a sleeve of steel surrounding a column of

concrete.

Columns may alternatively be formed of a combination of concrete and rubber. Concentric
layers of concrete and rubber may be used to form the columns. One can also envisage

radial layers (alternation of layers in azimuthal rather than radial direction).

The preferred diameter and spacing of the columns is determined by numerical solutions
based on the Floguet-Bloch theory for the Navier equations and involves the calculation of
band diagrams. The stop band can appear when the spacing between the columns is 10 to
100 times smaller than the wavelength. Note that more columns are better as there is then
an exponential increase in the attenuation of seismic waves with an increase in the number

of columns.

In some embodiments, the filling fraction (total volume of all columns as a fraction of the
volume of the shield) in different parts of the shield may be different. For example the part of
the shield most exposed to the waves (for example, the part facing a source of seismic

waves) may have a higher filing fraction and a part of the shield further from the source may

10
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have a lower filling fraction. This reduces the amount of material needed to produce the
columns, reducing cost and effort required to build the shield whilst maintaining a high level

of protection in the most important areas.

The filling fraction is calculated by summing the volume of all the columns of the shield and
dividing this by the total volume (including columns and regolith inside the array) of the
shield.

The filling fraction is preferably above 15%. More preferably, the filling fraction is above
19%. More preferably, the filling fraction is above 50%. The appearance of partial stop bands
can be seen for a radius of inclusion of 0.25 of a square unit cell, so an area fraction of
0.25%0.25"3.14=0.19 (19%). Note that large (and complete i.e. for all polarizations and
crystallographic direction) stop bands can be observed for radius greater than 0.4 so area
fraction of 50%. The filling fraction may be below 10-20% so as to make the installation of a

shield more practicable.

The columns alter the properties of the shield by fixing points of the shield to the bedrock via
the columns, thereby altering the dispersion of seismic waves through the shield. This
results in stop bands and in particular a stop band near OHz, caused by the pinning effect
that results from the contact between the columns and the bedrock. The effectiveness is
affected by the filling fraction of the columns in the shield. As discussed above, the pinning

effect is increased by clamping the columns in the bedrock.

In this embodiment, the columns are placed in the ground in a periodic square array. Other
arrays could also be used such as triangular or hexagonal arrays. Preferably the width of the
shield (in the direction of the propagation of the seismic waves to be stopped as discussed
above) is at least twice the spacing between columns in order to allow 3 or more rows of

columns in the shield.

The periodicity of the array is a secondary factor in producing the stop band and reflecting
the seismic waves because the wavelength is large in comparison with the spacing of the
columns, so columns do not necessarily have to be placed in a periodic pattern. Columns
may be placed in a quasi-random pattern or a quasi-periodic (e.g. Penrose) pattern.
Columns may alternatively be placed randomly in the area to be covered by the shield. The
positions of columns may be chosen to avoid obstacles in the area (such as buildings or

roads) or may be chosen where the bedrock is closer to the surface to reduce the height of

11



WO 2018/073412 PCT/EP2017/076844

the column required. The arrangement (spacing and/or lattice shape) of the columns may

vary gradually over the shield from one end of the shield to the other.

The shape of the columns in this embodiment is cylindrical. Other embodiments may use
different shapes (triangles, squares, pentagons, hexagons, circles, rectangles, ellipses, star-
shaped) and cross sections for the columns. The columns within one shield may also be
different shapes and the shape of the cross-sections of the columns may vary gradually over
the shield from one end of the shield to the other. The cross-section of the columns need not
be constant along the length (height) of the columns (e.g. the cross section can vary
periodically along the length to create additional stop bands in the vertical direction to reflect

volume seismic waves propagating obliquely from the bedrock upwards).

The columns extend from the bedrock towards the surface of the ground, but may have their
upper surface below the ground (for example, 1 to 5m below) with a soil or urban covering.
The height of the columns depends on the depth of the surface bedrock in the area of the
shield. In this example, the height of the columns is 10 metres. In other embodiments
columns of around 50 metres may be used. Where necessary due to the depth of the
bedrock beneath the ground, columns between 10 metres and 200 metres tall may be used.
Where the bedrock is deeper than this, taller columns may be used to reach the depth of the
bedrock. The depth of the soil above the bedrock may be around 15m and the depth of the

bedrock may be around 5m.

The columns or a sub-set of the columns may be joined by plates. These plates may be
made of concrete, steel, a combination of concrete and steel or another solid material. The
plates improve the stability of the columns, and insert additional stop-bands. The plates may
be located around 5 metres below the ground surface. They may extend between
neighbouring columns. They may extend horizontally. They may also be in contact with or
embedded in the bedrock. They may have a planar shape, the plane being substantially
vertical. The increased stability of the columns increases the effects of clamping, thereby
reducing the lower frequency limit of the stop band because the columns are more securely
fixed due to their interconnection. The addition of the plates creates additional stop bands as
the shield can be approximated to a lattice of beams connecting masses. This creates

additional stop bands associated with the beam’s vibrations.

The columns may all be attached to each other by a lattice of plates which join adjacent
columns. For example, where columns are arranged in a square or rectangular grid, plates

may attach each column to its four nearest neighbours (three for triangular grid etc.).

12
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A column of the shield is produced by boring a hole of the shape and size of the column into
the ground, through the regolith and down to the bedrock surface. If the column is to be
embedded into the bedrock, the hole is extended the required distance into the bedrock by
boring. The hole is then filled with the desired material, which may be concrete. Where the
column contains concrete, the column may be formed within the shield, by pouring unset

concrete into the hole, so that the concrete then sets to form the column.

The invention may be implemented in order to protect a whole city by arranging a shield
around a boundary of the city. The invention may be implemented in order to protect a
critical facility such as a nuclear power plant or oil refinery by arranging a shield around the
boundary of the facility. The shield may be positioned less than 5 metres from the boundary
of a building or structure to be protected. Individual buildings may be protected by the
invention by arranging a shield around a boundary of a building. The shield may be spaced
laterally from the building so that the building does not overlie the shield. The shield may be
positioned between 2 and 10 metres from the perimeter of a building. The shield may be
outside of the lateral perimeters of any buildings such that no buildings overlie the shield.
The shield can also protect bridges, dams, airports, nuclear plants and even cities. The
columns of the shield can be separate and unconnected to the building or structure to be
protected. The shield can be positioned so that it is not directly connected to the structure or

building.

Areas may also be protected from locally produced seismic waves, for example from trains
or vibrating equipment by positioning a shield around the source, in order to prevent seismic
waves from leaving the area in which they were produced. This may be particularly useful in
building work that occurs in built up areas where multiple buildings are to be protected from
seismic waves produced by equipment used in one location as it is more practical and cost

effective.

Where a shield is primarily to protect an area from a localised source of seismic waves, the
shield may be placed(s) on only the sides of the area that face the source. Where the source
of the seismic waves is not known in advance (e.g. in an earthquake zone) the shield may

be placed around the whole boundary of an area to be protected.

An embodiment of the invention is shown in Figure 1, where a seismic wave shield is
positioned around a building to be protected. There are two rows of cylindrical columns 1

and the columns are arranged on points of a square lattice. The columns are spaced from
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the building 2, so that the building does not overlie the columns. The curved arrows indicate
seismic waves approaching the building which are stopped by the shield. The seismic waves
are made up of surface Rayleigh waves R, bulk pressure waves P and shear waves S. In
this embodiment, the regolith is soil 3. The columns are clamped to the bedrock as the

bottom portions of the columns are embedded in the bedrock.

Figure 2 shows another embodiment of the invention, similar to the embodiment of Figure 1,
but having four rows of columns 1 making up the shield. This Figure shows that bulk
pressure waves P, shear waves S and Rayleigh (surface) waves R travelling towards the
building 2 through the soil 3 are all stopped by the shield. The bottom portions of the
columns can be seen as embedded in the bedrock 4. The columns protect the region 6 from

Rayleigh surface waves R, Bulk pressure waves P and shear waves S.

A column 1 having plates 5 attached is shown in Figure 3. The Figure shows a unit cell of a
shield where the regolith has been made transparent in order to allow the column and plates
to be seen. The unit cell contains one column. The column is cylindrical and has a diameter
of 30cm. The height of the column above the bedrock is 15m and the height of the bottom
portion of the column which is embedded in the bedrock is 80cm, thus the total height of the
column is 15.8m. The column is attached to four plates which extend between adjacent
columns. The plates 5 are 10cm thick and 1.7m wide (only half of each plate is shown in the
unit cell). The plates are the same height (15.8m) as the columns. A shield is formed by
placing many of the unit cells of Figure 3 next to each other in a square array. The plates

extend between the surfaces of two adjacent columns.

The band diagram for a shield made up of the columns shown in Figure 3 is shown in Figure
4. This shows a stop band for frequencies below 20Hz. This means that a shield made up of
a square array of the unit cells of Figure 3 will stop seismic waves with frequencies below
20Hz.

Typical values of parameters of concrete which is an example of a material forming the

columns are shown in Table 1. Typical values of parameters of several types of sedimentary

soil which are examples of materials forming regolith are shown in Table 2.
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Table 1. Typical parameters for concrete (source Stéphane Brilé

Symbol | Unit Value Value
Min Max
Density C12 p kg/m?3 2200 2200
Compressional wavespeed Vp m/s 4100 3 500
Poisson ration (v=0.2 : good, v=0.3 bad quality) Y NA 0.2 0.2
Ratio of compressional wavespeed over shear VolVs NA 163 163
wavespeed
Shear wavespeed for small deformations Vs m/s 2511 2143
Young modulus for small deformations (< 10-°) E MPa 33284 | 24255
Shear modulus for small deformations (< 10-%) G MPa 13 868 10 106

Table 2. Typical parameters for sedimentary soil (source Stéphane Brilé)

Symbol | Unit Soil of class C

Sedimentary soil with sand of average
Description lithologique de density, clay of average stiffness, with
I'Eurocode 8 thickness of a few tenths to few hundreds of

meters
Density p kg/m3| 1600 1600 1900 1900
Shear wavespeed according V, m/s 180 360 180 360
to Eurocode 8
Poisson ratio Y sans 0.3 0.3 0.3 0.3
Young modulus for small
deformations (< 10°) E MPa 135 539 160 640
Shear modulus for small
deformations (< 10-°) G MPa 52 207 62 246
Ratio of Young modulus (i.e.
contragt) between concrete Eonaroie/Eani| NA 180 45 152 38
and soil
Econcrete min/EsoiI

In one example of a seismic shield, a large number of cylindrical columns of steel (density of
7850 kg/m3) each having a diameter of 1.2 m are used with a soil regolith which is 15 m
deep above a bedrock which is 5m deep. A bottom portion of each column is embedded in
the bedrock, the bottom portion having a height of 80 cm. The columns are arranged in a
square array so that the distance between the centre of nearest neighbouring columns is
2m. The columns are 15.8m tall so that they reach the surface of the regolith. A zero-

frequency band gap up to around 4.5Hz is caused by such a shield.

A large number of columns may be thirty columns arranged in three rows of ten columns.
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In another example of a seismic shield, a large number of cylindrical columns of steel
(density of 7850 kg/m3) each having a diameter 0.2 m are used in a soil regolith which is 15
m deep above a bedrock which is 5 m deep. The columns are arranged in a square array so
that the distance between the centre of nearest neighbouring columns is 2m. Further, the
columns are each joined to each of their nearest neighbours by steel plates 0.2 m in
thickness. Thus the columns and the plates together have a cross-shaped cross-section.
The bottom 80 cm of the columns and the plates are embedded in the bedrock. The columns
are 15.8m tall so that they reach the surface of the regolith. This shield may be modified by
removing the bottom portion of the columns so that the columns are not embedded in the
bedrock and are 15 m tall. This shield may be modified by removing the bottom portion of
the columns so that the columns are not embedded in the bedrock and are 15 m tall. A zero-
frequency band gap up to around 26 Hz is caused by such a shield. The shield of this

example may be modified by making the columns of a diameter of 0.3 m.

In another example of a seismic shield, a large number of cylindrical columns of steel
(density of 7850 kg/m3) each having a diameter 0.3 m are used in a soil regolith which is 15
m deep above a bedrock which is 5 m deep. The columns are arranged in a honeycomb
array so that the distance between the centre of nearest neighbouring columns is 2m.
Further, the columns are each joined to each of their nearest neighbours by steel plates 0.3
m in thickness. The bottom 80 cm of the columns and the plates are embedded in the
bedrock. The columns are 15.8m tall so that they reach the surface of the regolith. A zero-

frequency band gap up to around 20 Hz is caused by such a shield.

A similar array using a hexagonal lattice can produce a zero-frequency band gap up to

around 18 Hz.

In another example of a seismic shield, a large number of cylindrical columns of steel
(density of 7850 kg/m3) each having a diameter 0.3 m are used in a soil regolith which is 15
m deep above a bedrock which is 5 m deep. The columns are arranged in a square array so
that the distance between the centre of nearest neighbouring columns is 2m. The columns
pierce a horizontal steel plate of 0.2 m thickness located at a height of 7.5 m from the
bedrock. This shield may be modified to have three or seven equally spaced horizontal

plates. The columns are 15.8m tall so that they reach the surface of the regolith.

In a further example of a seismic shield, a large number of cylindrical columns of steel
(density of 7850 kg/m3) each having a radius of 0.6 m are used in a soil regolith which is 15

m deep above a bedrock which is 5 m deep. A bottom portion of each column is embedded
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in the bedrock, the bottom portion having a height of 80 cm. The columns are arranged in a
square array so that the distance between the centre of nearest neighbouring columns is
2m. The columns are 15.8 m tall so that they reach the surface of the regolith. This shield
may be modified by removing the bottom portion of the columns so that the columns are not

embedded in the bedrock and are 15 m tall.
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Claims

1.

10.

11.

12.

13.

14.

15.

A seismic wave shield comprising a set of columns embedded in regolith and in
contact with bedrock, wherein there is a material contrast between a material forming
the columns and the regolith.

A seismic wave shield according to claim 1 wherein the material forming the columns
has a higher density than the regolith.

A seismic wave shield according to claim 1 or claim 2 wherein a bottom portion of
each of the columns is embedded in the bedrock.

A seismic wave shield according to any preceding claim wherein the seismic wave
shield is positioned outside of a lateral perimeter of a building.

A seismic wave shield according to any preceding claim wherein the material forming
the columns is at least 1.1 times as dense as the regolith.

A seismic wave shield according to any preceding claim wherein the Young’s
modulus of the material forming the columns is at least 10 times higher than the
Young’'s modulus of the regolith.

A seismic wave shield according to any preceding claim wherein the columns are
positioned periodically or near periodically in the shield.

A seismic wave shield according to claim 3 wherein the bottom portion has a height
of greater than 30cm.

A seismic wave shield according to any preceding claim wherein a total volume of the
columns is at least 15% of the volume of the shield.

A seismic wave shield according to claim 6 wherein the columns are positioned on
points of a hexagonal, or other Bravais, lattice.

A seismic wave shield according to any preceding claim wherein a width of the shield
in a direction of waves to be blocked is greater than two rows of columns.

A seismic wave shield according to any preceding claim further comprising a plate
attached at a first end of the plate to a first column of the shield, the plate further
being attached at a second end of the plate to a second column of the shield.

A seismic wave shield according to any preceding claim wherein at least one of the
columns comprise concrete.

A seismic wave shield according to any preceding claim wherein at least one of the
columns comprises steel and concrete.

A method of shielding an area from seismic waves by installing a seismic wave shield

according to any one of claims 1 to 13 on at least a part of a perimeter of the area.
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16. A seismically shielded building comprising a seismic wave shield according to any
preceding claim positioned adjacent to a part of a perimeter of a building and outside
of said perimeter.

17. A seismic wave shield substantially as herein-before described with reference to the
accompanying Figures 1 to 3.

18. A method of shielding an area from seismic waves substantially as herein-before
described with reference to accompanying Figures 1 and 2.

19. A seismically shielded building substantially as herein-before described with

reference to accompanying Figures 1 and 2.
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