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ABSTRACT :

This paper presents a promising earthquake proteatiethod by placing rubber-soil mixtures (RSM)uard
the foundation of structurefor absorbing seismic energy and exerting a fonctimilar to that of a
earthQuake cUSHION, named hereafter as "QUSHIOINE Validity of the method has been demonstrated
numerical simulations. A parametric study vwasried out to evaluate the effectiveness andstoiess of thi
method.

The use of scrap tires as the rubber material cavige an alternative way of consuming huge stdekmf
scrap tires from all over the world. Moreover, foe cost of this propsed seismic isolation methods !
greatly benefit developing countries where resaieced technology are not adequate for earthquatkgaon
using well-developed, yet expensive, techniques.
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1. INTRODUCTION

In the past century, earthquakes have killed anagecof over 20,000 people a year throughout thédwaith
90% of fatalities occurring in developing countriésis believed to be the most important, yaterrated
challenge that the global earthquake engineerimgnuanity is facing. It is impossible to prevent agriake:
from occurring, but it is possible to mitigate #isastrous effects of strong earthquake shakimgder to sav
lives and properte More efforts are indeed required to address phidblem by, for example, formir
international networks to promote collaboration amflormation sharing, putting greater emphasis
small-scale local advocacy, and so forth. Anotheyvis to encouragenore research into inadequat
engineered construction and low-cost earthquakiegtion techniques.

1.1. Seismic I solation for Developing Countries

Seismic isolation aims at reducing seismic loadduded by earthquake excitations, which can gr
minimize the damage induced in a structure, anddieave on costs of repair. However, due to thie ¢tigt o
implementation, these base isolation techniquesoatg applied in structures with critical or expemex
contents.

There is an increasing imést in applying seismic isolation technology tdimihousing, schools and hospit
in developing countries where the replacement ats¢sto earthquake-inducemage could be significa
United Nations Industrial Development Organizat{tiNIDO) has been instrumental in developing loast
seismic isolation systems using natural ruldd@sed bearings for the protection of housing ahdrattructure
in earthquake-prone developing countries. Effostgehbeen put in to develop low-cost isolation systdor
developing countries (Kelly, 2002), and several destration projects are in place in countries lik@onesia.

In recent years, novel seismic isolation method& leeen proposed, of which the flexible or slidingrface
is in direct contact with geological sediments #melisolation mechanism primarily involves geotectnFor
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example, Kim and Konagai (2001) has proposed a odett covering a tunnel lining with a soft and thin
coating for reducing deformation under earthquahkakimg. Snooth synthetic liners have been propc
underneath the foundation of structures or betwsdnlayers for dissipating seismic energy throwtjting
(Yegian and Kadakal, 2004; Yegian and Catan, 2084y rubbesoil mixtures (RSM) have been propo
araund the foundation of structures for absorbingmmisnergy and exerting a function similar to tbhan
earthQuake cUSHION, named hereafter as "QUSHIONA{, 2008). The low cost of these proposed se
isolation methods can greatly benefit deveigpcountries where resources and technology aradexmuate fc
earthquake mitigation using well-developed, yetesmgive, techniques.

The aforementioned seismic isolation methods iringlv geotechnics could be collectively nar
“Geotechnical Seismic Isolatignin contrast to the commonly use&tfuctural Seismic Isolatidn In the

following sections, the background and principlésSQSHION will be introduced, followed by the lat
research findings. For a newly proposed technolibgy,reasonabléhat some hidden problems may exist

it is essential to carefully evaluate, investigael criticize the proposed method. Potential probleelated t
the concept and feasibility of QUSHION, as well fasther research directions, will be identifiecida
discussed.

2. BACKGROUND AND PRINCIPLE

The proposed QUSHIOM shown schematically in Figure 1. The buildingisture has a typical dimensi
[10-storey and 40 m widthw] of a residential or office building. Surroundinige footing of a lowise
building, a layer of soil was replaced by soil nix@ith a designated proportion of rubber (i.e. RSHM
thicknesst) in the order of 10 m. For high-rise building, R¥\er could be placed around the pile cap.

The rationale of this method can be explained mg&mental wave theory, in which transfer functiogf)

can be defined to describe the ratio of displaceénaemplitudes at the top (surface) and bottom (tb
halfspace) of the RSM layer [refer Tsang (2008)details]. It wasshown that only a narrow bandwidth
seismic waves (at around 2-Hz) would be amplified, while significant reduwii can be seen for otr
frequency ranges. It is noted that the amplifigafionction is expected to be dependent on the gegraad
the material dynamic properties of the RSM layer. Timpartance of the material damping property leac
the proposed use of rubber, which will be furthecdssed next.
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Figure 1 Seismic isolation by a layer of rubbéalsoxture (RSM) (Tsang, 2008).
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2.1. Use of Rubber and Scrap Tires

Energy dissipation is the primary mechanism attiiiguto the reduction of seismic ground shakingblbar is
known for its excellent energy absorption capahiind hence its uses for vibration control and miamng
seh as in automotive components have been exterRidgber solids and soil particles are complemerits
their functions. Comparing with normal soils, s@iinforced with rubber demonstrates a significantéase ii
shear strength (Edil and Bosscher94p and more importantly a tremendous increasenargy dissipatin
capability. More details of the engineering projsrof rubber-reinforced soils will be discussadia

It is generally believed that recycled rubber wiicome an important comparteén base isolation in the ne
future, and scrap tirgsotentially provide a huge source of rubber mateequired for the proposed meth
The durability of tires is ensured, for instandeyt are termite proof, fireproof and do not outgase theyare
buried. Possible environmental effects will be dgsed in a later section.

In recent years, the disposal of scrap tires hasrbe a significant environmental problem. Hundreé
millions of scrap tires are disposed every yeardwide as a consegnce of the huge increase in the nun
of vehicles on our roaddust in the United States, about 300 million gdn@s were generated in 2005 and
number is expected to rise by approximately 2%\eyear, let alone the whole world.

Since the baof used tires from landfills in the European Unamd several states in the United States, pi
uses of scrap tires have become a hot topic amumggineering community. Owing to the high en
content of tires, uses of scrap tires as fuel farg/ recovery have been the main outlet of the stdekpithe
United States and several European countries su@waden. Despite the reduction in emissions obgén
oxides, uncontrolled burning of tires can genefdtek smoke and sulphur dioxide which can aggraaate
pollution. From the perspective of sustainability, reusing aedycling of waste tires is preferred to ene
recovery. Tire shreds can be applied in civil eeghing applications, for instances, highwembankment:
landslide stabilization and backfill for retaininglls and bridge abutments.

The use of RSM as QUSHIOpFovides a promising way to reduce the huge sitelgs a large volume ¢
tires can be utilized in each project. Taking Beferencescenario in Figure 1 as exampiee bulk volume
occupied by RSM is around 42,000.Assuming a bulk density of 0.8 tife RSM, for RSM with 75% rubb
by volume, 25,200 fnof solid volume of rubber is required. Since aidggppassenger tire weighs 9.1 kg
contains around 70% of rubber (Dleir al, 2001), over four million passenger tire equividefequivalent t
40,000 tons) can be consumed, given the densitylifer of 1,100 kg/fh This amount is well beyond t
consumption of scrap tires in typical civil enginag projects.

3. FINITE ELEMENT MODELING

3.1. Material Properties of RSM

Extensive research has been conducted to investfgatiamental engineering properties of RSM, sl&
shear strength, modulus of elasticity and Poissatis (e.g. Edil and Bosscher, 1994helvalues of densii
of sand and RSM with 75% rubber by volume (abbtedas RSM75) selected for finite element modeilir
Tsang (2008) are 17.4 and 9.5 kN/raspectively. Given the fact that Poisson’s rais little effects on tr
results, different values for different materialsreszdeemed not essential and a single value af@s3hosen.

Dynamic properties of soils are well known for thagnificant dependence on soil shear strains.cmepute
program used in this studQUAD4M (Hudson, 1994) employs the commonly adopted equivalent li
method, in which the nonlinear characteristics afsscan be captured by two straiompatible materiz
parameters, namely, secant shear mod@Eusnd damping ratiaf. QUAD4M is a dynamic, tim&omain,
two-dimensional finite element program, and islausi analysis tool that has been used extensively.

The dynamic properties of RSM have been investibaie Feng and Sutter (2000). The maximum vahfes
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shear modulus of Soil3.,) [when shear strains are very small {2010°%)] adopted for sand and RSM
are 222 and 7.5 MPa respectively. The strain degger&G, ..« ratio (degradation of the shear modulus)l a
damping ratio have been plotted in Figure 2. Largeertainty in estimating the dynamic properties oif
materials is unavoidable, and thus tolerance afirdglus and minus 10% has been allowed in modétia
shear modulus degradation and damping. The notigi@ér bound and lower bound curves hawenhaottec
with dashed lines in Figure 2.

25
Pure Sand (adopted in Tsang, 2008)
20 H =75% Rubber (adopted in Tsang, 2008) //
S — —Envelope for 75% Rubber /7
o YA
- 15 /7
5] /,
@ /, 7/
o L
£ 10
o p/ //
Pure Sand (adopted in Tsang, 2008) % — P4 /
0.2 H . ™ e T . — =
: =—75% Rubber (adopted in Tsang, 2008) \ —_— e — —
— — Envelope for 75% Rubber
0 T T T 0 T T

0.001 0.01 0.1 1 10 0.001 0.01 0.1 1 10
Shear Strain (%) Shear Strain (%)

Figure 2 (a) Shear modulus degradation curvegi@ndamping curves (Tsang, 2008).

3.2. Numerical Simulations

To demonstrate the feasibility of QUSHION, a serigfs numerical simulations was performed. €Th
configuration described in Figure 1 was adoptethafkeferencemodel. Rbustness analysis was condut
to examine a number of important variables, whituded number of storeys and width of the buildoheptt
of underground structure (annotatedraim Figure 3), thickness of RSM, discrepanciesyinaimic propertie
of RSM, earthquake ground motions with differerdlshg levels and frequency contents. Details cafobed
in Table I. It is noted that only one input paraenevas varied in each egswvhereas all other input parame
were held constant at the default values specitiethe Referencescenario (bolded in Table I). The purp
of this comparative analysis was to test the rofasst of the results to each input parameter.
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Figure 3 Simplified model for finite element arsif/usingQUAD4M

In most cases, the most severe damages were daysedrfield earthquakes with strong ground shakinc
ground motions which are rich in high frequencyssec wave components were the foaisthe analysi
(Tsang, 2008). Peak and root-mesuare ground accelerations, both horizontal amicae were chosen fi
the comparison of the effectiveness in differemnseios. Normally, the location where earthquakéionas
applied for structwal analysis is at the base of the footing or pde.dHence, the acceleration time histc
were collected at the point annotated by the [€®érin Figure 3. For simplicity, the weight of the whc
building structure was condensed to the footingdiey to different “equivalent” densities of elemerits
different scenarios listed in Table I. This simighition is reasonable provided that ground acceters, bu
not structural responses, were chosen for compariso
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Table | Input parameters used in the parametndys{Tsang, 2008).
Input Parameter Reference
Thickness of RSM (m) 5 10 20
Dynamic Properties of RSM —10% Median + 10%
Building Widthw (m) 20 40 80
Number of Storeys 5 10 15
Depth of Underground Structufe(m) 3 7 10

Peak Horizontal Acceleration (g)
Peak Vertical Acceleration (g)

0.45 — 3.56 (rdkeble 1)
0.33 — 2.10 (refablE II)

The model was subjected to three earthquake grexcithtions, which cover different frequency comsesmc

a wide range of grourshaking levels

, both horizontal and vertical, a®sxghin Table I. They are, respective

1994 Northridge, California earthquake, 1985 Vadimo, Chile earthquake and 1999 Duzce, Tu
earthquake. An additional set of strong-motion dates obtained bymultiplying the 1994 Northridge
California earthquake by a factor of two (equivaleEnaround one unit increase in earthquake mad@jtun
order to give a stronger shaking level.

Figures 4(a)—(b) show tHeourier amplitude spectraFAS of the horizokal and vertical ground acceleratic
respectively, in which th€AS of the scenarios of placing RSM and pure sand whkatted. Figures 4(cjd)
present the corresponding normalized horizontal \artical ground acceleration time histories of the
scenarios. Each time history was normalized by th@eegve maximum absolute ground acceleration o
scenario with pure sand for convenient observadidhe reduction ratio and for direct comparison.
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In Figures 5(a)—(f), the effectiveness of accelerateduction is shown. The “Acceleration Ratiat ¢o) rekrs
to the ratio of the ground acceleration obtainedhfthe model with RSM to that obtained from the piagith
sand. It is obvious that QUSHIObhN effectively reduce both horizontal and vettgraund accelerations
all cases, even for the worst-eascenarios presented. On average, the accelerationis in the order ¢
30-40% for horizontal motion and 183% for vertical motion. The importance of vertigabund motion wil
be further discussed in the following sub-section.

It is noted in Figue 5(b) that the result is most sensitive to thekimess of RSM. In particular, the horizor
acceleration ratio changes from around 20% to 608 kespect to the thickness of RSM of 5 to 20 ir
Figures 5(c)—(d), significantly higher effectivesesanbe observed in reducing horizontal acceleratiar
heavier structures which are represented by aegréaight or width of building, but the verticalcateratior
ratio only varies slightly. On the other hand, ewsing the depth of underground struetis relatively
ineffective in the reduction of acceleration (Figi(e)). A clear trend is yet to be seen in difiemarthquak
scenarios which include a wide range of shakinglgand frequency contents (Figure 5(f)).
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earthquake scenarios (Tsang, 2008)tes Only one input parameter was varied in each calie all other
input parameters were held constant at the defalues specified for thReferencescenario.
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3.3. Vertical Ground Motion

In the past few decades, characteristics of hoté#ararthquake ground motion, aslwas their effects o
structures, have been extensively examined. It madsuntil recently that investigations on vertigagbund
motion were initiated. Strong vertical ground matiwas studied by Papazoglous and Elnashai (199beld
evidence fronrecent earthquakes on their destructive effectstiuttures was collated. It was discovered
vertical motion might increase axial column forcemment and shear demands and also reduce théditg
level in columns and moment/shear capacity in beams

It was also learnt that the ratio of vertical torihontal (V/H) response spectra increases with ehesing
sourcesite distance at high frequencies (Bozorgnia arakiNil993). This means that the effects of ver
ground motion are more critical to structures veitiort natural periods under nditd earthquakes. In view
such characteristics, both short-period structawes neafield earthquakes with strong shaking levels v
chosen for demonstration in this study.

4. DISCUSSION

4.1. Nonlinear Site Response

It is well recognized that nonlinear response biehavcan be resulteffom soils yielding at moderate to hi
levels of strains. As stated in Hauksson and G(2891), most damage was caused by soft, sigdace
ground conditios. Hence, it might be reasonable to deduce that Ryl not be beneficial in reducing f
level of groundshaking. However, Trifunac (2003) illustrated thatldings on softer soils were damaged
lesser degree under strong shaking (e.g. peak dnadwcity > 200 mm/s) due to energy absorption ofdecit
seismic waves by nonlinear soil response. In feaft soils can potentially act as a natural medranfor
passive isolation, especially for near-field eanttces that are rich in high-frequency weacomponent:
Considering the excellent energy absorption cajpalof rubber, it is therefore believed that QUSHIGhoulc
be feasible.

4.2. Soil Resonance Effects

Earthquakes produce seismic waves with a wide spaatf frequencies. If a certain smiic wave compone
with high energy matches the natural frequencyhef $urface geological deposits, the interactionld
potentially amplify the level of shaking, commomBferred to as soil resonance. Considering thexcephen
of certain thicknesef surface geological deposits with RSM, the stiffe (and in turn the natural frequency
the materials beneath the structure would be $igmifly modified and the potential harmful effesteuld no
be ignored. Although this problem could not bersen the numerical simulations mentioned in thevigus
section, further investigation on soil resonandeot$ is required.

If the natural frequency of the site can be modifieith specific design of the configuration andgerties o
the RSM layerto a frequency which is not close to the domirfeeqjuency of the incident seismic waves,
level of shaking can then be further reduced initemtdto energy dissipation by RSM. This is actydte
underlying philosophy of the commonly adopted s&dsolation system.

4.3. Liquefaction

Liguefaction is the state when saturated sandylesds shear strength and effective stresses dneeé as
result of increased pore water pressure. The twet nmportant factors accounting for the occurrente
liquefaction include (1) the cohesiveness and dgmdithe soil deposit and (2) the level of shakiAg this
isolation method requires partial replacement efgbil materials with RSM, it is essential to cdesiwhethe
it would increase the liquefaction potential duregythquakes.

As mentioned in the previous section, the densitR®M is reduced from 17.4 kN/fof pure sand) to 9
kN/m®. This may lead to a decrease in the shear stremgtipotentially enhance the possibility of liquian
occurrence. Preliminary studies by Promputthangkarah Hyde (2007) have shown that the addition ailk
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quantity of tire chips reduces the cyclic sheaerggth of RSM. However, there is evidence to shoat the
shear strength of loose sand becomeatgrehan that of dense sand with an addition afentiban 10% tir
chips (Edil and Bosscher, 1994).

Various studies of the engineering properties oMR$&ve also demonstrated a significant increasthé
cohesion intercept (commonly referred to asdhelue) (Masadkt al, 1996). Moreover, rubber normally has
higher frictional angles (commonly referred to las ¢-value) than normal soils (Edil and Bosscher, 1364
the gvalue increases with the percentage of shred cbmtethe mix (Fooseet al, 1996).In addition,
randomly mixing tire chips can reinforce sand, hisy in greater shear strength than that of paredsat it
densest state. Densification can be carried orgdace the void ratio and thus increase the deirsibyder tc
minimize liquefaction.

Concerning the intensity afround shaking, it is noted from the previous sectihat both the peak a
root-mean-square ground accelerations can be lowleyehe damping effects of RSM, thus reducing
probability of liquefaction ozurrence. Nevertheless, remedial measures agagusfdction could still b
carried out during the construction process.

4.4. Ground Settlement

Since tire shreds and RSM are highly compressiteriputthangkoon and Hyde, 2007), they are prol
ground settlement. However, it has been demondtritat the compressibility of tire shrediecrease
substantially upon the application of log@slil and Bosscher, 1994). Preloading can thuadmpted after th
construction of fill to eliminate plastic comgmsion. Although an embankment constructed witte pine
shreds settles slightly more than that construaiigd soils, embankment sections composed of tiredshtha
are overlain with a soil cap (of the order of 1 mckness) can significantly redutlee compressibility ar
deflections, performing equally well as those camged with soils. Alspsettlement can be decreasec
compaction, through which soil particles are paakede closely and air voids are reduced with thaiteh of
either static or dynamic forces.

4.5. Environmental Effects

Long term environmental issues associated withuieeof recycled rubber, such as groundwater contgion
and impacts on local ecology, have been the subjaatense debate. From previous laboratests and fiels
studies (Liu, 2000), both the concentrations ofaitiet components and the organics were well belba
standards specified in two protocols in the Unigtdtes, namely, Toxicity Characteristics LeachingcBdure
Regulatory Limits and Eraction Procedure Toxicity, proving that recycledtap tire is not a hazardo
recycled material.

The increase in iron and manganese levels arigimgp the use of scrap tires is also a common con
However, iron level is only specified in the aesithelrinking water standard (taste), rather tharheéltr
concern. Furthermore, manganese is naturally présgmound water in many areas. It can thus belcoied
that there is little or no likelihood of significeleaching of substances that arespécific public health conce
from tire chips.

5. NEW CLASSIFICATION OF SEISMIC ISOLATION SYSTEMS

An interesting feature of the two new types of gebnical seismic isolation systems (smooth syrthitérs
and QUSHION) is that they aranalogous to the conventional structural seisstation systems usir
spherical sliding bearings and laminated rubberibgs respectively (refer Figure 6 for comparisoBpth
laminated rubber bearings and QUSHION decouple ithigdding or structure fromground motions b
interposing elements or materials of low stiffn@sbetween. While the rubber bearings shift thedamenta
frequency of the isolated structure and concentitztedeformation and energy dissipation demandhe
isolation system, QUSHIOModifies the dominant frequency of the incidensrséc waves and dissipates
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seismic energy of high frequency components inidar. On the other hand, both spherical slidiegrings
and geosynthetic liners limit the transfer of shaeross thesolation interface which has a low level
frictional resistance, and hence, the levels okisigatransmitted to the structure could be reduced.

On the other hand, the two geotechnical seismiatism methods can be generalized alistributed seism
isolation systemwhich involves isolating the entire contact soefaf the foundation structure. This featur
clearly distinctive from the conventional systemisich are based on isolation of certain discretepsttng
points. Further research can be directed to theldpment of thalistributed seismic isolation system
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Figure 6 Proposed classification of seismic isofasystems

6. CLOSING REMARKS

Undoubtedly, arthquakes have been causing unacceptably largbararof deaths and injuries in develog
countries.The vulnerability of megacities in the developingrid is much greater where the average nur
of victims can be 150 times larger than that in theetigped world, and the economic loss (as a perck
Gross National Product) 20 times greater (Weatel, 2007).

In the past few decades, rapid urbanization cagelea all over the world, while most this has occurred
developing countries, owing to the breakdown of riln@l economy and the consequential migrationucdl
population to urban areas, leading to the emergehoeegacities, such as Mumbai, Dhaka and Jakkris
foreseen that thvulnerability in developing countries will contie to increase. Severe devastation and
death tolls could result if a major earthquake ogdo one of these megacities, where fragile bogdian
infrastructures prevail.
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It is time for us all, as earthquake profession@isneet the most important challengead and to make tl
built environment safer worldwidét not now, when? If not us, who?
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