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EQUATIONS FOR CALCULATING THE RATE OF
LiQuib MIGRATION THROUGH COMPOSITE
L INERS DUE TO GEOMEMBRANE DEFECTS

ABSTRACT: Equations available to date for calculating the rate of liquid migration
through a composite liner due to geomembrane defects require the use of graphs to obtain
thevalue of one of the terms of the equations for the case where the liquid head islarger than
the thickness of the low-permeability soil component of the composite liner. In this paper,
it is shown that the terms that require graphs can be expressed analytically, which leads to
anew set of equations that provides an entirely analytical means of calculating the rate of
liquid migration through composite liners. This new set of equations is particularly useful
when theliquid head islarge compared to the thickness of the low-permeability soil compo-
nent of the composite liner, which isoften the case when the low-permeability soil associated
with the geomembrane to form a composite liner is a geosynthetic clay liner. A numerical
example is given.
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1 INTRODUCTION
1.1  Purpose of this Paper

Equations are available to calculate the rate of liquid migration through acomposite
liner, due to geomembrane defects, when the liquid head on top of the liner is small
compared to the thickness of thelow-permeability soil component of the composite lin-
er, whether the defect issmall (Giroud et al. 1989) or large (Giroud et al. 1992). Equa-
tions are also available for the case where the head of liquid on top of theliner islarge
compared to thethickness of thelow-permeability soil component of the composite lin-
er (Giroud et a. 1992,1994); however, in such a case, graphs are necessary to obtain
the value of one of the terms of the equations, which is cumbersome.

In this paper, it is shown that the graphs can be replaced by equations, which leads
to an entirely analytical method for the evaluation of the rate of leachate migration
through a composite liner, regardless of the head of liquid on top of the liner.

1.2 Composite Liner

A composite liner isaliner that consists of two or more components. In the context
of this paper, the term composite liner will be used for linersthat consist of two compo-
nents, a geomembrane and a low-permeability soil, the geomembrane being on top of
the low-permeability soil.

The low-permeability soil component of acomposite liner isgenerally either acom-
pacted clay liner (CCL) or ageosynthetic clay liner (GCL). The thickness of a CCL is
typically between 0.3 and 1.5 m whereas the thickness of a hydrated GCL dependson
the compressive stress applied during hydration and istypically between 5and 10 mm,
i.e. ontheorder of 100 times|essthan thethickness of aCCL. The hydraulic conductiv-
ity of both CCL s and GCL s depends on the nature of the material, the nature of thelig-
uid, and the applied compressive stress; when the liquid iswater or aleachate that does
not affect the hydraulic conductivity of clay, including bentonite, the hydraulic conduc-
tivity of a CCL istypically between 1 x 1010 and 1 x 10"® m/s whereas the hydraulic
conductivity of aGCL istypically between 5x 1012 and 5 x 1011 /s, i.e. onthe order
of 10 to 100 times less than the hydraulic conductivity of a CCL.

1.3 Liquid Migration Through a Composite Liner

Since an intact geomembrane has an extremely low permeability, most of the liquid
migration through a composite liner occurs through geomembrane defects. In this pa-
per, the only mechanism of liquid migration that isconsidered isflow through geomem-
brane defects. The liquid considered herein is water or any aqueous solution such as
leachate from municipal or hazardous solid waste landfills.

If there is a defect in the geomembrane component of a composite liner, the liquid
passes first through the geomembrane defect, then it flows laterally some distance be-
tween the geomembrane and the low-permeability soil, and, finally it infiltrates into
and through the low-permeability soil layer which isthe second component of the com-
positeliner (Figure1). Flow in the space between the geomembrane and the low-perme-
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Figurel. Liquid migration through a composite liner.

Note: The space between the geomembrane and the low-permeability soil isexaggerated to show interface
flow. The flow in the soil is assumed to be vertical and Ris the radius of the wetted area.

ability soil iscalled interface flow, and the area covered by the interface flow iscalled
the wetted area.

The quality of the contact between the two components of a composite liner (i.e. the
geomembrane and thelow-permeability soil) isoneof thekey factorsgoverning therate
of flow through the composite liner, because it governs the radius of the wetted area
(Figure 1). Good and poor contact conditions have been defined by Bonaparte et al.
(1989) as follows:

® Good contact conditions correspond to a geomembrane installed, with as few
wrinkles as possible, on top of alow-permeability soil layer that has been adequately
compacted and has a smooth surface.

® Poor contact conditions correspond to a geomembrane that has been installed with
a certain number of wrinkles, and/or placed on a low-permeability soil that has not
been well compacted and does not appear smooth.

For good contact conditions, it is assumed that there is sufficient compressive stress
to maintain the geomembrane in contact with the low-permeability soil layer. In the
case of a GCL, good contact conditions may be assumed because GCLs are usually
installed flat, and because the bentonite slurry that may exude from a hydrated GCL
contributes to establishing aclose contact between the geomembrane and the GCL , pro-
vided sufficient compressive stress is applied.

Other factors affecting the rate of flow through a composite liner are the size of the
defect, the hydraulic conductivity of thelow-permeability soil underlying thegeomem-
brane, and the head of liquid on top of the geomembrane. If hydrostatic conditions pre-
vail, the head of liquid on top of the geomembrane isequal to the depth of liquid (Figure
2a) and, if the liquid is unconfined and flowing along a slope (Figure 2b), the head of
liquid on top of the geomembrane, h, is given by the following equation:
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(a) Hydrostatic conditions /

(b) Unconfined
h = Liquid head flow
D = Liquid depth
t = Liquid thickness

Figure2. Head of liquid on top of theliner in the case of aliner on adope: (a) hydrostatic
conditions; (b) unconfined flow along the slope.

h=tcos B =D cos’p «y
where: t = thickness of liquid; D = depth of liquid; and 8 = slope angle.
14  Geomembrane Defects

The following defect shapes are considered in this paper (Figure 3a):
e circular, with asurface area, a, and adiameter, d;
® gguare, with aside length, b;
® rectangular, with alength, B, and awidth, b; and
¢ infinitely long (B = ) with awidth, b.

15 Parameters and Units
The parameters that appear in the liquid migration rate equations are defined in Fig-

ure 3b. In the case of aliner on a slope, the liquid head, h, is defined in Figure 2 and
by Equation 1.
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Figure3. Definition of parameters used in the equations: (a) plan view showing shapes of
geomembrane defects; (b) cross section.

Note: If the composite liner ison a slope, the liquid head on top of the liner isdefined in Figure 2.

In the equations that follow, Q is the rate of liquid migration through the geomem-
brane defect. When the defect has an infinite length, the equation gives Q*, which is
the liquid migration rate per unit length of geomembrane defect.

Itisimportant to note that the equations for liquid migration rate that follow are semi-
empirical and can only be used with the following basic Sl units: h (m), t, (m), B (m),
b (m), a(m?), ks (m/s), Q (m3/s), and Q* (m?/s). (Note: t, = thickness of the low-perme-
ability soil component of the composite liner; ks = hydraulic conductivity of the low-
permeability soil component of the composite liner; and all other symbolswere defined
above.)

2 EXISTING EQUATIONSTO CALCULATE THE RATE OF LIQUID
MIGRATION THROUGH COMPOSITE LINERS
21 Equationsfor Small Head
Thefollowing equations have been proposed for the case where the head of liquid on

top of the liner isless than the thickness of the low-permeability soil component of the
composite liner.
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Caseof a Circular Defect.  Inthe case of acircular defect, the following eguation has
been established by Giroud et al. (1989):

Q=qu(J a().l h0.9 kj).74 (2)
hence:

0=0976C,, d"*h" k"™ ©)

where C,, is the contact quality factor (dimensionless) for a circular or square hole,
with:
Cog00a = C,o = C 4)

qopoor
where: Cypogood = Value of Cy, in the case of good contact conditions; and Cygpeer = Value
of Cy in the case of poor contact conditions. (The good and poor contact conditions

were defined in Section 1.3.) The following values were established by Giroud et al.
(1989):

qugood = 02 1 (5)
Coporr = 115 (6)

Case of a Square Defect.  In the case of a square defect, the following equation has
been established by Giroud et al. (1992):

Q=qu(J b042 h0.9 kA(').74 (7)

In this case, the value of C,, isthe same as in the case of acircular defect discussed
above.

Case of a Defect of Infinite Length. In the case of a defect of infinite length (B = o
in Figure 3a), the following equation has been established by Giroud et al. (1992):

Q*ZC‘]N bO.l hOAS ki(v)487 (8)

where Cy is the contact quality factor (dimensionless) for a defect of infinite length,
with:

Cro i $CpSCoo )

g 0O
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where: Cyego0a = Value of Cy inthe case of good contact conditions; and Cye poor = Value
of Gy in the case of poor contact conditions. The following values were established
by Giroud et al. (1992):

C, . o = 052 (10)
Cpo po =122 (12)

Case of a Rectangular Defect.  Inthe case of arectangular defect, the following equa-
tion has been established by Giroud et al. (1992):

0=C,, b h™ k™ + C,.(B-b) b™ h** k¥ (12)
where C,, and Gy have the values defined above.
2.2 Equationsfor Large Head
When the head of liquid on top of the liner is greater than the thickness of the low-

permeability soil component of the composite liner, Equations 2, 3, 7, 8 and 12 are not
valid. Instead, the following equations should be used, as shownby Giroud et a. (1992):

® Circular defect:

0=C,y iy, @™ 1" K" (13)
® Square defect:
0=C,, iy a™ h" k" (14)
* Infinitely long defect:
0*=C,. i .. b" h** kY (15)
® Rectangular defect:
0=C,, iy, b2 0 k)™ +C, i, (B=b)b" h* k'Y (16)

where: i, = average hydraulic gradient in the low-permeability soil in the case of a
circular or squaredefect; and iaq. = average hydraulic gradient in the low-permeability
soil in the case of adefect of infinite length. The values of iag and iage. aregiveninthe
graphs presented in Figure 4.

It appearsthat, when the head of liquid isgreater than the thickness of thelow-perme-
ability soil component of the composite liner, the calculation of therate of liquid migra-
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Figure 4. Values of the average hydraulic gradient to be used in equations for liquid
migration rate calculations: (a) case of a circular or square defect; (b) case of an infinitely
long defect (from Giroud et al. 1992).

Note: The dashed linesrepresent the upper and lower limit of the range of values for iaygo and iaygoeo , SinCE
for agiven value of h/ts there is not a unique value of iaygo and iavgeo (Giroud et al. 1992). The solid lines
represent the curves given by Equation 17 (Figure 4a) and Equation 18 (Figure 4b).
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tion isnot entirely analytical since graphs must be used. Thisis not convenient, espe-
cially when calculations for alarge number of cases have to be performed.

3 NEW EQUATIONSTO CALCULATE THE RATE OF LIQUID
MIGRATION THROUGH COMPOSITE LINERS

3.1 Analytical Expression of the Average Hydraulic Gradient

After numerous attempts, it wasfound that agood approximation of the values of iag
and i, presented in Figure 4 is given by the following equations:

i =14+01(h/t)"” (17)

avgo

Qe =1+02(hn/1)"" (18)

avg o

3.2 New Equationsfor Liquid Migration Rate

Combining Equations 13 to 16 with Equations 17 and 18 gives the following equa-
tionsthat can be used to calculate the rate of liquid migration through composite liners:

® Circular defect:

= +0. t )71 q% 9 ko (19)
C,, [1+01(h/1,)"*Ta™ h* k™
hence:
0=0976 C,,[1+01(h/1,)""|a"2 n" k™ (20
® Square defect:
= +0. £ )95 p02 00 o 1)
Cpo (1401 (R /)" 6 B* KT

¢ Infinitely long defect:

Q*:Cqm [1+02 (h/l‘s )095] b041 h0.45 k;).87 (22)

® Rectangular defect:

0=C,, [1+01(n/1, )P 16% B kT +C, [1+02 (h /1, Y2 1(B=b) b* h"* k¥ (23)
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Values of C, are given by Equations 4, 5 and 6. Values of G are given by Equations
9, 10 and 11. The other parameters are defined in Section 1.5. Equations 19 to 23 are
semi-empirical and they must be used with the units defined in Section 1.5.

It should be noted that, when the head of liquid on top of the liner issmaller than the
thickness of the low-permeability soil component of the composite liner, the value of
lavgo 8N iavgo0 given by Equations 17 and 18, respectively, is approximately egual to 1,
and Equations 19, 20, 21, 22 and 23 become identical to Equations 2, 3, 7, 8 and 12,
respectively.

3.3 Limitations

The limits of validity of the above equations are discussed in detail by Giroud et al.
(1997). These limits can be summarized as follows:

® |f the defect is circular, the defect diameter should be no less than 0.5 mm and not
greater than 25 mm. In the case of defects that are not circular, it is proposed to use
these limitations for the defect width.

* The liquid head on top of the geomembrane should be equal to or less than 3 m.

* The hydraulic conductivity of the low-permeability soil underlying the geomem-
brane should be equal to or lessthan a certain value ks , which isless than the value
kss for which the relevant equation for the considered defect type (i.e. an equation
selected from Equations 19 to 23) and Bernoulli’ s equation for free flow through an
orifice give the same value of the rate of liquid migration through the geomembrane
defect.

To ensure a smooth transition between liquid migration rates calculated using Equa-
tions 19 to 23 and those calculated using Bernoulli’ sequation, Giroud et al. (1997) pro-
pose the following value for ks :

kg = kgy/10 (24)

In the case where the geomembrane defect is circular, ks is given by the following
equation (Giroud et a. 1997):

1/0.74

1.8
k, - 03891 d (25)

h 0.95
C, [1 +01 (] ]h“
tS

Equation 25 must be used with the unitsdefined in Section 1.5. Values of ks calcul ated
using Equation 25 with C,, = 0.21 (i.e. good contact conditions, asindicated by Equa-
tion 5) and t; = 0.6 m are given in Table 1.
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Table 1. Hydraulic conductivity, k; , of the low-permeability soil underlying the
geomembrane that gives the upper limit of validity of the equation for liquid migration
through a circular defect in a geomembrane underlain by a low-permeability soil
(Equation 20).

Head of liquid on Geomembrane defect diameter, d (mm)
top of the
geomembrane, h
(m) 0.5 1 2 3 5 10 11.284
0.01 2.6x10°7 | 1.4x106 | 7.5x106 | 2.0x105 | 7.0x10° | 3.8x10%4 | 5.1x104
0.03 1.4x10°7 | 7.7x107 | 41x100 | 1.1x105 | 3.8x10° | 2.1x10%4 | 2.8x104
01 7.3x108 | 3.9x107 | 2.1x106 | 57x106 | 2.0x10° | 1.1x10% | 1.4x10%4
0.3 38x108 | 21x107 | 1.1x106 | 3.0x10® | 1.0x105 | 5.6x10 | 7.5x105
1 1.8x108 | 9.5x108 | 51x107 | 1.4x106 | 4.7x106 | 2.6x10° | 3.4x105
3 7.1x10°9 | 3.8x108 | 2.1x107 | 5.6x107 | 1.9x106 | 1.0x10° | 1.4x10°5

Notes: The tabulated values of ks were calculated using Equation 25 with Gy, = 0.21 (good contact) and tg
= 0.6 m. The defect diameter of 11.284 mm corresponds to a defect surface area of 1 cm2.

34 Example
A composite liner consists of a geomembrane placed on a GCL having a thickness
of 6 mm and a hydraulic conductivity of 2 x 10"1 m/s. The geomembrane has arectan-

gular defect with awidth of 1 mm and alength of 15 mm. The head of liquid on top of
the composite liner is 25 mm. Calculate the rate of liquid migration through thisdefect.

Therate of liquid migration through the composite liner iscal culated asfollowsusing
Equation 23:

0= C,,[1+0.1(25/6)*”1(1x107)"(25x107)™ (2 x 107"")* ™+
C,.[1+02(25/6)"*1(15-1)x107°(1x107)™ (25 x 107 )™* (2 x107")™*

hence:

Q(m’/s) = C,,(153x107°) + C,_(117x107?)

Assuming good contact between the geomembrane and the GCL, Equations 5 and 10
give:

¢,=021 C,.=052

hence:
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Q(m/s3)= 021x153%x10™"° +052x1.17x107™"2 =321x107" + 6.08 x 107"
hence:

0=327x10"m/s’ =28 x 107 liters/day = 1.0 liter/year

Itisinteresting to note that, if the defect had been square with aside length of 1 mm,
the rate of liquid migration through the defect would have been expressed by the first
term of the above equation (3.21 x 10"11 m3/s), which is much greater than the second
term. In other words, the calculated rate of liquid migration is only dightly greater
through the 15 mm x 1 mm defect than through the 1 mm x 1 mm defect. Thisisbecause,
in this particular example, the radius of the wetted area, calculated asindicated by Gi-
roud et al. (1992), isvery large compared to the defect size and is far more dependent
on defect width than on defect length. (The calculation gives a wetted area radius of
approximately 0.6 m.)

4 CONCLUSIONS

The equations presented in this paper provide design engineers with an entirely ana-
lytical method to calculate the rate of liquid migration through a composite liner, due
to geomembrane defects, for liquid heads on top of the liner up to 3 m. The new equa-
tions are equivalent to the existing method (Giroud et a. 1992, 1994) which requires
both equations and graphswhen the head of liquid on top of the liner isgreater than the
thickness of the low-permeability soil component of the composite liner. However, the
new equations are more convenient because the values that had to be obtained from
graphs are now incorporated into the equations (Equations 19 to 23).

The new equations are particularly useful in cases where the low-permeability soil
component of the composite liner isaGCL because the head of liquid on top of theliner
is often greater than the thickness of the GCL.
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NOTATIONS

Basic Sl units are given in parentheses.

a = defect area (m?)

B = length of rectangular defect (m)

b = width of rectangular defect (m)

b = didelength of square defect (m)

G = contact quality factor (dimensionless)

Copo = contact quality factor for a circular or square defect (dimensionless)

Chogood = value of Cy in the case of good contact conditions (dimensionless)

Coopoor = value of Cy in the case of poor contact conditions (dimensionless)

Ciw = contact quality factor for a defect of infinite length (dimensionless)

Ciwgoa = Vaue of Gy in the case of good contact conditions (dimensionless)

Ciwpoor = Vvaue of Gy in the case of poor contact conditions (dimensionless)

D depth of liquid on top of the geomembrane (m)

d = diameter of circular defect (m)

h = head of liquid on top of the geomembrane (m)

favgo = average hydraulic gradient in the low-permeability soil in the case of a
circular or square defect (dimensionless)

favgoo = average hydraulic gradient in the low-permeability soil in the case of an
infinitely long defect (dimensionless)

ks = value of k above which Equations 19 to 23 are not valid (m/s)

Kae = value of k for which Equation 19 to 23 and Bernoulli’ s equation for free

flow through an orifice give the same value of therate of liquid migration
through a geomembrane defect (m/s)
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= hydraulic conductivity of the low-permeability soil component of the
composite liner (m/s)

= liquid migration rate through the considered geomembrane defect (m3/s)

= liquid migration rate per unit length of geomembrane defect in the case
of an infinitely long defect (m?/s)

= radius of wetted area (m)

= thickness of liquid on top of the geomembrane (m)

= thickness of the low-permeability soil component of the composite liner
(m)

= dopeangle (°)
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