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*159159* APPARATUS AND METHOD FOR PREVENTI NG SLOPE
FAI LURE TECHNI CAL FI ELD This invention rel ates
generally to control of slope failure anﬂmww”@wﬂﬂmﬁmte
particularly, though not exclusively, t S
and nethod for preventing slope failure such=«agso
slides and sl unps. BACKGROUND! Natural or engineered
residual soil slopes often experience mass wasting as

a r eABPARKTUS AdyI2 METHO R FQR PRE VENGINGS LOPFaFAHOURE
especially in regions where tropical rainstorns

occur. As water enters soil from above, it passes

t hrough pore spaces in the soil through a zone of

PECHNRM IMIGRE D he soil is unsaturated. As water
infiltrates nore pore spaces at increasing depths, a

: tion i N underl yj soil .

ROE R SPRMLRL LR 1§ ERSRTG L EBAFHLAI A cicuay

ter. The water level in the zone of saturation
BRBRTHiot 3P HECIglodn PRRIRE' 208 FIRIGH{BR PReXFHIT Slopefidure such as
wat er table can al so be affected by water
flides prd Jumph occurring due to nelting of snow, floods,
damage or overflow of a pipe or dametc. Shear
strength of a soil layer is inversely proportional to
its water content. Increased water content al so

BAOKGROANPOi | grains, further reducing their
cohesion, while increased pore pressure forces the

WhdtdIor éﬂ?ﬁéered Rsidb MBSl QfopREaHIn SlpeREt&HAY »Ja@f.iﬁg & 4 result of

as the water table in an underlying soil layer Tises,
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occur. As water enters soil from above, it passes through pore spaces in the soil through
a zone of aeration where the soil is unsaturated. As water infiltrates more pore spaces at
increasing depths, a zone of saturation is reached in an underlying soil layer where all
the pore spaces are filled with water. The water level in the zone of saturation is known
as the water table. Other than rainfall, the water table can also be affected by water
infiltration occurring due to melting of snow, floods, damage or overflow of a pipe or

dam etc.

Shear strength of a soil layer is inversely proportional to its water content. Increased
water content also lubricates soil grains, further reducing their cohesion, while increased
pore pressure forces the grains apart. In times of heavy or extended rainfall, as the water
table in an underlying soil layer rises, shear strength of the underlying soil layer can fall
dramatically. When the shear strength in the zone of saturation drops to a level where it

is no longer able to resist gravitational force acting on sloping soil above, catastrophic
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dramatically. Wen the shear strength in the zone of
saturation drops to a level where it is no |onger

able to resist gravitational force acting on sloping

soi | above, catastrophic ILILELE LELE FEEELE TETL

Frerr e rerr el *000002* 2 slope failure may
consequently occur as a landslide or a slunp wherein

the underlying soil layer in2the saturation zone

gives way and soil above slides down-sl ope en nasse,
sloyetefailyre endyoronsequintty encut §s a nédsigletor walumgawheres the underlying
agai nst mass wasting due to water infiltration include

sHilaPpger i @ yatutHidn\WoRe @v@@ﬁ@% BhEsoif Move¥ada|d8whYslope en masse,
cutting back or terracing the [ and; providing

&@%pm%mg@egfégg&#res such as grow ng deep-rooted

pl ants or ing retaining walls or rock bolts;

and reducing water retention/infiltration by providing
surface and subsurface drains or a soil cover to

IFrevent wat er entrﬁ A conmmonl y used %% cover i s a
TEVETHEP EARHTPS 487 INSbmasRYayng |da9 tQWaieF nfiizatigngnclude slope
abundant |y avail abl e. However, after nunerous wetting
radhertign yihete aseibles faneapmaterhy cujtingrback or teseacinghe land; prpviding
the conpacted clay arises due to desiccation-induced
reteatién stgyctursudeh de goeying dedp-wotkdgiam®br instalingiretamingdowalls or
shrink-swell or freeze-thaw effects. Wth failure,
rbaeb&mmteadc@g aaat&%/teﬁudrﬁmﬂnréueﬁ %9rpr@flalﬁgfshl‘f&e%d%ubsurface

wat er barrier, low ng water to pass through
drgihk 8 f ate the slope to |ncrease
{ﬁe r?%&h %“%P opeaﬁg“hgﬁgh&%UNNARY

A commonly used soil cover is a low-permeability compacted clay cover that is
abundantly available. However, after numerous wetting and drying cycles over some
years of use, failure of the compacted clay arises due to desiccation-induced cracking,
subsidence, root and animal intrusions, or shrink-swell or freeze-thaw effects. With
failure, the compacted clay cover is no longer effective as a water barrier, allowing
water to pass through the failed clay cover and infiltrate the slope to increase the risk of

slope failure.

SUMMARY
In general terms, the invention proposes an apparatus and method for preventing slope
failure due to water infiltration by preventing or reducing water infiltration into

underlying soil in the slope.
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In general terns, the invention proposes an appar atus

and nethod for preventing slope failure due to water
infiltration by preventing or reducing water

infiltration into wunderlying soil in the slope. 3

The apparatus conprises a first layer having a first

cell array for containing a first slope material in

each cell of the first cell afray. The first layer is

pl aced on the slope to receive water input on the
‘Shegmparafisecoappaesad (ist dysohaodmga fisse selhasgcfon dontaiparg a first slope
having a second cell array for containing a second

Bhefel ifRbel tal of the 68€ BelCairdy. The i@ 15RE @fladedlon thé@§lbpy/to
The second | ayer is placed beneath the first |ayer on

feh&ve hare inrpﬁf'loﬁ FHe&id p?héd %@%@Qs@ﬁéﬁgﬁsﬁgg b R&ohl rlelglé:r having a

sl ope material on top an e secon mat er
Preferably.. a capilla barri.er. is.fo at
R b L Tar Phin e GaRtneoharBlbilin fon Y WiheGfcond con
movepent fr the fir sl terial into the second
SRS IRe sesond Fyer Salased BencsnChE e 6 1 (R e vest or

retention or infiltration into the slope to prevent
slope failure. The apparatus is installed on the sl ope
by laying the second or |ower cell array on a sl ope,
An interigreas thimeé betvafen tlrefidsoslepe melelialasr tap and the sebend slope
second or |ower slope material, laying the first or

HRREE] Kefdw. RrEfetabl R \uapil ey baMEY is Geinledat HRYinRFfabd'r preventing
slope, and filling each <cell of the upper cell array

MV 1iri@nk Wasdr Mve%ﬁ@ﬁ?ﬁltﬂgﬁrsﬁbﬁé hteriafintd il fsecond slope

SpeCIfI C expressi on of e lnvention Is an apparatus
Sl.0

for .preventin e fail.ure in_a slope h
rg%tlgg?la lj:gebe/ d)rrrp relnglpg ar reguﬂng gvtateg é?tFnté%(g)}hﬁlgrragon into the slope to
contai@in?.§¥first slope material in each cell of the
RIEYSY SOBF f48¥Fay, the first cell array being

configured for

The apparatus is installed on the slope by laying the second or lower cell array on a
slope, filling each cell of the lower cell array with the second or lower slope material,
laying the first or upper cell array over the lower cell array on the slope, and filling each

cell of the upper cell array with the first or upper slope material.

A first specific expression of the invention is an apparatus for preventing slope failure
in a slope, the apparatus comprising: a first cell array for containing a first slope
material in each cell of the first cell array, the first cell array being configured for
placement on the slope to receive water input on the slope; and a second cell array for
containing a second slope material in each cell of the second cell array, the second celi '

array being configured for placement beneath the first cell array on the slope.



pl acenent on the slope to receive water input on the

sl ope; and a second cell array for containing a second
slope material in each cell of the second cell array,

the second cell array being configured for placenent
beneath the first cell array on the slope. 4 A second
specific expression of the invention is a nmethod of
preventing slope failure in 4 slope, the nethod
conprising: laying a lower cell array on a sl ope;
Aisk¢dndgpeatihexptdsiafof thdimvermivaris e aidthar afpyewentihg slope failure in
| oner slope material; |aying an upper cell array over

4 §lepe, ltipavaethee bbmpﬁflag 18¥ing B €ov8drapR arrafdn faisldpengli@gehch cell of
cell of the upper cell array with an upper sl ope

ﬂiﬁ@ﬁ&wér%n aﬁ‘a§' Qi thch 1%%%16;5%@9&851@%25@%@& ppleh&el £1¥ JePFhe

is a nethod of preventing slope failurein a

1%0«% & %1-9 30006{9 rsfo % na%d fH#l sat%h r‘]:g Iof I {ui)tgers agrag/l 1{%@ upper

mat eri n alne

§ rovi ding a second sl ope materi al contalned in a
@%Hﬁ@eﬁg array on the slope under the first slope

mat erial; and inhibiting water novenent fromthe first

sl ope material into the second slope material by a
capillary barrier fornmed at an interface between the

Aithisd speedpexpesson af thamdventien secoatiod bbpevemingrsi@le. failure in a
BRI EF DESCRI PTI ON OF THE DRAW NGS | n order that the

416D el rﬁahwyoxh@gﬁn% IpYoddielg a Fireratb pariflateea dbhtdiret tin b fird cell
practical effect ere shall now be described by way

é}fayrlﬁlna dibpe: bad b%%&ffgypéc%ﬁa) Blo¥e SHRIRI walﬁmoadée%ﬁu Sell array

t edescrlptlon elng Wt reference to t
Sl g}%%n ¥1In(ri1cq tf’l hrs%’ El%f%‘é }n\a/iFerlafj rag(y\ﬁnh%ltmg waEetr1 ?no%%r%vemntniggrh the first

slope material into the second slope material by a capillary barrier formed at an

interface between the first slope material and the second slope material.

BRIEF DESCRIPTION OF THE DRAWINGS

In order that the invention may be fully understood and readily put into practical effect
there shall now be described by way of non-limitative example only exemplary
embodiments, the description being with reference to the accompanying illustrative

drawings.

In the drawings:

FIG. 1 is a perspective view of an exemplary embodiment of the apparatus;

FIG. 2 is perspective view of exemplary embodiments of a part of the apparatus;
FIG. 3 is a schematic side view of the exemplary embodiment of FIG. 1;

FIG. 4 is a graph of volumetric water content against matric suction;



FIG 1 is a perspective view of an exenplary

enbodi nent of the apparatus; FIG 2 is perspective

vi ew of exenplary enbodi nents of a part of the
apparatus; FIG 3 is a schematic side view of the
exenpl ary enbodinent of FIG 1; FIG 4 is a graph of
vol unmetric water content agalnst matric suction; 5
FIG 5 is a graph of coefficiént of perneablllty

agai nst matric suction; FIG 6 is a schematic

FlGowchk argtapdifof&ne@wmnpb’émwmeahjb@i ageimst matrictsactivet hod;

and FIG 7 is a schematic flowchart of another

BbCe ek arsyheatdtiodlowrhbrt of at Beenifid idyashbod PEIALE BHe method; and
DESCRI PTI ON OF EXEMPLARY EMBODI MENTS As shown in FI G
11G. 7€ b 8chetndic Dvwdftt 3P a ARG REMBlatPethBEdiHR AL mh@method
slope to prevent slope failure. The apparatus 1
conprises a first cell array 12a and a second ceI
array 12b. The first cell array 12a is for formng a

DEIS En PERT R EY ﬁ%ﬁd’ﬂ?ﬁ%@ﬂ@’@emtg | ower

Iayer | Ib on the slope under the first |ayer | a.

Apghgwr ayFlge |1 thgrerig provaded payapparatug d Adpreuse owaﬁlpn?rto prevent
different fromthe second cell array 12b. Each cel
dopafpilae. Thepppasates K0 gdnoprades o firsfcehdiray h2sapdopsacondidlisarray
14. Each open cell 14 is defined by an encircling cel

V. IThé Girst eoll agby €2h sdocRhiign frst &l Wpper IapérelNadhn thé §1bpdwhile
the cell 14. Exenplary enbodi nents of cell arrays 12-1

the sddna cell @th/‘ G20 REBr Fo%lnﬁr% alélt:c&fld Uxal()kv@f*'ﬁyt?mﬁl%e(ﬁl #8dlope under
sizes are shown in FIG The open cells 14 1in a

he lﬁlrst%)}'e?x 1 %21" h%rfﬁ“gtecreﬁ %tr)éé Q?g m% bah nc?enl?llcalrWElFonr (ﬁﬂ%ﬂeﬁ{ from the

geonetri c shapes sul tesse

tin r adj qi,ni ng cells 14. The.cell 1
Sefgffcﬂ%ell B 123??%.%" B ity TpdorrES aduediy o g fmngdpé cens
shown, or may in an irregular array. Al cells
4. Each open cell 14 1s deﬁned by an encircling cell wali 16 conﬁgured to contain a
slope material within the cell 14. Exemplary embodiments of cell arrays 12-1 to 12-5
having open cells 14 of various shapes and sizes are shown in FIG. 2. The open cells 14
in a cell array 12 preferably are of one or more regular geometric shapes suitable for
tessellation to form a repeating array 12 of adjoining cells 14. The cells 14 of the cell
array 12 may be in a regular array, as shown, or may be in an irregular array. All cells

14 of the cell array 12 may be the same, as shown, or different sizes and/or shapes of

cells 14 may be used.

For enhanced flexibility, the open cells 14 may comprise discrete individual cells 14
configured for connection with each other to form a cell array 12 having a customizable
boundary shape. For protecting a slope area that is larger than the area covered by one

cell array 12, each cell array 12 is preferably configured for connection with one or



14 of the cell array 12 may be the sanme, as shown, or
different sizes and/or shapes of <cells 14 nay be

used. For enhanced flexibility, the open cells 14 may
conprise discrete individual cells 14 configured for
connection with each other to forma cell array 12

havi ng a custom zabl e boundary shape. For protecting

a slope area that is larger than the area covered by

one cell array 12, each cell array 12 is preferably

woref dtherroel afrays thsmibat ¢ach layiet hl onéheslofe comgriseos hlrality of cell
cell arrays 12 so that each layer 11 on the slope

aeayp 2 seefedref|cunfigirbtiorifofeell krra@y 18)Fowl ghariBe &fF €6thfdn walls 16
configurations of cell arrays 12 all ow sharing of

we@mpcemlm%&#adﬁ&w?aﬂa&ﬁshé »Jh%nfrﬁ&gbl%ﬁggﬂ%ﬁ%ls £2hie

arrays 12 when multiple ce arrays 12" a

i d . th disyrents 12- 2-5. . .
I ReRRE ks B ERoRT el BEPRELTR hvel B10 7l Pupimizes
tao.formeach | ayer 11 en ltjple cell arrays 12 are

Walb metrebeanisvEle tam Sagfblapsrad whn BpBiptoneTh azrys 14 gre needed to
wel | as facilitates in-plane drainage al ong each

qoxged large tragy opslepingilang, as weldas facildppainarlare dinage hlong each

i ndi vidual cells 14 that can be rel easably

laygrdriconnect ed and/or cell arrays 12 that can be

rel easably interconnected to enlarge each layer 11,

the apparatus 10 nay be readily transported when
di sassenbl ed and on- site assenbly on the slope may be

IF?ﬁfdediﬁQ@H{VoﬁQIatr Qg 06 WAl in@V ! &fis 9k %ﬂ gerl]n ge rselleasably

t
ocat i on. en installing the apparatus 1 ope

. ' fi ' in, FIG 3. and
BRSNS SR D AT sl e
P T} Berpramei] Gy b Feasy anybriea piieh dugrgmblogeand on-
slitgvz\gsrerrllb?)y ce)rrl the slope may be easily adapted to the contour and size of the location.

When installing the apparatus 10 on a slope to achieve the configuration as shown in
FIG. 3 and as illustrated by the method 100 in FIG. 6, the second or lower cell array 12b
is first laid as a lower layer 11b on the slope 18, 102. The cells 14b of the lower layer
11b are then filled or compacted with the second or lower slope material 104. Next, the
first or upper cell array 12a is laid over the second cell array 12b to form an upper layer
11a on the slope 18, 106. Finally, the cells 14a of the upper layer 11a are filled or
compacted with the first or upper slope material 108.

Preferably, the first and second cell arrays 12a, 12b are configured to be anchored to the
slope 18 to prevent them from sliding down the slope under the weight of the first slope
material and the second slope material. Anchoring means include pins or dowel bars

(not shown) inserted or driven into the slope 18 through an appropriate number of cells



| I'b are then filled or conpacted with the second or

| oner slope nmaterial 104. Next, the first or upper

cell array 12a is laid over the second cell array 12b

to forman upper layer 11 a on the slope 18, 106.
Finally, the cells 14a of the upper layer Il a are

filled or conpacted with the first or upper slope
material 108. Preferably, the7first and second cel

arrays 12a, 12b are configured to be anchored to the
$4.00e s eralogredbammayttermdertednafibi ldying tidolomwet resesbrablayer 11b
under the weight of the first slope material and the

58 ebrl 1R fore tfglingdthe cANCIMY W illg tHEBGRS dritetdidas] ReSattial
dowel bars (not shown) inserted or driven into the

§$rﬁﬂe§:t&l&ar5mmv\gnﬁ%rﬁgwé% ahe u grte ag%quéi Fzﬁl then & fitted

he pins or bars may e I'n ayl ng
on th 0
bR EBRE RESRRRARt YA beithe SRk B SLERERIAAS 58I ha the
|aI c t ed arou e pins or dowel bars. The

@ﬁé ayepl | Z@%fﬁ“f@és P ?tﬁé Ey sempagtingdhe Bisber ypsT PrR
or dowel bars that should be | ong enough to extend
mateaiabingo theypner acHe 144 gwend theyins dr dowel barsPatferabiyothg walls 16
conpl eted by conpacting the first or upper sl ope

oftheceldd 14 inteach reayphare coefifiged thohae aureflettivn ¢fi INE00aT less when
dowel bars. Preferably, the walls 16 of the cells 14

t4thean Armay N 2Ys dotn6telyCRINd Vi £8lohOnfay@l.a defl ection
of 1/500 or |ess when each cell array 12 is

conpletely filled wwth a slope material. By providing
the first sl ope naterial contained in the first cel

2 d

BB AR bk AR Roniatia s ReCLag t280n te sope 15,
b. h | 18 he f t slo

u @ﬁéfzmégfs taésg%ﬂﬁ 3PP et aohs fecpnEbaarani 2b on

interface 20 is forned between the first slope
thestope 4B uaden thp fizsh gloppaatesioabAoH a4 thewn in the met od 200 of FIG. 7, an

interface 20 is formed between the first slope material on top and the second slope
material below. Preferably, a capillary barrier is formed at the interface 20 for inhibiting
water movement from the first layer 11a into the second layer 11b, 206. The capillary
barrier arises as a result of an appropriate selection of materials for the first slope
material and the second slope material, and can be explained using material-water
characteristic curves (MWCC) and permeability functions of the first slope material and
the second slope material as shown in FIGS. 4 and 5 respectively. An MWCC is a
relationship between water content and matric suction of a material, while a
permeability function is a relationship between unsaturated coefficient of permeability
and matric suction of the material. Matric suction is the difference between pore-air
pressure and pore-water pressure in the material. A steeper MWCC and a lower air-

entry value for material 1 layer is that the layer would be able to drain a larger amount



material below Preferably, a capillary barrier is
formed at the interface 20 for inhibiting water
novenment fromthe first layer 11 a into the second
layer | |Ib, 206. The capillary barrier arises as a
result of an appropriate selection of materials for
the first slope naterial and the second sl ope
material, and can be expl ai ne8 using nateri al - wat er
characteristic curves (MACC) and perneability
éfimatti fong gofentrimgefdfimsdtris bugpien wharee] mipidiy therdabiag slecaomge
sl ope material as shown in FIGS. 4 and 5 respectively.
AipadWGET the mAteriabll adylePABE rRinkEL M¥RfRer Wod: &TinFR haRé slapel
matric suction of a material, while a perneability
function is a relationship between unsaturated
coefficient of perneability and matric suction of the
rial . tri Uct i is the differenc et ween .
8 SR oL b WO 0 B AR tR Pffcientof
materi.al. A ste r and . a |lower air- entry val ue
RROmCRRINb ey eor tﬁgﬁéﬁf S‘O@e s el theyesongsinng natenal) leyond
to drain a larger ampbunt 8 of water for a given range
esrtaematrie syeiean whuashion gegamplgg0dsshioparie 3G ny thereoefficient of
storage capacity of the material | |ayer after
peamedtality dithosdvend slapematenjalits stamifidaatlg lope.thabhde coefficient of
capillary barrier effect is caused by a contrast in
pdimcabiEgtaftad Bkt 610¢ MatdraN Radfwat@eN®@inl thé XpfAeitWe EMinstalled
the first slope material and the second sl ope

ot ! . ! |
ST ogle 1356Y %ﬁ%e&gaftwgl@é&@g Fd G cﬁu&%édqgteyﬁi ;{@%ggﬁ e first

exanp 10 as s the coeffic

SRR o sl B s FEAN R QT TRE et Sond laver 110, 1n s
ernmeability of the first slope material. Rainwater

V. IR iR ok AR (10 Y15 STOPEIcAR Pearevgited Abredhgas This keeps

w || consequently be stored in or diverted |aterally

the wateg bl g low erogigh se thap shasastegngth of the uhderhyingsoil exgegds|

la instead of flowng into the second layer | |Ib. In

gravigational force on the soil above and slope failure is prevented.

The air-entry value of the material is the matric suction value that must be exceeded
before air recedes into the pores of the material. Water-entry value, vy, is the matric
suction value at which water first moves into the smallest pores that form a continuous
network through the initially dry second slope material. The water-entry value, yy, is
also called the breakthrough head since this value corresponds to the pore-water |
pressure head at which water first breaks through the interface 20 between the first

slope material and the second slope material.

A steeper MWCC curve and a lower air-entry value for the first slope material means

that the first layer 11a can drain a larger amount of water for a given range of change in



way, excessive water infiltration into the slope can
be prevented or reduced. This keeps the water table
| ow enough so that shear strength of the underlying
soil exceeds gravitational force on the soil above
and slope failure is prevented. The air-entry val ue of
the material is the matric suction value that nust be
exceeded before air recedes Pnto the pores of the
material. Water-entry value, yr,,,, is the matric
watic soptiom rapadlztinantrsoly thaisteragk icascitpot te firsttshopgehpaterial after
smal | est pores that forma continuous network through
iairefalll of dthad Watetinpusecsdioptope naterial. The
water-entry value, yw, is also called the
br eakt hrough head since this val ue corresponds to the
pore-water pressure head at which water first breaks
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will ingrepsec Wheatthe infiliragisieayater isecheadieripterfaes 24 batwgen the first
capacity of the first slope material after rainfal
dopanhterialvtighe sagpud slope mhterisl, optric dueten ofithasycond slope material
extended rain, as water continues to infiltrate the
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coefficient of perneability of the first slope

frahEnkedface Y0 kdach&dhe @«%?er-emf Qalh@,e\gyihgtf t;il? SE@hl Eﬁ)gg@'a%ri al, the

reaches the interface 20 between I rst
i
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d . .\Wh t he tric ction aof the second sl ope
VlEePILpesis 19 Rl e dhersecRnUORIREARY- AR SR SupanT the

value, yr,y of the second s|ope materjal, the '
second slope material further decreases due to water infiltration, the coefficient of

permeability of the second slope material increases rapidly until it exceeds the
coefficient of permeability of the first slope material. Under such conditions, there is no
longer any capillary barrier effect and water will flow easily into the second slope
material. Despite the loss of the capillary barrier effect, the apparatus 10 still serves to
limit water infiltration into the slope 18 by acting as a surface drain that laterally diverts

water in a parallel direction along the slope surface.

To facilitate lateral water diversion, drainage holes 17 may be provided in the walls 16
of each cell 14 in the cell arrays 12. The drainage holes 17 are to allow water to flow
down-slope through adjoining cells 14a, 14b along each layer 11a, 11b respectively.
The drainage holes 17 should be configured to allow water movement while preventing

passage of the first slope material or the second slope material therethrough.



coefficient of perneability of the second sl ope

material will increase to a |l evel where water wll

begin to flow into the second slope material. As the
matric suction of the second slope material further
decreases due to water infiltration, the coefficient

of perneability of the second slope mat eri al

increases rapidly until it ext®eds the coefficient of
perneability of the first slope material. Under such
Adtrdinagoorsseparatr sub-fayanl 9 mengkso bapyovidgl belaw ynbar dte bf each
effect and water will flow easily into the second

BlyepEl a, e @ fagilitatdeart lewidpeddvasslopd albhe tHeaRipeladd ¥nhance
barri er effect, the apparatus 10 still serves to
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as a surface drain wat er
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water to flow down-slope through adjoining cells 14a,
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dr ai nage hol es 17 should be configured to all ow water
o prefantedvimbodimergvtba sepagatopsabd agpe nofy Helregdotaxsite @laope
mat erial or the second slope material therethrough. 10

BeahicmnbrageoOthi ckees rdighiig Fol-In@)y €5 sthéh.may al so be

provi ded bel ow one or both of each layer 11 a, 11 b
to facilitate water flow ng down-sl ope al ong the sl ope
and enhance lateral drainage of infiltrating

E@él@é’ﬁgt%ltafl vJ: (g g%?{'&ll S'Batea} sg)“?g c%pamgy aofI tg gg(p%?ai?%]ao I8 also

rangi ng
sub- Wer.e a sub- Ia 9
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b, the sub-layer 19 acts as a separator to mnimnse
PRORTS Shert peiaodsiat 8 timg. dBis 1rhecapsedptord] myateridévessien pannot
sl ope material .
immediately occur when the apparatus 10 has been subjected to a short period of intense
rain as the infiltrating water needs time to flow to the lateral drainage outlets such as the
drainage holes and the drainage sub-layers. It is therefore preferable to use materials
with a relatively high coefficient of permeability for the first slope material in order to

have a high water storage capacity, so as to produce a high lateral water diversion in a

relatively short time and minimize water infiltration into the second layer 11b.

When selecting the first slope material and second slope material that are to be used
together in a particular application of the apparatus 10, parameters or material
characteristics that need to be considered are: ratio of the water-entry value of the first

slope material to the second slope material (yy-ratio), the saturated coefficient of



In a preferred enbodi nent, the separator sub-layer may
be a geotextile or a geonenbrane of thickness ranging
from2mmto 5mm Besides |ateral water diversion,
wat er storage capacity of the apparatus 10 is al so
i nportant under high precipitation rates, especially
in areas where intense rainfall occurs in short
periods at a tinme. This is bedause |ateral water
di version cannot i mredi ately occur when the apparatus
pedmiaaslitydby) of thy fast dopda matarish thetwater-¢rog Gilud (¢ nfthe second
rain as the infiltrating water needs tine to flowto
dlhe hategilahndithaishagierge ptdpetties 986bthake §16pe mdferiarzage
hol es and the drai nage sub-layers. It is therefore
preferable to use materials wth a relatively high
coefficient of perneability for the first sl ope
69%%? nbﬁ)order to have a high water storage

"y SO0 as to produce a hlgh | ateral water

ersion in a relatively time.gnd m.nimz
%}F%Fheu AT E TV R BR (P it &1 Hés}’é’e" dnat ?C‘imi“Be‘{n ngﬁ apparatus
selecting the first slope material and second sl ope
Hhais bigha p sighiftcapt eapiliary bargiseeffeqt irgerpfeged japd raakthrouahl aar
application of the apparatus 10, paraneters or
peaccdatical of vedtar fawh ehé Btsi tayet hiatt intvethe seant) dayeohsb dar keminimized.
are: ratio of the water-entry value of the first

Ahopecoierugrof e RydirddlR preseaiiet tehos tHaies sRbe material and the
(y,,.-ratio), the saturated coefficient of 11

RE5IEAR e'rhatlénélkéihe? fo%@e(s)lfrét{lﬁ_t sl ope material, the

wat er-entry val ue e second slope naterial
and the shrinkage properties of both the sl ope
naterials Water-entry ratio When the water-entry

L SN AL 2 P PLORE TS L, Com el ned. 0o o
tl?g inralteenral e/{ ]::oeaige rlnitegglo(?gcae r?latael:?lgl V?/lrt}? ?alitgg gfrgglg d?armeters e.g. D3p and
Dso) normally has a small water-entry value y,,. Thus, the capillary barrier effect
produced in the apparatus 10 may also be related to the particle size of the materials
selected. A second slope material that is 2.5 times coarser than the first slope material
(e.g. Dsp) will result in 80% of the maximum lateral diversion occurring in the first
slope material when the apparatus 10 is applied to a slope. A second slope material that
is at least 5 times coarser than the first slope material will result in 90% of the
maximum lateral diversion occurring in the first slope material. D, is the maximum
particle size for the passed (finer) particles for the n™ sieve. The first slope material
should therefore normally be of a finer grain than the second slope material. For

example, the first slope material may have a particle size of less than Smm while the

second slope material has a particle size ranging from 0.075mm to 75mm.



percol ation of water fromthe first layer I la into

the second layer | Ib can be mnimzed. A high

contrast of the hydraulic properties between the first

sl ope material and the second slope material is
therefore desirable. The water-entry value xVw of a
material is often related to the particle size
distribution of the materiall2 A coarse material (i.e

a material with |arge particle dianeters, e.g. D30 and
Payrablyy tha Maerteagy aatan@l.ratia) efithe siopy materials shbuld behukeast 10.
the capillary barrier effect produced in the apparatus

Eér exashpld, $ine band @hpbedsed Qs tHeeimedlbpechttefihlZdd Praviell§ sand used as
materials selected. A second slope material that is
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will result in 80% of %he maxi num | at era
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nateri t hat tlnes coarser than the
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maxi mum | ateral diversion occurring in the first slope
material. Dn is the maxi mum particle size for the
passed (finer) particles for the n"h sieve. The first
Sdreprededeidial: of phveehbi/ihefitks frsesinpe maldripl be of a
finer grain than the second slope material. For

BAd| selectifieslbpd @bteShQRgat MBYES hizh YIBAtiDAY B AsoPigipottaht&hat the
size of less than 5mm while the second slope materia
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enbodj nent, fine sand and pea gravel may be used as
infldrating syates) voifleemamerapard ¢ 8‘3@@% Gleare snapgseal due to difficulty in

lateral drainage of the water along the first layer 11a. With continued infiltration, the
matric suction of the first slope material will reach zero when the pores in the first slope
material are filled with water. When the matric suction along the interface 20 between
the first layer 11a and the second layer 11b is lower than the water-entry value of the
second slope material, a significant amount of infiltrating water will eventually

penetrate into the coarse-grained second slope material in the second layer 11b.

There should therefore be a lower bound of the saturated coefficient of permeability of
the first slope material used in the apparatus 10. A threshold value of 10” m/s may be
used as a guideline since a material with coefficient of permeability lower than 10° m/s

is generally considered a poor drainage material. For example, clean sand and clean



materi al respectively to give a WMratio of 44.3.
Saturated coefficient of perneability of the first
sl ope materi al Besides selecting slope materials that
have a high W¥Wratio, it is also inportant that the
first slope material that has a high matric suction
conpared to the second slope material in order to
mnimze water from passing fldBomthe first layer 11 a
into the second layer | Ib. If the saturated
greedl having atcoefficizat afpeineatilityaff 10Ren/kiand 06 hppeespectively may be
material is low, infiltrating water will remain
duitatplp €6k use at te firkt $épeshapgalrat eri al due to difficulty
in lateral drainage of the water along the first
| ayer 11 a. Wth continued infiltration, the matric
suction of the first slope material will reach zero

S it inst slope, material are filled
%Q)t%ﬁ-e&g?é&% @(ﬁé’ﬁ E)iehsjggon'%‘tSrl(?p ¢ @‘HE@?IO n al ong the
i nterface 20 between the first layer 11 a and the
1o QA S V-8 38 Bt ST RSPy o) e it slope
of the second slope material, a significant anmount of
maferial; thetyaty-spéy sialugi wy ofdhe secgad sippe pwtesial alse plaps an irhgortant
coarse-grai ned second slope material in the second
rbleyieensuring. tha effeoti veinass b itheapparhios é 0 e limit dowerwdod todement of
the saturated coefficient of perneability of the
watesihtostho pederBhEY $cal. AUSeH fitdht bihuAdTar AéUsillldhly flow into the
threshold value of 10-5 ml's nmay be wused as a

sGurdah{dig 18 WHeh the MBLR sudl ﬁ/‘éttnt?e meehdct 6b %E‘ttv«fegﬁ the first layer 11a
S ally
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perneabi lity | ower than 10-6 IS gener
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of perneability of 10-5 s.and 10-2 ms respecti vel
SREQPOSLPET e s pre e eng ey Valusgt. Sdhe sqegnd slope
Water-entry value yi, of the second slope nateria
material, the lower the likelthood of water breaking through the first layer 11a into the
second layer 11b. Preferably, the second slope material should have a water entry value
Vv of less than 1kPa. It is observed that the coarser and the more uniform a material is,
the lower the water-entry value vy, is. For example, gravelly sand having a water entry

value y,, of 0.4kPa may be used as the second slope material contained in the second

layer 11b.

Material shrinkage

During dry periods, the first and second slope materials used in the apparatus 10 should
not exhibit shrinkage cracks as these will affect the hydraulic properties of the materials.
Generally, materials with shrinkage potential of less than 4% will be suitable.

Layer thickness



In addition to the y,-ratio and the saturated
coefficient of perneability of the first slope
material, the water-entry val ue yVw of the second

sl ope material also plays an inportant role in
ensuring the effectiveness of the apparatus 10 to
l[imt dowward novenent of water into the underlying
soil. A significant anount ofl4water will only fl ow
into the second layer 11 b when the matric suction at
Thicknass ef tha diest 20d lsesond dayetshid af 1 Itsen thayptpe 18 adso adifedtstthe
second layer 11 b decreases to a value close to the

otV ereds bfthe appeeatMyvl @1n prideentinig @0 Fsllusing Meatéreih lttalibn into
Thus, the smaller the water-entry val ue Wv of the

&%9%&%59 Rfer BREBIRE 181 A®rdRWBSuINNGIN b Sih I oed otoiven avoided
r h I 11 to the

wat e reaki'ng through the first layer ain

. (R . f 115 he second sl ope
ﬁiﬁ@?ﬁ%kgﬁﬁghﬁﬁnﬁﬁegﬁﬁfﬁéﬁg‘Xéééry value yrw, of |ess
than 1 kPa. It is observed that the coarser and the
nmore uniforma material is, the |ower the water-entry
value yrwis. For exanple, gravelly sand having a
T tdickapgsiof thafarsylayer Madps @ dupgaclppgnsbip Wil theagaximam water
second sl ope material contained in the second |ayer
stdrape cdgaticy phthe shparatkade, dshowy irdthy fpléowingdsqudtiva: fir st
and second sl ope materials used in the apparatus 10
shoul d not exhibit shrinkage cracks as these w |
affect the hydraulic properties of the materials.
Ceneral ly, naggéqusfﬁAth shri nkage potential of |ess
than 4% wi '™ be *suftabl e. Layer thickness 14
Thi ckness of the first and second layers | la, | Ib on
vheres| ope 18 al so affects the effectiveness of the
apparatus 10 in preventing or reducing water
snf iid theatdx@mumnt er storage capacity of the apparatus 10,

0, is the volumetric water content of the first layer 11a at saturation,
¢, 1s the thickness of the first layer 11a, and

A 1is surface area of the slope covered by the apparatus 10.

From this equation, it can be seen that the maximum water storage capacity of the
apparatus 10 will increase if the thickness of the first layer 11a increases. An apparatus
10 having a thick first layer 11a layer can store more water than before breakthrough

occurs.

The volumetric water content of the apparatus 10 at breakthrough varies with depth or

height of the first layer 11a. The water storage capacity of the apparatus 10 can thus be



underlying soil |ayer of the slope 18. A breakthrough
can be mnimzed or even avoided by increasing the
thi ckness of the first layer 11 a. The thickness of
the first layer 11 a has a direct relationship with
the maxi num water storage capacity of the apparatus
10, as shown in the followi ng equation: S. = es * t *
A | where S,,,a, is the nmaxidmum wat er storage
capacity of the apparatus 10, 9s is the volunetric
vatdated byirgegratidg thhendtériad wateayentedtl(i.a., svlus@trioradtecontent
tf is the thickness of the first layer 11 a, and Ais
profifed oeerahedeight dhiBe StsOREE PMELEHOWY i R fARRAInE lelSatibA:
Fromthis equation, it can be seen that the maxi num
wat er storage gapacity of the apparatus 10 wll

I ncrease ifg:tgjg ;Q.idgkness of the first layer 11 a

i ncreases. An apg ratus 10 having a thick first |ayer
11 a layer can store nore water than before

br eakt hrough occurs. The volunetric water content of
‘fvh%reapparat us 10 at breakthrough varies with depth or
hei ght of the first layer 11 a. The water storage

el ARG Vitenstorage canssy at ths apparatys 1Phus be 15

cal cul ated by integrating the material water content
0(n)ds thewollwmetic waterpreile o6 titeeirt layardfie] e) over the
hei ght of the first layer 11 a as shown in the

bRl Ql‘é’ih%%h?gflﬁg iﬁ‘P&:SlJp]:e material in the first layer 11a,

t, is the thickness of the first layer 11a, and

A is surface area of the slope covered by the apparatus 10.

Once the first and second slope materials to be used with the apparatus 10 on a slope at

a particular location have been selected, the required thickness of the first layer 11a to
store a particular amount of infiltrating water can be estimated using the above formulae.
This estimation may be performed after determining the maximum total rainfall for the
particular location where the apparatus 10 is to be used. The maximum total rainfall
serves as an estimation of the desired storage capacity of the apparatus 10. In this way,
the required minimum thickness of the first layer 11a to be applied on the slope may be

determined.

The primary function of the second slope material is to provide a capillary barrier break.
Since downward water movement from the first layer 11a into the second layer 11b is
controlled by the water-entry value of the second slope material, thickness of the second

layer 11b only has small impact on the performance of the apparatus 10 as a whole to



S=Af8(h).dh 0 where S is the water storage
capacity of the apparatus 10, 8(h) is the volunetric
water profile of the first layer 11 a, dh is the

hei ght of the first slope material in the first |ayer

11 a, t1 is the thickness of the first |ayer 11 a,

and A is surface area of the slope covered by the
apparatus 10. Once the first l&nd second sl ope

materials to be used with the apparatus 10 on a sl ope
iatpeda water tmoyaant inectht slope HEhieishheesuss eleeset@dl slofeematerial 2
requi red thickness of the first layer 11 a to store a

lpgertseigh & protide iie Bfdriulici ibipeddncp gt WetRerfE@P0Metween the two
esti mated using the above fornulae. This estimation
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capacity of. the apparatus 10. In this way, the

1P%f§ﬁ%l% er?i“ﬁf“?ﬁﬁﬁf’? ﬁ*ﬁéﬁ%@ééas@r 1{pwill ppichelp by prevent rajnwater

be applied on the slope may be determ ned. The '

ighltraipy. Cemversebnifche hydraglicpnpersicoplthera¢cond alope snaterial can

provide a capillary barrier break. Since downward

mavide avoffemmnhydraolio infyedéndesit tHedyerfadd2@ thetequiréthickness of

second layer | Ibis controlled by the water-entry
tHakaton@iayeh el s@ap Bﬁn;ﬁ% 88 8s R & thahatdrtnGlsMesd o Ohe 58%nd slope
second layer 11 b only has small inpact on the

RRELATAMCRHd hh& ABPBh&L #8 tilkRSs 8 B Q&nk RaykP11b is greater

than the water-entry head of the second slope material, a continuous water phase in the
second slope material in the second layer 11b can be avoided. Therefore, the minimum
effective thickness of the second layer 11b can be approximated from the water-entry

value of the second slope material.

Whilst there has been described in the foregoing description exemplary embodiments of
the present invention, it will be understood by those skilled in the technology concerned
that many variations in details of design, construction and/or operation may be made

without departing from the present invention.



I npede water novenment into the slope. This is because
the second slope material 2 |ayer serves to provide
the hydraulic i npedance at the interface 20 between
the two layers 1 la and | Ib. If the hydraulic
properties of the second slope material in the second
layer 11 b are not suitable to formthe hydraulic
i npedance at the interface 2017 increasing the
t hi ckness of the second layer 11 b will not help to
OCLAIME rainwater infiltration. Conversely, if the
hydraulic properties of the second sl ope material can
provide a sufficient hydraulic inpedance at the
interface 20, the required thickness of the second
aye ' ; h - i
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head the secon material 1h't second Taye

[ Ib. On he t.hick f.th d | 1 1h i
areaier AR EHLeGAY BF Sy AP 3PR: maEarBacrdpe he
material , a co tHDUOUﬁ wat r_phasg in the second

sl op rshaé(lle%rraé/l, thedirsticell agay §ing£08 gyred fprplgeement on the slope to
avoi ded. Therefore, the mninum effective thickness

of tigecixepotiedinpayen the slapecand be approxi mated fromthe
water-entry value of the second slope material.

Whi | st t hea sechad célbamaydfes conthiathg asebbred Slopepaierial in each cell of
description exenplary enbodi nents of the present
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out departing omthe present invention.
17 CLAIMS 1. Apparatus for preventing slope failure
in a slope, the apparatus conprising: a first cel

rra¥ for containing a first slope naterial in_each
el | 1 appggatus ot claim™, wherein the second cell array containing the second

slope material is placed beneath the first cell array containing the first slope
material and a capillary barrier is formed at an interface between the first slope
material and the second slope material for inhibiting water movement from the

first slope material into the second slope material.

3. The apparatus of claim 2, wherein matric suction at the interface between the first
slope material and the second slope material is greater than the water-entry value

of the second slope material.

4. The apparatus of any one of the preceding claims, wherein the water-entry value

of the second slope material is less than 1kPa.



first cell array, the first cell array being

configured for placenent on the slope to receive

wat er i nput on the slope; and a second cell array for

contai ning a second slope material in each cell of

the second cell array, the second cell array being
configured for placenent beneath the first cell array

on the slope. 2. The apparatus® of claim1, wherein the
second cell array containing the second slope

frat etheadppastys dees obe nétielprededingictams,cehdreiaratiy of the water-entry
containing the first slope material and a capillary

bar rvaie 6fthé GFsTedpamabetial ff BE vae@- et WarR df e debsid slope
slope material and the second sl ope material for

i nhi BhfeliNGs Weiegd: jgovement fromthe first slope
material into the second slope material. 3. The

apparatus of claim2, wherein matric suction at the
interface between the first slope mat eri al and the

éeCQ@g slog terial gr eat er an the water-entry
1 ube pabaits dags e of Bparsretioee lmwherﬁ@t bptpaprateds

of any one of the Brecedln clainms, wherein the

wat efocEiiens of apugecabidity @ﬁ@eg@mhmmaﬁwl iwatdedsal 07 ws.

|l ess than 1 kPa. 18 5. The apparatus of any one of
the preceding clains, wherein ratio of the water-entry
value of the first slope material to the water-entry

v.al UBheddpphiieusSFaandns bPde prétRiRkicBimk Swl?érethﬁéihr&]Qagerotentlal
The apparatus of any one of the precedlng cl ai s,

wher e KR RBL HRk R and el Sl B %0f
the fi r%t1 ssoge Rt er;cln s at | i)st ai%ﬁgqgﬁl?%thbﬁ Y.
8.  The apparatus of any one of the preceding claims, wherein the first slope material

1s of a finer grain than the second slope material.

9. The apparatus of claim 8, wherein the first slope material has a particle size of less
than Smm and the second slope material has a particle size ranging from 0.075mm

to 75mm.

10. The apparatus of any one of the preceding claims, wherein a minimum effective
thickness of the first slope material when laid on the slope is determined from a

desired water storage capacity of the apparatus.

11.  The apparatus of any one of the preceding claims, wherein a minimum effective
thickness of the second slope material when laid on the slope is approximated

from the water-entry value of the second slope material.



7. The apparatus of any one of the preceding clains,
wherein the shrinkage potential of the first sl ope
mat erial and the second slope material is |ess than
4% 8. The apparatus of any one of the preceding
clainms, wherein the first slope material 1is of a
finer grain than the second sl ope material. 9. The
apparatus of claim8, whereid%he first slope materi al
has a particle size of less than 5nm and the second
K. opEhavpperatuslof hag ose pftht pricedisg zleimg vgiengin thedfimst cell array and
0.075mMm to 75mm 10. The apparatus of any one of the
pr echiesdgnd kéll abay sdR E:@IinFr@e aplataigyo pidjsiatnguden cells.

t hi ckness of the first slope material when laid on the
slope is determned froma desired water storage
capacity of the apparatus. 11. The apparatus of any

0T Bl pREefl AL O oot oot BRIy &H;@mﬂ% Eiiage holssre

l aid on.t oximated fromt , ,
wnt dFORREL P o P cof arhoke Wgﬁeb%emneﬁ\eairamigf holes being
12. The apparatus of any one of the preceding clains,
whernfigense t¢ preyent passagatheeyyhrangh efibe fisd slowe srat¢riadr r ay

each conprise a plurality of adjoining open cells. 13.

The apparatus of any one of the preceding clains,
wherein drainage holes are provided in the first cel

101, I ahhef Ppatatis@f ahy Biad € the pMRedih Blairhd) &y HdFdth ARG g8 AORS are
being configured to prevent passage therethrough of

the ﬂrb%ﬁ&d & tﬁ@@ec@ﬁ& BEll Aray b atd IBwARPENBlsiR, F’Ie e dtAiMagt Woles

of t'he precedi ng cl ai s, mhereln dralnage holes are

pr ovﬂegn con?g%r@g ctig CSfegnrﬂ safge ere%lsfrou(g)h 0% §l1teeser:ér’})ndwfjl opé "material.

di versito nag

15. The apparatus of any one of the preceding claims, wherein at least one of the first
cell array and the second cell array comprise discrete cells configured for

connection with each other to form an array of adjoining cells.

16. The apparatus of any one of the preceding claims, wherein the first cell array and
the second cell array comprise a plurality of adjoining first cell arrays and a

plurality of adjoining second cell arrays respectively.

17.  The apparatus of any one of the preceding claims, wherein the first and second
cell arrays are anchored into the slope to prevent down-slope movement of the
first and second cell arrays when filled with the first and second slope materials

respectively.



bei ng configured to prevent passage therethrough of
the second slope nmaterial. 15. The apparatus of any
one of the preceding clains, wherein at |east one of
the first cell array and the second cell array
conprise discrete cells configured for connection
wWith each other to forman array of adjoining cells.

16. The apparatus of any one 41 the preceding clains,
wherein the first cell array and the second cel
48.r aYhe apparatseofanylone alf itteypreded o) obaimis nfyrther ®impeising a sub-layer
arrays and a plurality of adjoining second cel

ar r afts plaepeattelkdl Yt 1edst ond bEtha PRaIcall WiaP hnddh¥ s6ddad @Ell array,
the preceding clainms, wherein the first and second

Cel | tlférsﬁﬁL @e?ﬁ&né‘@&ﬁ‘ﬁ%ﬁéﬁ ﬂo%&hfalfkelaﬁ:lr RfatdrQi rﬁ&l?.nt

down- sl ope "novenent first and second ce

arrays when filled with the first and second sl ope
materials respectively. 41 20 18. The apparatus of

e of the recedln claims, further conprisin

Lb-1 %Rparﬁ%sro iaiRetfe Rl BiF SHb-lanenit upher confi fighied to
first ceII array and the second cell array, the

sub- Mayeyzegeixitg efdhe fig sloge matdrial Mithithe secord dopd majgtialrwhen
di version. 19. The apparatus of claim 18, wherein the
sub- plagerbeitwednuthe fiest celd afraygandettie secondicell airaye m Xxi ng of
the first slope material with the second sl ope

material when placed between the first cell array and
the second cell array. 20. A nethod of preventing
§(b Opg Iﬁéhé)djéﬁplje%rﬁ‘mﬁl R)Ir]}@ faﬁd?@uﬂ? 1918% tHeABthb & bS8 prising:

laying a | ower cel ay on
laying a lower cell array on a slope;
filling each cell of the lower cell array with a lower slope material;

laying an upper cell array over the lower cell array on the slope; and

filling each cell of the upper cell array with an upper slope material.

21.  The method of claim 20, further comprising inserting at least one anchoring pin
through at least one cell of the lower cell array into the slope after laying the
lower cell array on the slope and before filling each cell of the lower cell array

with the lower slope material.

22. A method of preventing slope failure in a slope, the method comprising:
providing a first slope material contained in a first cell array on a slope; and
providing a second slope material contained in a second cell array on the

slope under the first slope material; and



filling each cell of the lower cell array with a | owner
slope material; |aying an upper cell array over the

| oner cell array on the slope; and filling each cel

of the upper cell array with an upper slope material.
21. The nethod of claim20, further conprising
inserting at |east one anchoring pin through at | east
one cell of the lower cell ar¥lay into the slope after
laying the Ilower cell array on the slope and before
filling igdbitingetdterafioveleent tromrthe €idt slape materiail irfto thessecond slope
| oner slope material. 22. A nethod of preventing sl ope
f ai | thaerianb@a iy bakéer T&iniwacht @A MREIfSIet@tweddrthY Figkt Bldpe
a first slope material contained in a first cell array
on anpleiRtandemd sed%@‘élo%b Rtht@izgecond sl ope materi al
contained in a second cell array on the slope under

the first slope material; and b 21 inhibiting water
novenment fromthe first slope material into the second
slope material by a capillary barrier fornmed at an
interface between the first slope material and the
second sl ope material .



