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Abstract: Problem statement: Liquefaction was the most hazardous damage damegarthquake.
Ground improvement techniques were employed togatii liquefaction hazards. Most common
methods to improve engineering properties of saits densification, reinforcement, grouting/mixing
and drainage. Among various remedial measuresadajlinstallation of columnar granular inclusions
is the most widely adopted method for liquefactiontigation. Approach: Columnar granular
inclusions function as drains and permit rapid igetson of earthquake induced pore pressures by
virtue of their high permeabilityResults: One of the chief benefits of ground treatment vgitanular
piles is the densification df situ ground by which the in-situ properties of the grdget modified to
mitigate liquefaction potential. Further, the vemgh deformation modulus and stiffness of the
granular pile material provide reinforcement foe fim situ soil and offer another mechanism to
mitigate liquefaction. The study described bridftig phenomenon of liquefaction and the associated
features. A short discussion on various ground awement methods available for liquefaction
mitigation was presented highlighting the impor&€ columnar inclusions. Construction methods of
different granular columnar inclusions like sandmpaction piles/ granular piles were discussed
briefly. Recent developments in the research ofimolar granular inclusions as liquefaction counter
measures were presented in relation to physicalnenigal and analytical model studies.
Conclusion/Recommendations. Columnar granular inclusions were demonstratduketoery effective

for liguefaction mitigation in different case stadiand research investigations.

Key words: Liquefaction, mitigation, columnar inclusions, guder piles, stone columns,
analytical/numerical studies

INTRODUCTION commonly employed to mitigate liquefaction hazards.
Provision of columnar granular inclusions like grhv
Liquefaction and its associated grounddrains/granular piles/stone columns is the most
displacements resulting from earthquake shaking areommonly adopted ground treatment methodology for
the major cause of damage in loose saturated gmanulliquefaction mitigation which has proved its
soils. Many liquefaction induced failures or near-effectiveness in many instanf&sGranular piles are
failures of foundations, buildings and infrastruetu the most widely preferred alternative all over warld,
facilities like highway/railway embankments, port due to technical feasibility, low energy utilizati@and
facilities and earth dams have been reported athess cost effectiveness. They improve the ground by
globe during various earthquakes. The 1995-Kobeeinforcement and densification of the surroundiod
earthquake emphasized the importance of foundatioapart from providing drainage. Different mechanisms
liquefaction as a potential source of damageoperate in the function of gravel drains/granuliégspin
Liguefaction can be manifested either by the foromat liquefaction mitigation. These mechanisms can be
of boils and mud-spouts at the ground surface, bytated as drainage, storage, dilation, densificaéind
seepage of water through ground cracks or in someeinforcement.
cases by the development of quicksand conditioes ov Ground improvement by means of granular
substantial are8& piles/stone columns/geopiers, which is associatitd w
Ground improvement techniques like densification,partial substitution of thén situ soil, originated in the
reinforcement, grouting/mixing and drainage aresixties. Stone columns generally use gravel orheds
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stone as backfill. Effect of method of installatiwased pressure ratio, number of cycles required to cause
and uncased holes, number of lifts and magnitude dfquefaction and critical stress ratio with relatidensity
compactive energy per lift given to granular pilesd  were presented by Seetlal.” based on the study on
pile spacing were discussed by Madhav andborewater pressure changes during soil liqguefaciitwe
Thiruselvan?. Consideration of granular piles/drains effect of seismic history on liquefaction charaistigs of
installation as a possible method of stabilizingal  saturated sands was studied®bywith a concluding
deposit, susceptible to liquefaction, started witte remark that the deposits of sand subjected to low
work by Seed and Book8r They state that pore-water magnitude earthquakes, which were not sufficiently
pressures generated by cyclic loading get disdpatestrong to cause liquefaction, will develop an iased
almost as fast as they are generated through #iemy resistance to liquefaction in subsequent earthguaien
of gravel or rock drains. Since then, differenteypf though, there may not be a significant change irsithe
columnar inclusions are used as liquefaction reaiedi Seed”! developed a method to estimate liquefaction
measure, which basically provide the drainage ifgcil potential for sand under level ground conditionsgis
to dissipate the excess porewater pressures durirgjandard penetration test data. This method waellzs
cyclic loading almost as fast as they generated. field performance data from sites, which either load
This study presents some of the recenthad not experienced liquefaction due to earthquake
developments in this very vital area of liquefastand  loading. Similar such research works on the ligctiga

its counter-measures highlighting the importance ofnd its evaluation are extensively reviewed and
columnar granular inclusions. presenteli™®. The recent review on this very interesting

topic is the work by Sawicki and Mierczyndfi
Liquefaction and counter measures. Liquefaction is wherein the authors reviewed historical developmeiit

the state when saturated sandy soil looses itsr shedi€chanics of saturated granular soils in relatmrhe
strength due to increased pore pressure and Cmqullquefactlon phenor_nenon, _development of theoretical
reduction in effective stresses. Terz&yhoriginally ~ @Pproaches to liquefaction-related  problems —and

introduced the term liquefaction into the enginegri modeling. In the recent years studies on the micro
community in the classical book Erdbaumechﬁiﬂﬂd mechanical behavior of granular assemblies, irtiogla

Casagrand®, in 1936, used the term to explain the t© liquefaction and ai;scz)ztnaangez% mechanisms, aredary
massive soil failures at Fort Peck Dam. The conoépt Several researchet$ 1% 22 a2

liquefaction gathered worldwide attention in thésQ's,
when in 1964 large magnitude earthquakes locatad ne
Anchorage, Alaska and Niigata, Japan caused massiv
structural damage through ground failure. Significa
amount of work on this topic has been performethen
last few decades since these earthquakes, resiitting
several state-of-the-art papers relating to thelystu
evaluation and remediation of liquefactfoty.

As a consequence of the applied cyclic streskes, t
structure of the cohesionless soil tends to becomoe
compact but with a resulting transfer of stressethé
porewater and a reduction in the effective streesethe
soil grains. As a result, the soil grain structtebounds
to the extent required to keep the volume consdadit
this interplay of volume reduction and soil struetu
rebound determines the magnitude of the increase ir
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pressures, initial and final

porewater pressure in the 88l The basic phenomenon | Induced | Hagt
is illustrated (Fig. 1) schematically by SE&d The (Pore_ Water Prssue
mechanism can be quantified so that the pore peessu | |
increases due to any given sequence of stress } I
applications can be computed from knowledge of the L L
stress-strain and the volume change characterddtite . Pressure

sand under cyclic strain conditions and the rebound
characteristics of the sand due to stress reductioririg. 1: Schematic illustration of mechanism of pore
Relationships between cyclic stress ratio and pore pressure generation during cyclic loadiriy
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Table 1: Various ground improvement methods anii tbeations considered by Mitchell and Wéfitz

Sr. No. Name Location Soil conditions Method Yehireatment
1 Medical/dental clinic Treasure Island Hydraukad fill Stone columns 1989
2 Office building No. 450 Treasure Island Hydrawdand fill Sand compaction piles 1967
3 Facilities 487-489 Treasure Island Hydraulic sfihd Vibrocompactin 1972
4 Approach area, pier 1 Treasure Island Hydraalidill Stone columns 1984
5 Building 453 Treasure Island Hydraulic sand fill  Non-structural timber piles 1969
6 Esplanade extension Richmond Silty, sandy Stoharms 1986
East shore, marina bay and gravelly fill
7 East bay park condominiums Emeryville Silty séithd Vibrocompactin 1981
8 Harbor bay business park Alameda Hydraulic sdhd f Deep dynamic compactin 1985
9 Hanover properties Union city Silty sand fill [Ppedynamic compactin 1988
10 Kaiser hospital South San Francisco Hydraull S8l Compaction grout 1978
11 Riverside avenue bridge Santa Cruz Sands andlgra Chemical Grout 1986
12 Adult detention facility Santa Cruz Silty, sarfdly Deep dynamic compactin 1978
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Fig. 3: Comparison of ground subsidence in zones
treated with different methold®

will not undergo
liquefaction)

The 1989 Loma Prieta earthquake experience
provided the first opportunity to evaluate the hadaof
treated ground that has been actually subjected to

Various ground improvement methods that can besignificant seismic shakiffy Twelve sites treated with
used as liguefaction counter measures can be fiaissi different improvement methods prior to the earthgua
into two broad categoriéd: (i) Prevention of were evaluated comprehensively by Mitchell and
liquefaction and (i) Reduce the damage to strestur Went?? (Table 1). They conclude that the procedures
due to liquefaction. The former one can be achidwed used for prediction of liquefaction were reliabledahe
increasing the undrained cyclic strength as welbyas ground improvement was very effective in mitigating
improving the resistance to deformation or byliquefaction. Provision of gravel drains/granular
dissipation of pore water pressure. The second ongijles/stone columns was the most commonly adopted
reducing the damage, could be attained byyround treatment methodology for liquefaction
strengthening the foundation of the structures #med  mitigation which has proved its effectiveness inngna
ground supporting the structures to avoid reduction instances.
bearing capacity or making the structures moreitilex Yasudaet al.*® investigated the liquefied and not-
so that it can deform in accordance with the groundiquefied subsoil conditions of two reclaimed islanin
movement in case of buried structl#®sResistance to Kobe City after the 1995 Hyogoken-Nambu earthquake.
liquefaction can be improved by increasing the dgns Based on the study it was found that the non-ligdef
modifying the grain size distribution, stabilizitite soil  zones had been improved by several methods, imgudi
fabric, reducing the degree of saturation, disgpadf  sand compaction piles, rod (vibro) compaction, sand
the excess pore pressures generated and integéptin  drains and preloading, before buildings had been
propagation of excess pore pressures. PPRI constructed on them. Figure 3 depicts performarice o
summarize (Fig. 2) the basic strategies for ligoda  different ground improvement methods in reducing th
remediation. ground subsidence in the earthquake affesttss.
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It can be observed that the subsoil treated with
columnar inclusions like sand compaction piles ratd
liquefy and nor subside even though the earthquake
shaking was very strong. Madabhlﬁgﬁdiscussed and
showed the effectiveness of three different ground
improvement methods, viz., in-situ densificatiora\g| Fig. 6: Installation of sand compaction pii&s
drains and grouting, through dynamic centrifugabeio
tests. Figure 4 evidences the effectivenessnogitu
densification and its extent.

Among the different ground improvement methods
available, provision of columnar granular inclusian
the in-situ soil is considered to be the most ¢iffec
method for liquefaction mitigation due to its atyilio
provide drainage facility in lowering the excess
porewater pressures and strengthen the ground.

Soil element

Boring by boiler Filling gravel-sand Rammingmaterial Filling gravel- Casingwithdrawal

MATERIALSAND METHODS peaneay PR ioaRw
Columnar granular inclusions as liquefaction ﬁ.ﬁmﬂ éﬁlmmr

. ) v
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counter-measure: Columnar inclusions are of different

types viz. sand drains, sand compaction piles; pre-

fabricated vertical drains, granular piles or stookimns

and lime or cement columns which are stiffer and

stronger that the ambient soil, that can be irestalh

different arrays as shown in the Fig. 5. Instaliatof el ol Bl o k2

sand compaction piles in dynamic vibratory andicstat sad - endvmming wibfecfu  cchn

methods was discussed by Tsukamitel.”” (Fig. 6). Fig. 7: Installation of stone columns-cased borehol

Theoretical background, analysis, design aspects an method®!

installation techniques for stone columns/granpiées

were being developed since 1970s by varioudn cased borehole methdd granular piles are installed

researchers and practitioné¥$’. Granular piles are into the ground by full displacement methods and by

installed by vibro-compaction, vibro-replacement, ramming in stages, using a heavy falling weighthimi

cased borehole (rammed stone columns/rammed ‘pre-bored casing’ or ‘driven closed end casiagd

granular piles) or by simple auger roedi**®l  retracting the casing pipe stepwise (Fig. 7). loerg
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years, use of encased columns as a ground Model 1
improvement method is increasing. Granular inclusio o, ey
are encapsulated in geosynthetic materials to &sere "L
the resistance to bulgif§g*?. 12.0
The pioneering work on gravel drains as a possible Model2 Graveldrain
method to stabilize liquefaction susceptible seipasit -[ sand
is reported by Seed and Booker Numerous ; - -
publication§®*"! describe the use of stone columns for 28 o 25
ground reinforcement and their potential to mitigyat - Mals irj"fldm“
liquefaction. =il T
Granular columnar inclusions (Granular piles) help TR | R T
in mitigating earthquake induced liquefaction efec i T B
through one or more of these functions or effects: ) TIF H/
e Granular piles function as drains and permit rapid L Sing T} MR
dissipation of earthquake induced pore pressures Modc_'.u o S
by virtue of their high permeability with the T o
additional advantage that they tend to dilate ag th = S i |ioass
get sheared during an earthquake event 50 J20L 5.0 _4'
» Pore water pressures generated by cyclic loading Model6  Gravel drain
get dissipated almost as fast as they are generated T 3[_" ; —
due to significant reduction in the drainage path = e Hahbmfifgf:foad
» Granular piles density and reinforce the in-sitil; so 46 20l %6
improve the deformation properties of the ambient GEBE
soil (a)

» Granular piles, installed in to a very dense state,
not prone to liquefaction and replace a significant o
guantity of in-situ liquefiable soil

* Granular piles modify the nature of earthquake
experienced by thia situ soil

+ Measurement point

depth (m)

N

RESULTS

Adalier and ElgamiF reviewed the current state of
stone column technologies as a liquefaction
countermeasure. Sasaki and Tinag{fhiconducted
large scale shaking table test on gravel drairesysis a P Model2 el
liquefaction counter-measure. Figure 8 shows differ W ) g EETTEN
model configurations considered and typical distitm
of the pore water pressufés Adalier et al.®”
performed a series of highly instrumented dynamic
centrifuge model tests (Fig. 9) to evaluate effextess
of stone columns in mitigating the liquefaction grutial L ‘ :
of non-plastic silty deposits. Al-Homoud and Deg8n 2 5 790 3 3060 100 200 360 1000 2000
present an introduction to earthquake-resistangdesf (5“““5“'
marine stone columns. Similar studies on different
types of granular columnar inclusions inclid&°?on  Fig. 8: (a): Different models used; (b): Distritmsti of
sand compaction pil8d on prefabricated vertical pore-water pressure for model 2 after 20 sec;
drain&”****lon gravel drains. (c): Variation of generation and dissipation of

pore water pressures for modéf’2

™ RN
\., Excitation \
™~ N
‘__\_—1—
bt . A—v——

e ——

Ot ooy

Analytical studies on columnar inclusons as

liquefaction remedial measure. Seed and Bookér  deposit with vertical drains. Under the assumptiohs
were the first to propose an analytical model foe t purely radial drainage, constant coefficient of
generation and dissipation of pore pressorea soil compressibility and infinite permeabilityf odrains,
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T P %, . o : (2)
e ‘ -J|- — ; Ls— e Sinza‘l(grujco{g Ej
q?
! g £ Where:
A Ps [ < r, = uld'y, = The pore pressure ratio
2 B o' = The initial mean bulk effective stress for
e Lase:! axi-symmetric conditions or the initial
vertical effective stress for simple shear
‘o ; : ; ; conditions
Fig. 9: (;I'eynptlr(i:filgarr&%ﬂelcgzg%gatlon considered for N, = The number of cycles required to cause
liquefaction
a = An empirical constant which is a function
of the soil properties with a typical average
value of 0.7

The irregular cyclic loading induced by an
earthquake is convertéd to an equivalent number,
Neg Of uniform cycles at an amplitude of 65% of the
peak cyclic shear stress, i.€y = 0.65max, OCCUIring
over a duration of timeg ind:

" oD

on M,

o, 3)

10 4C

Tokimatsu and Yoshitiil’, Sasaki and Tanigudfil
and Onou€®, report results similar to those of Seed and
Fig. 10: Effect of drain diameter and drain spacimy  Bookef" taking into consideration additional factors

maximum pore pressure rato such as well resistance (finite permeability of vgta
drain) and drain slenderness ratio (slenderneis tal,
design charts (Fig. 10) were developed to evaltlide where L is the length and r the radius of the grelxan).
effects of drain diameter and spacing for the etqebc Ppestanat al.**®” analyzed the provision of a reservoir to
earthquake loading on excess pore pressure ratio. Fminimize the drain resistance to flow in to theinlra
flow into a gravel drain, assuming pure radial fland  poorooshastet al.®™ propose an equivalent coefficient
constant coefficients of permeabilityrfkand volume  permeability, k= kun-tso (for untreated ground (for
compressibility (rj), the governing equation can be treated ground), for the treated soil, in termstrod

written as™: permeability, k., of untreated ground angytvalues
for the untreated and granular pile treated groarel
Ky [10u 02u) au Oug 9N the times for 50% degree of consolidation based on
molTar 22| Tt 3N ot (1) one dimensional and radial consolidation theories
Yw-My or respectively. Dilation effect on the drainage fuowt

of granular piles was studied by Madhav and

Where: Arlekarf®?. The densification effect of granular piles

u = The excess pore pressure at a radial distance, in improving deformation properties of the ambient
from the centre soil was studied by Murali Krishna and Madfav

t = Time,y, - the unit weight of water and Murali Krishnaet al .[64%5]

U; = Peak excess hydrostatic porewater pressure Murali Krishna et al® incorporated the
generated by the earthquake densification effect of granular piles, with respéc

variation of flow parameters from the centre of the
The rate of generation of pore pressure during agranular pile, in the analysis of pore pressureegaion
earthquake event is defined by: and dissipation that was originally develbpay*.
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06. Fig. 13: Effect of densification with respect tg,Rnd
ab 03 Rmnaand dilation on W,
| RN”’EFz] Rya=Ryp=1
k= Rp= Rup=1 m . . .
Ru=03 Murali Krishna and Madh&?' combined both the
04} densification and dilation effects and incorporatesim
in the analysis of pore pressure generation and
3 dissipation. They also verified the effect of véida of
permeability with distance on maximum pore pressure
02 ratios and concluded that the pore pressures rat®s
not sensitive to the type of variation of permeéapil
with distance. Figure 13 shows the effect of
densification with respect to flow parameters attlear
e . " end in addition to the dilation effect. It is sefeom the

Fig. 13 that the dilation effect reduces the negati
effect of reduced permeability.

T(thy)

Fig. 12: Effect of R,0on Wi,*"

The modified form of the governing Eq. 1 with the DISCUSSION

inclusion effects of densification is:
Densification effect on the coefficient of volume

Ky (1) [}@+6ZUJ+ 1 o(k()ou_ou 9y AN (4) change is positive in that the maximum induced pore
YoM, (1)

ror or) y,.m(ry or 9r 9t 9N ot water pressure ratios get reduced and sensitiibeto

type of variation considered as pore pressuregatie
lesser for the exponential variation compare t@dmn
variation. Densification effect, on the coefficient
permeability alone or in addition to effect on daént

of volume change, increases the maximum pore water

permeability and volume change at the near anteat t pressure rat|_os giving - a ”‘?Qa“"e effect. '_I'h_e pore
farthest ends of the granular pile, individuallydan Pressures ratios are not sensitive to the typeoaton

together, on maximum pore pressure variations gurinOf permea_bi_lity with distance._ _Densification effem
an earthquake event. Figure 11 and 12 show thBoth coefficients of permeability and volume change
densification effect on maximum pore pressure ratidesult in a either slightly negative or positivefeet

with respect to coefficient of volume change atear ~ depending on the degree of densification.
and farthest ends respectively.,,Rand R, are Further research is essential in the area of aodum

normalized coefficients of volume change due togranular inclusions as liquefaction countermeasure
densification at the near and farthest ends respdet especially regarding encased granular columns.
532

In this case coefficients of permeability(rfk and
volume change, (fr), are functions of radial distance,
r, from the point of densification and degree of
densification. Murali Krishnaet al.’®¥ studied the
densification effect with respect to the coefficemf
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CONCLUSION

Liquefaction is the most disastrous feature during
an earthquake that causes huge loss and damage to
various structures founded on or in the ground.u@do 9

improvements are extensively used to reinfohee

in situ ground and also as liquefaction countermeasures.
Columnar granular inclusions are the most widelgdus
remedial measures against the liquefaction. Columnat?:
granular inclusions provide drainage to mitigate th
Various
mechanisms such as reinforcement, densification11

liquefaction potential of the ground.
dilation along with the drainage mitigate the daemg
due to liquefaction. The study presents an over\aé

the recent findings on the topic.
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