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Abstract:

When a waste dump or land(ill reaches its full capacity. a cover liner is emploved as a iast

measure 1o 1solate the polentially harmlul waste from the environment. One of the main functions ol a cover
liner is lo prevent water [rom emering the waste thereby preventing any additional risk of groundwaler
pollution. Cover liners are usually consiructed {rom varous soil lavers and therelore 1t & mportant ©
understand the behaviour of infiltrating water through such sotl structures. In the past. numerical models have
dealt predominantly with vertical infiltration and infitration into sloping hilisides which are mlinile in extent.
in an altempt {o understand flow phenomena through cover liners The numerical mode! presented in this
paper will deal with water flow through a more realistically shaped cover finer 10 expand our understanding
of flow through sloping lavered soils and multi-lavered cover liner sysiems,
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§. INTRODUCTION

When a waste disposal site reaches #s full
capacily. whether H be mining or municipal, a
cover finer s emploved as a fast measure (o isolale
potentially harmful waste from the environment,

over coarse soil structure that umpedes the flow of
water by the strong capillary forces of the fine soil
at the sol layer interface, Water wili only enter the
coarse soil once the weight of the accumulating
waler has exceeded the air entry value of the
coarse scil I a capillary barner 15 inclined, the

Esgeriatty, —a coverHmer— iy o nit-fyered
structure enginesred {rom various sotls and geo-

synthetic materials that covers the wasle. One of

the main functions of a cover liner s o prevent
mfiltrating water from penetraling the underlving
waste thereby munimising the risk of groundwaler
pollution.  According o Koerner and Damel

{1097 the mfiltrabion barrer is considered the

most important aspect of a cover liner svstem. in
the past. infilralion  barriers  have  been
predominantly made [rom compacted soils and
peosynthetic malterial due to their low hvdraulic
sonductivily properties. However, this technology
has been questioned particularlv in relation 1o
fongevily and the development of weak <ones
during and after construction [Donald and
McBean. 1994 Murray el al., 19935,

in recent lungs. an abiernative infiliration barrier
known ag the capillary barnier has been studied by
several researchers JRoss. 1990; Oldenburg, 1993;
Walter et al, 2000] A capillary barrier is a {ine

waler that 15 held at the interface will flow laterally
down the slope. This tvpe of {low behaviour 15
known as capillary divergence and is desirable for
any. cover liner system. . Steady state analytical and
experimental sludies {Ross, 1990, Warrick et al.,
1997, and Walter et al. 2000] have been

- gonducted-— 0 an--altempt-— 1o understand - the

behaviour of capiliary divergence and o guantify
the downslope length of the divergence. Similarly,
numerical models have also been used as a (ool to
understannd  flow  dynamics  through  capillary
barrters  and  other  mulli-layered  sysiems
{Oldenburg, 1993: Fayer et al, 1992} The
magorily  of these studies have dealt with
infiltration into vertical soil prefiles or stoping sotl
profiles of nfintte extent. Since these conditions
are not reatisisc for a cover liner. there is a need to
test previously documented behaviour on & more
reatistic model,
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Figure 1. Piece-Wise Lincar Cover Liner.

The cover liner model presented in this paper has a
maore realistic shape being piece-wise linear with a
horzontal lop, vertical bollom and a sioping
section in-between {Figure (). The lengths A-B
and C-D and A-H and D-E are relaled by tan{y)
where 7 is the angle of the slope This same
relationship is also given to the step sive m the x-
and s-direction {o ensure thal nodal points within
the grid syvstem lie on the boundary. The cover

tiner consists of two soils overlaving a mound of

waste with the soil laver interface mapped out by
points AB-C-1Y . The aim of this paper is 10
compare the transien! behaviour of infiltraling
waier through the cover hiner apgainst documenied
behaviour, In  particular,  this  siudy  will
concentrate on behaviour generaled by Warmnek's
et al. {19971 steady sinte analytical solution

2. COVER LINER MODEL
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where R, i3 a constant rainfali flux applied across
the top of the cover liner. Along the bottom of the
cover lirer. a no flow condition is assumed with a
ro {low boundary on A-H and - as an axis of
symmetry. Boundary D-E 15 glven a natursl
draumage condion allowing water 10 fiow irom the
cover hinter,

On the internal boundary (AB-(7-D') 1w
conditions must be satisfiad at the interface. that 15,
the normal {lux {g) and the hydraulic pressure (4
must remain comtinuous. The first condition is
satisfied by using Barcy's Law to equate nermal
funes across the soil layer interface. This results in
the following equations:

For—rmodet—water—Fow i;uuui.;il i3 Ll:u{ii—:d}-uicﬁ
cover liner. the Method of Lines witl be applied to
the following head-based wversion of Richard's
Eguation:

K
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where (= 38/00) is the water capacity, & i3
water conlent, & is hydraulic pressure, K is the
hvdraulic conductivity, z is the vertical axis
positive downwards., x i3 the horizondal axs
positive 1o lhe right and 1 15 time The inilial
condition al 7 = Q0 is a constart hvdradlic pressure
iy throughout the domain and the external
boundary conditions are given by
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where the subscripts denote soil type as depicted 1n
Figure 1. To satisfy ihe second condifion, the
aboyve eguations are usually solved Heratively for a

given i on itz corresponding boundary, However,
as both boundaries merge into the corner point B’

or € Equations (8) and (¥} and Equations (9) and
{10} must be resolved on their respeciive corner
points {or a single nodal point within the svstem.
This implies that there are four condulions o be
satisfied by the two vahees of Ay and & at each of
the pomts B and ' and the syslem s
overdetermined. lostead. a finite element grid
formulation is used around each corner point that
resulls in an expression for the transient behasyiour
al the corner points while conserving waler arcund
the corner poind. This formulation results in a more
physically realistic sofulion, which 5 easy lo
mcorporate into the Method of Lines | Maithews el
al.. 20011,
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To solve the system. the Method of Lines is used
to reduce equation {1} lo a sel of ordinary
differential equations {ODEs) v diseretising the
spatial part of the partial differential eguation. To
discretise  eguation (1) a fnite differencing
technigue developed by Schiesser [1991] was
used. The lechnigque mvolves upwinding and
downwinding finite  differencing  schemes Lo
account for the boundaries of the domain. Unlike
the traditional approach. boundary conditions are
not explicithy incorporaled nto the scheme but are
imposed. in the appropriate position, on either the

# or the Ah/ic distribution vector. The choice of
the disirtbution veclor depends on the Lvpe of

boundary  condition  [Schiesser.  1991|.  The
resultant sei of ODE"s from the Method of Lines i3
of the form;

= f(h.0). 4
or (1)

Biz x.0) =Ry,

where beld face represents a veclor, f{h) is the
resultant  vector from  applving  the  [inile
differencing scheme to lhe spatial derivalives in
equation {{y and h, i the initial 4 disintbution
vector. Equation (11) can be integrated by anv
conventional ODE integrator to advance the
sohution in lime.

3. AMALYTICAL SOLUTION ON
IMNFINITE SLOPES

;

the top of the upper laver. 4. iy the hvdrdic
pressure al the soil laver mlerface. X, 15 the
conductiviiy ol the upper laver. ¢, 15 the total
horizontal flow, s the length of divergence of
the flow and ¢ is the predelined Tux in and out of
the svstem. Fguation (12) provides a functional
relationship betwaen the depth of the upper faver
and hvdraslic pressure given the limiting hydraulic
pressure {(f,) a1 the interface. The interface
hvdrastic pressure corresponds (o the steady stae
solution of the lower infinite laver. which has a
constant steady state hyvdraudic pressure profile.

From an analvsis of Eguation {12310 (14}, Warrick
el @l 11997 made four main obsenations about
the behaviour of steady state flow through sloping
lavered sods. Fustly, from an analvsis of equalion
{12). 1l was shown that the flow behaviour at the
soil laver interface could be predominantty down-
slope or up -slope depending on the conditions al
the interface. This behaviour can be observed in
gither fing-over-coarse or coarse-over-fine soil
structures and s determined by the [ollowing
conditions:

g < K h )= ) > O (downward dellection)

I3

¢ = K A = (), < 0 (upward dellection}

Bssentially, upslope deflection ocours when the
underlving laver is weiter than the upper laver at
steady stale. Conversely. the underlving laver must
be drier than the upper layer for downslope
defllection.  Equation (133  highlights  the
relationship between slope and divergence, which
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As an extension to the work by Ross 1990} and
Steenhuis et al. [1991}, Warrick et al 1997
developed a general solution lor sleads state (fow
of waler through sloping tayered soils of infinite
extent. The solution allows any hvdraulic functions
for the &, (" and &-A relationships 1o be used and

the solution holds for imfiniely dedp Hyerd and”

finite mulliply lavered soils. For a finde upper
laver and an infindle lower laver, the solution is as
follows:

B

dcos(yy = ! 7@, (12)
"k
O, = ———mn(}f)}l K {hyddh (13)
k.
L=0/q 7 {143

where o 15 Lhe depth of the upper layer, y is the
angle ol the stope, &y is the hvdraulic pressure at

stope the smaller the deflecuon  Simlarly,
equation {14} highlights the inverse relationship
between divergence length and the predefined flux.

To ascertain whether the above behaviour is
evident m the cover hmer modal, six man

Tsimnladions T will "be T géneraled iking a capillany

barrier consisting of a clay loam over loam sand.
The soils are described by the wan-Genuchien
hyvdraulic functions and the parameters are taken
from Hills et al. 11989 As an idea of contrast
belween the two seils. the saturaied hvdraulic
conductivity for the clay loam s 0,131 m/day and
loam sand 15 541 m/day. To generate the six runs,
the capillary barnier was sunulaled under varving
angles and varving fluxes as summarised in Table
1. The magnitude of the fuxes are taken from
Warrick et al | 1997]
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Table 1; Estimate of horizonial flow and divergence length at varving angles and fuxes

¥ {degrees)

h

i3 -2 064

-2.00%

Dot

Case 2 30
= | myear'
Cage 3: |
{ase 4 3
g = 1) myear’
{ase 5. 5 - 4163
Cage 6: ‘ 34 -4 63

5 -1 198
5 -E 108

htm)

i im) fovyear' )y /1 {m)

3 OG82
00178

0.082
(178

-1 U956
-1456

0,006
- 0138

-G0G4

-1.227
| RIRE XY

227

-0.3025
~(.0518

-016303
-0 0632

17501
- 7300

For gach simudation, the dump was given relalively
small dimensions being | metre high with lengths
AH = 0.3m and length A A" = 0.18m The length
AB varied with the angle 10 keep the same number
of nodes along i's length resulting m AB= 03m
and AB=0.6m for 30 and 15 degrees respectively.
Using equations {12} to ¢14) for a linite upper
laver of 0.18m. approximations of horizontal flow
and divergence length were evaluated for all six
test cases, which are present in Table 1. For alt tes!
cases. Lhe divergence lengthy are smail and.
therefore, we would expect the development of &
breakthrough region along the sloeping inter(ace
and the flow behaviour predicied by equations (12}
1o {14y To delermine this. all iost cases where
simulated for a period of 4.8 hours with an initial
condition ol A = —1 m through oul the domain. At
48 hours, steady state is not reached bul a

some cases. The mnilial condition corresponds to a
wel upper laver at approxmmately 80%  of
saturation and a drv lower laver. which i 20%
saturaled. Since the aim of the paper-is o compare
the behaviour in the transient sisle with observed
behaviour of Warrick et all {1997}, which are for

concentrate on the soil layer imerface along the
sloping reglon of the cover hiner model.

4, RESELYS

Figure 2 shows a plot of the scaled normal flux
against the length of the slope for Cases 1 and 3 al
=48 hours . The normal flux is scaled by ths
saturated hvdraulic conductivity of soil 1. as an
estimate of the flux moving across the sloping
interface relative 0 the hvdraslic properties of the
upper laver, la Figure 2, the scaled normal flux &8
given as a function of position along the sloping
interface. where the down-siope distance i
measured from B as vero (see Figure 13

begrmal Fl f K

[ | 1.% 2 25

trnath downstope tm) o

Figure 2. Scaled Normal Flux vs downslope
length for y= 15 degrees.

.. . . T 1 NeTn T - ¥ " L o e
R —convergenceof Now behaviour does ocour Jor e e b P ecn e Case S i dTe

io the magnitude of the {lux into the svsiem, with
Case | bemnyg ten times less than Case 3 {Table 1)
Therefore, it is evident from Figure 2 that the
higher the 1oz the higher the leakage rale across
the sloping interface and this agrees with the
behaviour described by Warrick et al [1997] In

addition, it is appareni from Figure 2 that more”

waler i3 infiliraling through the interface af the
bottom of the slope close o €7 with a slight
decrease as (7 is approached. This behaviour 1s to
be expecied since the area downslope will be
significanily welter lhan the upslops region
creating a greater chance of breakthrough. The
siight down-tum in the graph al 7 is likely 0 be
the influence of the corser point region crealing a
greater lateral flow. The graph also shows slight
osciltations near both corner points, which could
be numerical error from the Nimte element grid. At
lower angles. the grid is significanily deformed in
the x-direction decreasing the ability of the finite
element gnid to accurately conserve water.

520



Feavmal Flyz K51

[ 0y ' Ty

Langlh downsiape in )

(v

13

Figure 3. Scaled Normal Flux vs downslope
length for p = 30 degrees

7

Figure 3 shows lhe graph of scaled normal fux
apainst downslope length for Cases 2 and 4 at v =
4.8 hours. For lhese cases. the sleeper angle has
resulted in a shorter downslope length since the
height of the dump 15 kept constani al | melre
Again, the same frends are chserved wilh merease
m flow across the interface for higher [luxes as
well as lowards the Dbottom of the slope
Cornparing Figures 2 and 3, shows the effect of the
change n angle with less water crossing the
interface for the steep cover liner. Also. there g
higher down-tum in the magnitude ol normal [Tux
as the slope approaches ' suggesting there is a
much larger lateral flow around the botlom corner
poinl  lor steeper angles. In addition, shight
oscitlations are still present in Figure 3 and are
roughly the same order of magnitude.

7. which can be an order of magnitude higher
than at B |[Matthews et ol 2001].
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Figure 4. Scaled Normal Flux vs downslope

length for p = 15 degrees .

Lengih (s

Fieure 5. Downslope divervence for Case 2 al

Unfortunately. Cases 5 and & could not be
represented 1i: the form shown in Figures 2 and 3,
because the magnitude of the normal flux dwarfed
the behaviodr of the other two cases. A similar
problem occurs when plotting the normal flux
hehaviour for Cases 5 and Case 6 on the same

“graph. The normal flux behaviour of Case 37 is™

shown in Figure 41 the same trends are apparenl in
Case 6 bul are not shown.

As to be expecied. there 15 a higher leakage rate
across the whole sloping surface for Case 6 as
compared 1o Figure 2 and 3. However, the most
nolable difference is the large leakage rales at the
comer poind B’ and . The flow behavicur at
B'is probably due to eguivalent leakage rales al
the top horizondal boundary (AB')  which
subsequenthy affects the sioping region. For the
bottom corner point. the reason is nol as obvious
but ¢ probably due lo a combination of high
leakage at the bottom of the siope and leakage
across the vertical interface boundary, In addilion.
numerical error may also be adding 1o the effect at

1= 1 day.

To determine whether a downslope and upslope
divergence exisis within the model, quiver plots.
using Mux components normal (o the slope and
parailel to the slope, were generate for Cases 2 and

..(,...aﬂd“..are...pr{}seﬁged...in F;gafggﬁ .and...()i.. SR

respectively. The flgures show a magnification of
the cover tiner at approximately the middle of the
slope around the soil laver interface. From Figure
3. it 15 obvious that downslope divergence exists
which visually appears {o be much greater than the
steady stale prediction of 17cm in Table | This s
1o be expecied since the lower layer will become
wetter as the syslem approaches steady slate

thereby decreasing the divergence length. In
addition, this case needed a relatively long

simulation period before the divergence behaviour
became visually prominemt wiuch was due to the
lop sl having a fairly wet initial condition. Under
these conditions, mfiltration is mitially driven by
capillary forees for a fine soil causing infiltration
o be predominantly normal Lo the slope



MNevertheless, earlier simulation tmes did show
positive fluxes parallel w the slope conlirming the
exisience of downslope divergence.
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Figure 6. Downslope divergence for Case 6 al
L=+ .8 hours

Unhtke Case 2, Case 6 showed upslope
divergences ai an earber simulahon period of 4.8
hours. This is probable due 1o the high feakage
rates across the interface particular at the top of the
cover liner. The upslope divergence 1s oniy slight
in comparison to Figure 5 but appears to be greater

than the predicled 6.5cm {rom the solulion of

Warnick ef al [1997] Az lUme advanced. ihe
upsiope divergence decreased and appeared (0 be
normatl (o the sfope al t = 1 day. However, the flux
componeny parallet to the slope remained negative
for all simulation periods confirming the upslope
flow behaviour
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