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TOM TAT

Trong sd cac giai phap céi tao nén chang hoa lang, coc sai (GC)
dd duge ¢ng dung rang réi nhi higu qué ky thuat va tinh kha
thi trong thi cang. Bai bao nay tdng hgp va danh gia he thang
cac nghién ctu hién treang, thi nghigm ma hinh, thi nghigm
trong phang va mé phang sd lign quan dén higu qué giam hoa
lang cda GC. Trén co si tdng quan, ba co ché [am viéc chinh
cia he GC duai tai trong chu ky deoc xac dinh gom: (i) co ché
thoat nuac, (i) co ché dam chat, va (i) co ché gia cudng va
tai phan bd tng suft. Bang thai, bai bao chi ra cac khoéng
tring nghién citu quan trong, dac bigt |3 sy thigu hyt cac thi
nghiém phén tir dudi tai trong chu ky nhu thi nghiém cét don
theo chu ky (CDSS), ciing nhu nhu céu kiém ching cac ma hinh
sd béng dif ligu thic nghiém. Cac dinh hedng nghién ciu trong
trong lai duge dé xuat nhdm hoan thign co st khoa hoc va
hueng tdi xay dung céc hudng dén thigt ke thang nhat cho he
GC trong digu kign dang dat.

Tir khaa: Haa lang dét; coc sai; cot da; dang dét.

ABSTRACT

Among ground improvement techniques for liquefaction mitigation, gravel
colurmns (GC) have been widely adopted due to their technical effectiveness
and constructability. This paper presents a systematic review of field
observations, physical model tests, laboratory experiments, and numerical
simulations related to the liquefaction mitigation performance of GC-
improved ground. Based on the synthesis of previous studies, three primary
mechanisms governing the cyclic response of GC systems are identified: (i)
enhanced drainage and dissipation of excess pore water pressure, (i) soil
densification, and (i) mechanical reinforcement and stress redistribution. In
addition, this review highlights key research gaps, particularly the limited
availability of element-scale experimental studies under cyclic loading
conditions, such as cyclic direct simple shear (CDSY) tests, as well as the
need for rigorous validation of numerical models against experimental data.
Future research directions are discussed with the aim of strengthening the
scientific basis and supporting the development of unified design guidelines
for GC systems under seismic |oading,

Keywords: Soil liquefaction; gravel columns; stone columns; earthquakes.

1. DAT VAN BE

Hoa ldng dat 1a mot trong nhiing dang mat 6n dinh nghiém trong
nhat clia nén dat bao hoa dudi tac dong clia déng dat, dac trung bai
su'suy gidm nhanh ting suat hiru hiéu do sy tich tu ap luc nudc 16 réng
du (EPWP). Qué trinh nay dan dén su suy gidm déang ké stic khang cét,
gay ra cac bién dang I6n nhu Ian, trugt ngang va mat én dinh céng
trinh, va da dugc ghi nhan réng rai trong nhiéu tran dong dat 16n trén
thé gidi (Hamada et al., 1996; Cubrinovski et al., 2012; Boulanger et al.,
2019). Do d6, viéc phét trién cac gidi phap cai tao nén nham giam
thiéu nguy ca hoa 16ng van la mot yéu ciu cap thiét.

Trong s6 cac gidi phap cai tao nén, cot soi (GC) dugc ing dung
rong rai nhd tinh kha thi va hiéu qua kinh té€. Ban dau, GC dugc phat

trién nhu mot gidi phéap thoat nudc thdng diing nham ddy nhanh
qua trinh c6 két; sau d6, phuong phap nay dugc ma réng cho cac
nén cé nguy co hoa léng, noi GC déng vai tro via la dudng tham co
dé tham cao [1], viia la phan tr gia cudng co hoc. Su ra doi cla cac
ky thuat tién tién nhu cot soéi boc vai dia ky thuat (EGC) [2] phén anh
su chuyén dich ti cach ti€p can thuan thay luc sang co ché téng hop,
két hgp thoat nudc, dam chat va tai phan bé Ung suat trong hé dat-
cOt (GCSS).

Mac du hiéu qua ctia GC da dugc chiing minh théng qua nhiéu
nghién ctu hién trudng, thi nghiém mé hinh va mé phéng sé, hiéu
biét vé co ché lam viéc clia hé dat gia ¢6 dudi tai trong chu ky van
con phan tan. Cac phuong phap thiét ké hién nay chu yéu dua trén
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tuong quan thuc nghiém hodc chi tiéu hién truéng, trong khi méi
lién hé gitta ing x& hda 1dng & quy mo cong trinh va hanh vi ting
sudt-bién dang-ap luc nudc 16 réng & cap dd phan ti chua dugc lam
ro.

Trong béi canh d6, bai bao nay trinh bay mét danh gia co phé
phan vé hiéu qua giam héa I6ng clia GCSS, tap trung vao phan tich
cac co ché lam viéc chu dao ctia GCSS dua trén bang ching thuc
nghiém va mé phong sé. Cac khoang trong nghién ciru dugc chira,
doéng thoi nhan manh vai trd cla cac thi nghiém & muc phan ti
trong nghién ctu Ung xtr GCSS.

2. PHUONG PHAP NGHIEN CUU

Nghién ctru nay ap dung phuong phap danh gia hé thong nham
téng hgp va phan tich c6 phé phéan cac céng trinh lién quan dén
hiéu qua ctia GC trong gidm thiéu héa ldng dat cat dudi tac dong
dong dat. Tai liéu dugc thu thap tur cac co sa dit liéu hoc thuat quéc
té uy tin gém Scopus, Web of Science, ScienceDirect va Thu vién
ASCE, thong qua cac nhom tir khoa lién quan dén GC va co ché héa
I6ng nhu stone/gravel columns, liquefaction mitigation, cyclic
loading va pore water pressure. Chi cac nghién ctiu cung cap ditliéu
dinh lugng ré rang tur thi nghiém, mé hinh vat ly hodc mé phong sé
6 kiém chiing méi dugc dua vao phan tich.

Cac cdng bé dugc phan loai theo phuong phap nghién ciu, bao
goém: (i) nghién ctu hién trudng, (i) mo hinh vat ly quy mé 16n (may
ly tdm, ban rung), (iii) thi nghiém trong phong, va (iv) phan tich s6
st dung FEM, DEM hodc m6 hinh lién hgp. Cach tiép can nay cho
phép so sanh chéo gilia cac phuong phap khac nhau nham danh gia
muic d6 nhat quan clia cac két luan vé co ché gidm hoéa léng clia hé
GCSS. Trén ca s& do, cac khoang tréng kién thiic dugc nhan dién,
lam tién dé dinh hudng cho cac nghién ctru khac trong tuong lai.

3. CAC CO CHE LAM VIEC CHINH CUA HE THONG GC DUGI
TAC PONG CUA TAI TRONG CHU KY

Trén co s& téng hgp va phan tich, hiéu qua khang hoéa 16ng cla
GC c6 thé dugc quy vé ba ca ché: (i) thoat nudc, (ii) dam chat, va (iii)
gia cudng va tai phan bé ting suat.

3.1. Co ché thoat nudc

Vi cau tric hat tho va hé s6 tham 16n, GC hoat dong nhu cac
giéng thoat nudc théng diing, tao diéu kién cho dong tham xuyén
tam tur dat nén vé than cot (Hinh 1). Muc tiéu ctia ca ché nay khéng
phai la loai bé hoan toan EPWP, ma la duy tri téc d6 tiéu tan PWP
16n hon hodc tuong duong véi téc do phat sinh, qua d6 ngan can ty
s6 ap luc nudc 16 réng (EPWPR) tién téi gia tri t6i han gay mat 6n
dinh [3], [4] (thudng 13 0.5 - 0.6 theo tiéu chudn Hoa Ky hodc 0.25 -
0.5 theo tiéu chuin Nhat Ban) [5], [6].

Hiéu qua thoat nudc clia GCSS phu thudéc manh vao cac dac

trung vat liéu va hinh hoc clia c6t (Bang 1). D6 tham clia vat liéu lap
c6t thudng dugc yéu cau Ién hon dat nén tir mot dén hai bac dai
lugng dé dam bao hiéu qua tiéu tan EPWP va tranh su tich tu ap luc
bén trong cét. Péng thai, dudng kinh va khoang cach cot quyét
dinh chiéu dai dudng thoat nudc xuyén tam, yéu t6 then chét kiém
soat téc do tiéu tan EPWP.

Co ché thoat nudc cling tén tai nhing han ché dang ké. Hién
tugng tac nghén do hat min xam nhap vao than cét cé thé lam suy
giam do tham va hiéu qua thoat nudc theo thoi gian, doi hoi su
dung 16p boc dia ky thuat hodc vat liéu loc phu hgp [1], [7]. Ngoai ra,
nhiéu két qua thuc nghiém va mé hinh ly tdm cho thay hiéu qua tiéu
tan EPWP ctia GC thudng thé hién ré hon trong giai doan sau rung
déng, dong vai trd quan trong trong qua trinh phuc hoi cusng do
va dd cing clia nén dat, hon la kha nang ngan chan hoan toan su
gia tang EPWP tai thdi diém rung dong cuc dai [8], [9].
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Hinh 1. So d6 nguyén Iy ctia GCSS thodt nuc dung trong x{ Iy nén dét roi bao hoa nham
gidm nguy co héa long [10]

Bang 1. Bang téng hgp cac nghién ctiu vé co ché tiéu tan ap luc nudc 16 réng ctia GCSS

Cong trinh nghién
ciu

Loai thi nghiém

Két luan chinh vé co ché tiéu tan ap luc nuéc

Seed and Booker 1977  Phan tich s6

GC giup tiéu tan EPWP gan nhu nhanh bang t6c d6 phat sinh. Hiéu qua phu thudc

[3] vao khodng cach cot dé rat ngdn dudng thoat nudc hudng tam.

Mitchell and Huber Case study & Phan tich
1985 [11] s6

Baez and Martin 1992  Thi nghiém hién trudng
[12] & Phan tich s6

Satizabal 1995 [13] Thi nghiém hién truéng
& M6 hinh toan hoc
Ashford et al. 2000 Thi nghiém hién trudng

Brennan and Thi nghiém mé hinh ly
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GC gilip gidm do [un xudng con 30-40%. Viéc st dung |6p dém soi trén bé mat la can
thiét dé dam bao GC thoat nudc tét.

Su nén chat xay ra do héa l1dng c6 kiém soat dudi tac déng clia rung déng, sau d6 |a
su tiéu tan nhanh EPWP.

GC déng vai tro la cac giéng thoat nudc xuyén tam. Kha nang thoat nudc thuc té bi
anh hudng bdi sy tron 1an hat min lam giam dé thdm cla cot.

L&p dat GC han ché su gia tang PWP tU viéc nd min va ting dang ké t6c dé tiéu tan
[14] EPWP sau d6.

Vlung anh hudng thoat nuéc ma réng dan theo thai gian tir tam cot ra ngoai.
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Madabhushi 2002 [8] tam
Adalier etal. 2003 [15]  Thi nghiém mo hinh ly Dai véi dat bun, GC khéng gilp tiéu tan ap luc nhanh trong luc rung déng ma cha

tam yéu phat huy hiéu qua sau khi rung déng két thuc.
Shenthan et al. 2004 Phan tich s6 Viéc b6 sung bac thdm xung quanh GC trong d4t bun gilp ting téc do tiéu tan PWP,
[16] hé trg qua trinh nén chat dat nén ngay khi thi céng.
Howell et al. 2012 [6] Thi nghiém mé hinh ly Hiéu qua phu thudc I6n vao dac tinh séng dia chan (tan s6, bién do).
tam
Pal and Deb 2018 [4] Gidi phap gidi tich & DO cliing clia GC c6 anh hudng 16n dén kha nang thoat nudc; cot cang clng thi
Phan tich s6 EPWPR téi da cang giam (giam tir 20-60%).
Pal and Deb 2019 [7] M6 hinh toén hoc Hién tugng tac nghén do hat min xam nhap lam gidm d6 tham cua cot, c6 thé lam
tang EPWP Ién dén 50% so vai trudng hgp khong tac nghén.
Hleibieh and Herle Phan tich s6 D6 tham cla vat liéu cot khéng thé hién hiéu qua ré rét néu PWP phat sinh qua
2020171 nhanh. Su én dinh chd yéu dén tir viéc nén chit dat xung quanh trong qua trinh thi
cobng.
Farzalizadeh et al. Thi nghiém ban rung GC c6 t6c do thoat nudc nhanh hon so vai cac loai vat liéu thay thé nhu hat cao su
2021[18] sau khi két thuc rung dong dia chan.
Tai et al. 2024 [19] Thi nghiém mé hinh Trong diéu kién thoat nuéc mét phan, GC giam 60% dé 1an va ngan PWP tich tu dén

muc mat 6n dinh.

3.2. Co ché dam chat

T6ng hop cac két qua nghién cdu lién quan dén co ché dam chat dugc trinh bay trong Bang 2. Cac ky thuat dam rung sau tao ra cac dao
dodng tan s cao, kich thich qua trinh tai sdp x&p cdu trdc hat ctia dat roi, qua d6 lam gia ting mudc d6 chat cta cac |6p dat bao quanh cot [14].
Su cai thién trang thai ban dau nay dan dén su gia ting dang ké stic khang cdt chu ky noi tai cia dat, déng thai lam tang ty s6 stic khang chu
ky.

Bang 2. Bang téng hgp nghién ctiu vé co ché dam chat ctia GCSS

Cong trinh nghién Loai thi nghiém Két luan chinh vé co ché dam chat

cdu

l]\/g;csh[ﬁlz]and Huber Case study Qué trinh thi cong GC bang phucng phap dam rung gitp tang ap luc hdng tai ché [én dang ké.
Baez and Martin Thi nghiém hién Sy dam chit xay ra do rung déng gay héa ldng c6 kiém soat xung quanh dau rung, sau dé PWP tiéu
1992 [12] trusng tan lam cac hat dat tai sap x€p chat hon.

Xay dung mé hinh toan hoc thuc nghiém dua trén hon 400 diém dir liéu SPT va 1300 diém CPT.
Hiéu quéa dam chat gidm dan khi ham lugng hat min tang.

Ashford et al. 2000 Thi nghiém hién  GC lam tang dang ké stic khang mdi CPT (tir 4 MPa I&n hon 20 MPa), truc ti€p lam gidm kha nang

Satizabal 1995 [13] Case study

[14] trudng héa Idng cla I6p cat bén trén.
Slocombe et al. Case stud Dat cat c6 ham lugng hat min (FC) FC < 15% va hat sét < 2% phan Ging t6t nhat vsi dam rung ma
2000 [20] y khong can thém soi.
Adalier etal. 2003  Thi nghiém mo - 2 s N | - N . R
[15] hinh ly tam Hiéu qua cai tao doi véi dat bun chd yéu dua vao su gia cudng.
Shenthan et al. Phan tich s Hiéu qua dam chat ty 1& thuan vai ty 1& dién tich thay thé. Trong dat cat hat min, dam chat chi hiéu
2004 [16] qué khi c6 thém bac tham dé ddy nhanh qua trinh c6 két trong ldc thi cong.
Bli?ng etal. 2016 'rl':rl]gghlem ban Dam chat dat xung quanh la yéu t6 quan trong nhat trong ba ca ché gidm thiéu héa 1dng.
Kirsch and Kirsch ~ Téng hop va Phan Dam chit dat ti uu khi tan s6 rung dong cua thiét bi gan véi tan s6 cong hudng cla hé théng dat-
2017 [22] tich s6 dau rung (thudng trong khoang 13-27 Hz).
Salem et al. 2017 Nser gia tang ti 31% dén 69%. Viéc két hgp ca ché dam chat va gia cudng gilp tang hé s6 an toan
Case study N
[23] Ién rat cao.
Thi Co ché dam chat 1am tang tinh co hoc khéng dang ké [16]. Trong nhiing trudng hop nay, cac giai
Zhou et o . i o e ) < < <5 thidt k& thus AN t5 at 46 6 sc k& 5i 4

nghimmé  gidn nd clia dat, gitp ngan chan su phap thiét ké thuong can tang mat dé cét [13] hodc két hgp véi cac

al. 2021 [9] hinh ly tam phat sinh PWP ngay tir dau. bién phap hé trg thoat nudc, chdng han nhu bac thdm, nhdm nang

Tuy nhién, hiéu qua clia co ché nén chit thé hién su phu thudc cao hiéu qua tong thé ctia hé thong gia c6 [16].

ré rét vao thanh phan hat cta dat nén, dac biét la FC. Cac nghién
ctru thuc nghiém cho thdy hiéu qua cai thién dat muic cao nhat déi
Vi cat sach hodc cat ¢6 FC thap, trong khi hiéu qua suy giam nhanh
khi FC vugt qua mot ngudng nhat dinh [20]. Trong cac nén dat chia
nhiéu hat min, kha nang thoat nudc han ché trong qua trinh dam
rung can trd sy tai cau tric ctia khung hat, dan dén muc dé cai thién

3.3. Co ché gia cudng va tai phan bé ting suat

Bang 3 cho thay do GC c6 mé dun bién dang va d6 cling chong
cat I6n hon nhiéu so véi dat nén xung quanh, chiing hoat dong nhu
cac thanh phan chiu luc uu tién trong GCSS [24]. Dudi tac dong cla
tai trong déng, Ung suat sé tap trung vao cac GC cing hon [11]. Su
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tap trung nay tao ra hiéu Ung “che chdn”, lam gidm dang k& muc do
Ung sudt cat ma phan dat cat nhay cam gilia cac cét phai chiu, truc
ti€p lam cham qua trinh phat sinh EPWP va gidm tiém nang héa long
[13].

Hiéu (g gia cudng dugc phat huy téi da trong cac hé théng
tién ti€n nhu EGC. L&p vai dia ky thuat cung cap luc can héng, gilup

duy tri tinh toan ven clia c6t, ngan chan hién tugng phinh va duy tri
dd cling cao cla cot ngay ca trong cac diéu kién dat yéu hodac tai
trong déng cuc 16n. Su két hgp nay khong chi nang cao st chiu tai
ma con gidm thiéu dang ké cac bién dang ngang va lin sau hda léng
[25], [26].

Bang 3. Bang téng hgp nghién ctiu vé ca ché gia cudng va tai phan bé ting suat ctia GCSS

Cong trinh nghién ctiu  Loai thi nghiém

Két luan chinh vé co ché gia cudng

Mitchell and Huber 1985

1 Case study

dat tir2 dén 3.

Baez and Martin 1992 [12] M6 hinh toan hoc

Adalier et al. 2003 [15] Thinghiém ly tam

mong ndng.

Martin et al. 2004 [27] Case study

Madhav and Krishna 2008

[24] Tong hagp ly thuyét

dat hiéu qua hon.

Tang et al. 2015 [25] Phan tich s6

Hong et al. 2016 [28] Thi nghiém mo

Mohapatra and Rajagopal Phan tich 6n dinh

2017 [29] mai déc dat.
. Thi nghiém trong
Miranda et al. 2017 [26] phong 25,

Badanagki et al. 2018 [30] Thi nghiém ly tam

Thi nghiém cat

Cengizetal. 2019 [31] don

Tiznado etal. 2020 [32]  Thi nghiém ly tdm
Thi nghiém mé

Zhang et al. 2020 [33] hinh

GC gitp gidam d6 ltn xuéng con 30-40% so vGi nén chua x ly nhd ty sé tap trung Ung suat

Dua ra mé hinh tinh toan giam CSR dua trén gia dinh bién dang cat tuang thich gilia cot va
dat (tap trung Uing sudt cdt vao cot cing).
Trong déat bun kho dam chét, co ché gia cudng la yéu té chinh gidp gidm 50% d¢ lin dudi

GC lam tdng dang k& d6 ciing cit clia nén, gidm bién do bién dang cit chu ky xudng 100 lan,
ngan chan phat sinh PWP.

GC c6 m6 dun bién dang cao cung cép su gia cudng co hoc, gitip nén dat chiu dung luc dong

L6p boc dia ky thuat ting dang ké do ciing clia hé thdng maéng, gidm bién dang ngang nhiéu
hon so véi cot séi thong thudng.

Do cling cla vai dia ky thuat chi phéi kha nang chiu tai. Vai cang cuing thi ting suat dugc
hinh truyén xudng sau hon va cét bién dang déng déu hon.
EGC cung cdp hé s6 an toan cao han GC do kha nang khang lai su dich chuyén ngang cua

EGC hé trg Ung sudt thang diing gdp 1.7 1an GC. Hé s6 tap trung Ung suat cda EGC dat 11-

Cao ché gia cudng tir GC lam thay d6i tan s6 dao déng tu nhién clia bai dat, c6 thé khuéch dai
gia t6c bé mat nhung lai gidm bién dang ngang.

EGC tang 14-90% stic khang cat tinh va khang cat chu ky tuy theo d6 ciing cda vat liéu boc.

Gia cudng két hgp dam chit |a cac ca ché chinh han ché bién dang ctia dap/dé trén nén dat
héa 16ng so véi co ché thoat nudc.

Ung suét trén cot tang theo chiéu dai boc vai. EGC gidm lan tich |Gy t6t han.

4.PINH HUGNG NGHIEN CUU

Mac du GC da dugc ap dung réng rai trong xtt ly nén chéng héa
I6ng, van ton tai khodng cach dang k€ gilia ly thuyét han lam va
hudng dan thuc hanh thiét ké theo tiéu chudn. Cac hudng dan thiét
ké hién nay con phan manh, chua nhat quan gilta cac co ché lam
viéc. Déng thdi, cdéc mé hinh mé phéng s6 van thiéu kiém ching véi
d{r liéu thi nghiém vat ly va hién trudng [5], [6]. & cap do thi nghiém
trong phong, su thi€u hut cac thi nghiém phan td, dac biét la thi
nghiém cat don theo chu ky, dang can tré viéc hiéu chinh mé hinh
va danh gia chinh xac tng xtr doéng ctia GCSS. Do do, cac nghién cliu
trong tuong lai can tap trung vao nghién ctu thi nghiém phan tu -
mo hinh vat ly - hién trudng dé xay dung b co s thiét ké théng
nhat, gép phan dua GCSS ti giadi phap dua trén kinh nghiém sang
céng nghé xt ly nén cé co sa khoa hoc va quy pham ré rang hon.

5. KET LUAN

Bai bao da téng hgp va phan tich c6 hé théng cac nghién cdu
lién quan dén hiéu qua khang hoéa ldng ctia GCSS dudi tac dong clia
tai trong chu ky. Théng qua viéc téng quan cac két qua thi nghiém
trong phong, mé hinh vat ly, mé phdng sé va quan trac hién trudng,
nghién ctu cho thdy co ché lam viéc cia GC khong thé dugc quy
gian vé mot yéu té don 1é, ma la su tuong tac phuc tap gilia gia tang
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dé ciing - phan bé lai Ung suat, kha nang tiéu tan ap luc nudc 16 réng,
va su cai thién diéu kién bién dang clia nén dat xung quanh.

Phan tich tng hgp chira rdng hiéu qua khang héa lédng ctia GC
phu thudc manh vao dac trung dat nén (d6 chat, thanh phan hat
min, tinh co gian thé tich), cdu hinh hinh hoc ctia hé théng (ty 1é thay
thé, dudng kinh va khodng céach c6t), cling nhu dac tinh cla tai
trong chu ky. Tuy nhién, cac nghién ctu hién c6 van chua dat dugc
su thong nhat trong viéc dinh lugng vai tro tuong déi cda ting co
ché.

Mot diém han ché néi bat dugc nhan dién 1a su thiéu hut cac
nghién ctu thi nghiém phan tl, nhat 1a cac thi nghiém cat don chu
ky, nhdm lam ré Ung x{t co hoc clia dat nén dugc gia cudng trong
diéu kién bién dang cdt khdng ché. Déng thdi, cdc mé hinh sé hién
nay, du ngdy cang tinh vi, van phu thuéc dang ké vao gia thiét va
tham s6 hiéu chinh chua dugc kiém ching ddy da bang dir liéu thuc
nghiém.

TU cac phan tich trén, bai bdo nhan manh nhu ciu phat trién
mot chuong trinh nghién ctu tich hgp, két néi chat ché gilta thi
nghiém phan tl, moé hinh vat ly va quan trac hién trudng, nham lam
rd co ché lam viéc chi phéi ctia GC dudi tai trong chu ky. Cach tiép
can nay khéng chi gitp thu hep khodng céch gita nghién ctu han
lam va thuc hanh thiét k€, ma con la ca s& dé xay dung cac hudng
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dan thiét ké nhat quéan va cé co sd khoa hoc viing chac haon cho
GCSS trong xU ly nén chéng hoa léng.
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