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Abstract

According to the structural characteristics of hazardous waste landfill and the leakage current
model of high voltage DC Landfill leakage detection, a sealed model is established and analyzed in
detail. The detection layer of the hazardous waste landfill is considered as a sealed space and it is
assumed that the source current flows through the leak entirely. The leak is regarded as a positive
current resource + I located at the current entrance or a negative resource — I located at the current
exit, which depends on the placement of the current supply. The electrical potential of an arbitrary
in detection layer satisfies Poisson equation. The boundary condition is regarded as a natural bound-
ary condition for the high resistivity of high density polyethylene ( HDPE) membrane. Based on
which a numerical calculation method is developed. Satisfactory agreement between experimental da-
ta and simulated data validates the analysis. Parametric studies show that a larger horizontal distance
between the power supply electrode and leak and a smaller distance between the detector electrodes
and the detected liner are helpful to leak location. More parametric curves show that parameters

leaks can be detected effectively with optimum selection of field survey.
Key words: hazardous waste landfill, high voltage DC method, sealed space model

0 Introduction

High voltage DC potential detection has been de-
veloped to detect and locate leaks in geomembrane lin-
er used in waste landfill to prevent environment from

U4 To establish a basis for

leachates contamination
evaluating the technique, Parra developed a theoretical
analysis method that characterized the three-dimension-
al response of single leaks>®'. Wait developed a sim-
ple model and regarded the leak current as a point cur-

7.8
rent source( ] .

Author’ s preliminary work showed
that the leak current could be regarded as a negative
current resource at the entrance or a positive one of the
same size at the exit'’'. Based on the fact that the sin-
gle-liner landfills always had a large scale, a stratified
2] " in which the

waste material, the liner, and the soil under the liner

medium model was established'

were simulated as infinite in the horizontal direction.
The relationship between the fraction of leak current I,
to total current I, and the surface area of landfill has al-
so been analyzed. And the results show that the rela-
tive amount of source current flowing through the leak

decreases as the size of the geomembrane liner increa-
ses. For a waste landfill having an area of 3600m”( r,
= 60m ), 90 percent of the source current flows
through the leak. Theoretically all the studies are about
single-liner waste landfill. However hazardous waste
landfills and storages usually use double geomembrane
liners and the scale of which is only about several thou-
sands of square meters. It is unreasonable to simulate
the hazardous waste landfill as an infinite stratified
model'"*’ | and the influence caused by side boundary
is not negligible especially when a leak is near the
boundary. Experiments in Chinese Research Academy
of Environmental Sciences also demonstrate a big error
when the stratified medium model is used to detect
leaks in small scale double-liner landfill of 2000m’ in
area.

According to the structural characteristics of haz-
ardous waste landfills and the leakage current model of
high voltage leakage detection, a sealed model is deep-
ly discussed. In this paper, the detection layer is con-
sidered as a sealed space and it is assumed that the
source current flows through the leak entirely. The leak
is regarded as a positive current resource + I located at

(@D Supported by the National Basic Research Development Program of China ( No. 2010CB428506) , the National High Technology Research and
Development Program ( No.2007AA061303) and Beijing Higher Education Young Elite Teacher Project ( YETP1756).

2 To whom correspondence should be addressed. E-mail; xxtyangping@ buu. edu. cn

Received on Oct. 14, 2014



458

HIGH TECHNOLOGY LETTERSIVol.21 No.4|Dec. 2015

the current entrance or a negative resource — I located
at the current exit, which depends on the placement of
current supply. The electrical potential of an arbitrary
in detection layer satisfies Poisson equation. The
boundary condition is regarded as a natural boundary
condition in view of the high resistivity of the HDPE

membrane *'*'. On the basis of above assumptions,
hazardous waste landfill leakage detection’ s sealed

space model is established and analyzed in detail.
1 Principle

The electrical leak location method makes use of
the high electrical resistivity of the geomembrane liner
material. When no leak is presented, a voltage im-
pressed across the liner produces a very low current
flow. The low current density produces a relatively uni-

form potential distribution in the detection region. A
leak in the geomember liner provides a conductive path
for current flow, which produces an increase in the
current density at the leak point. So the leak can be
equaled to a current source. The localized current den-
sity causes an anomaly in the measured potential in the
vicinity of the leak. Therefore, leaks can be located by
measuring the potential distribution patterns in the ma-

terial of the detection layer' ™',

The basic principle is
shown in Fig. 1. For a double-lined hazardous waste
landfill or storage, the detection layer can be regarded
as a sealed space. Under this condition, the electrical
potential distribution caused by a steady current is dif-
ficult to express analytically. So a new method is ad-
vanced to solve the problem of the potential distribution

in the sealed detection region.
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Fig.1 Principle of hazardous waste landfill high voltage DC leakage detection

2 Model and analysis

2.1 Sealed space model

The detection layer can be taken as a sealed space
encapsulated by high resistivity material. The upper
surface and lower surface are primary geomembrane
and secondary geomembrane respectively. They are all
composed of HDPE membrane with resistivity p, =10"
Q - m"'. The detection layer of depth h is full of clay
soil with resistivity p, =100 - m. A circular leak of
radius a located at (x,, y,, z,) is used to represent the
leakage in geomembrane liner, which provides a chan-
nel for current flow. If the current source outside the
sealed space is positive, then the current flows from
the leak to the current return electrode located at (x,,
¥,, Z.). Since it provides a high current density which
is equivalent to a current resource, the leak in the high
resistivity material is regarded as a positive current re-
source I, located at the center of the leak. So the elec-
trical potential ¢ of an arbitrary point in detection layer
is the superposition of electrical potential caused by the
leakage current /; and the return electrode current — 1.
And the electrical potential ¢ satisfies Poisson equation

Vig = [
2 2
Where V* :872_’_8724_872’
ox ay 0z
f=pdod(x —x) (y = 50) (2= 2) —pJ5(x —x,) (¥

—y,)(z = z,), where p_ is the resistivity of the detec-

2

tion layer material, (x,, y,, z,) and (x,, y,, z,) are
the coordinates of the leak and the current received e-
lectrode respectively. I and I, are the leakage current
and the return electrode current. §(x) is the § function
. The model is shown in Fig. 2.

Geomembrane
liner Current source
electrod /,
i Leak current (x5 ¥5 25)
Pl N 2
X ’ (xf)’ Yoo zo) 1

Zy
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Fig.2 Sealed space model of hazard waste landfill
high voltage DC leakage detection

The interfaces continuity of potential and current

density requires that' "'
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1oy _ 10
p. on  p, an
of the detection layer material and gemembrane liner

, where p_and p, are the resistivity

respectively.

For a highly resistive liner, p, > > p., which re-
duces the function to

ab _ P Ib _

on p, on
where ¢, is the electrical potential distribution in the
thin geomembrane liner. And n is outside normal di-
rection. Considering the current density approximately
equal to zero in n direction, it can be derived that
I =1,

For a sealed region, it is difficult to give the ana-
lytical solution of the above Poisson equation. So a nu-
merical calculation method is imported.

2.2 Mathematical analysis
2.2.1
]

The variational principle is known to us that, "’ a

Variational principle

differential equation defined by
Ly =f (1)
If ¥ is a selfadjoint operator, which means that
<¥p,p> = <@, ¥p >, then the function can be
solved by obtaining the stagnation point of the function
F(¢) =5 <8p.d> -3 <b. >3 <fib>
(2)
where ¢ and ¢ are the arbitrary functions that have the
same boundary conditions, < > is an operation de-

fined as

<o > = [be 0 (3)

where () expresses the region in question, * represents
the complex conjugate operation.
L
It is known to all that V> = = + =5 + —5isa
d dy 0z
selfadjoint operator under the circumstance of homoge-
neous boundary condition. So solving equation V>¢ =

£ at the boundary condition %‘3 = 0 is equivalent to sol-
n

ving the variational problem as follows

SF(¢p) =0 (4)
%9 (5)

where § is variational operation, F(¢) = % < Vzd) ,

b>-5 <o f>-5 <fid> (6)

Because ¢, fare real functions, < ¢, f > = < f,
¢ >, and it is concluded that

F) = o[ (V2010dr - [ g (D)

From the scalar Green theorem, it is deduced
19]

F(9) = 5 [[(76). (7o) 1o - 3o s

that*

- [[gro (8)
_a L0 0 0 _
where V = axl + 8}/ + az}, considering on = 0, then
Fo) = 5 lLED + E0 + B an

- [Joro 9)

2.2.2 Regional division

To express F(¢), the detection layer is divided
into many small volume elements. Taking into account
the tetrahedral element can partition the irregular
boundary area, and the tetrahedral element is adopted
in this paper. And the surface of the sealed region is
divided into many small triangular elements. M is used
to express the total amount of the tetrahedral elements,
i=1,2,3,4 expresses the endpoint of the tetrahedral
element, the size of 4 x M array n(i,e) connects the
element and the endpoint, where e € [1,M], for ex-
ample, n(3,5) means the third endpoint of the fifth el-
ement. Moreover, the stagnation point of F'(¢) can be
solved with no need for considering the boundary con-
L)

n

dition = 0 for it will be satisfied automatically.

2.2.3

After regional discrete, unknown function ¢ in ev-

Interpolation

ery tetrahedral element need to be expressed. Hence
the tetrahedral element as Fig. 3 is taken into account.
In every tetrahedral element e, the unknown function ¢

can be described as' 2

Fig.3 Linear tetrahedron cell

& (x,y,2z) =a +bx+cy+dz (10)
Impose ¢“(x, v, z) = a” +b°x + 'y + d’zto the
four endpoints, and ¢ at endpoint j of e element is ex-
pressed as ¢; , the follow functions will be got:
b =a’ +bx] + ¢y +d°Z (10-1)

by =a’ +b%x +cy;, +d°z (10-2)
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b5 =a’ +bx5 +cy; +ds (10-3)

oK (104)

Based on the above equations, it can be deduced
that ;

a’ + b'xy + ¢y, +dz;

b1 b by P
P T T A SR
a = e e e e e
OV iyl oy vy
2z oz oz
1 e e e e e e e e
= n(ald)l + ayh, + asd; + a4d)4) (11-1)
(3%
1 1 1 1
PR (AR
6V Iy oy vy v
2z oz oz
= L (b + b + b + b3gE)  (112)
6V’
1 1 1 1
PR A
6V b1 ¢ by b
55z Z
1 e e e e e e e e
= @(Cld)l +eypy +osds +eidy)  (11-3)
1 1 1 1
xe xe xé’ x(’
oL
6V Y vy ¥y v
b1 by P
1 e e e je e g e e e
= 67(d1¢1 + dzd’z + d3¢3 + d4¢4)
(114)
where
1 1 1 1
v ow o
Vi=—|_, . . .|is regarded as the tetrahe-
6 Y Y2 Vs s

2z oz oz
dral element’ s volume.
Coefficient a; \b; .¢; and d; can be derived by ex-
panding the determinant.
Taking the Coefficient a b ¢’ .d° back to ¢ (x,
y,z) =a" +bx + ¢y + d’z, the following is got:

4
¢ (v, y,2) = > Ni(x, v, 2)d (12)
Jj=1
where N (x, y, z) = ﬁ(aﬁ +bix +¢jy +djz) has the
propertym] :
. 1 i=j
NG y5) =8y = {g 027 (13)

2.2.4 Calculation formula of Ritz method

After regional discretion and interpolation,

Eq. (9) can be expressed as
F() = Y F(4) (14)

where M is the total amount of the tetrahedral element,

R = ] L8+ B By

- [ oera (15)

v" is the volume of e unit, combine ¢‘(x,y,z) =

4
Z N;(x,y,2)¢; and F*($°) given above. Follow for-
o

mula can be deduced

¢ oN; aN“ aN‘r’ aN:  aN: ON;
E)F _ Z (i) ﬂ [ i J +—t J ]d’l)
Jx 0x ay ady 0z 0z

- ﬂj Nifio (16)

The matrix form is

aFe — e e _ e
lagr) = K107 = 1] (17)
where
aN; oN; aNj ON:  9N; ON:
ﬂ [— Lo — ]]dv
ax ox ay ady 0z

(18)
= fﬂ’veNf’jdv (19)

Based on the fundamental formulae''”"'®! .

[T cxntensy sy (v do _

klllm!n! o e R
h+l+m+n+3)l 6V°, Kj; and b; are simplified as
K; = ﬂ(b by + cic; + did}) (20)
e _ K e

2.2.5 Combined into equations
Based on Eq. (17),
and imposing the Stagnation point condition to F, the

combining with all units,

following equation is got

for ﬁ{gi:}z S ((KT1g- 5] =0

ad e=1
(22)
The compact form is
(K]l = b (23)
where
(K] = S [Kand [b] = 5 |5

e=1 e=1
2.2.6 Solution of the equations
Generally, K in Eq. (22) is divided into an Up-
per triangular matrix U and a lower triangular matrix
L. That is
K =LU
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Firstly, the matrix equation is solved: Lo = b

(24)
Then . Up = ¢ (25)
Use the Crout decomposition method''"**"

u. =1

i

-1
Ly = ky - AZ Ly, 1= (27)
i1

i=1,23,.n (26)

1 i-1 ) )
u; = T(k;} - l;likukj) 1 <] (28)

Through step forward, gp:n

b
o= (29)
11

1 i1
= T(bi - Z Liey)
=1

Then, through step backward, the value of ¢ at
the endpoint of a tetrahedral element is got.

b, = ¢, (31)

b, = - Z uyd, i<n (32)
Finally, the value of ¢ at any point (x, y, z) can

" is obtained

@, i>1 (30)

ii

k=i+1

be obtained by element interpolating function.
3 Experiment and computation

3.1 Experiment verification

To verify the validity of the model in locating
leaks in geomembrane liner of hazard waste landfill,
experiments are made at a double-lined simulated land-

fill (10m x10m x0.4m). As is shown in Fig. 1, the
landfill has two HDPE geomembrane liners with the
thickness t =2mm. The primary liner is covered with
water of 0. 3m in depth. The detection layer of 0.4m
depth is between the primary liner and the secondary
liner. Fixed detection electrodes are buried in the de-
tection layer during the construction of the simulated
landfill, with Im-distance from each other and 0. 1m
from the primary liner. One leak is on the primary lin-
er, the other leak is on the secondary liner. Two leaks
are on the center of the 11 x 11 measurement elec-
trodes. To create an electrical flow through the leak,
the positive electrode of DC current source is placed in
the water used to simulate the hazardous waste when
detecting primary liner or in soil when detecting sec-
ondary liner, the negative electrode ( current return
electrode) of DC current source is placed in the detec-
tion layer at the position (9.9, 0.1, 0.08) to form
the current passage. The fixed electrode measurement
is carried out by installing a potential reference elec-
trode at the position (10, 5, 0.08), which is used to
provide a common reference point for the potential
measurements ( the coordinate system in Fig. 2 is refer-
enced here). 121 data are collected over an area of
100m’.

Table 1 shows the sealed model parameters for lo-
cating leaks. These parameters come from the test re-
sult of the facility.

[23,24]

Table 1 Model parameters
parameter value parameter value
Detection electrode spacing s(m) 1 Survey depth d(cm) 10
Clayer resistivity p, () * m) 48 Current magnitude 1(mA) 80

Size of tetrahedron cell’ s side

length (cm) >

The structure (L x W x H)

of the sealed space(m) 1010 %04

Table 2 shows the experimental data collected
from the detection electrodes laid on two crossed lines
under or above the leaks and the corresponding simula-
ted value based on sealed model. Leak 1 is located at
the center of the primary liner. Leak 2 is located at the
center of the secondary liner. The relative errors are al-
so shown in Table 2.

Data in Table 2 show that the relative errors be-
tween simulated data and experimental data are less
than 5% . Considering the location error of detection
electrodes during construction, the errors in measure-
ment and the influence caused by noise and other fac-
tors, it can be concluded that the analysis method giv-
en above is valid.

3.2 Parameter study

The parameter studies below are aimed at charac-
tering the performance of the method for variations in
the detection layer material electrical parameters, the
contamination, the detection electrodes and current
supply electrode position, and the detection layer
depth. The result demonstrates the general applicabili-
ty of the method and may be used to optimize the tech-
nique for specific landfill survey application.
3.2.1

The detection layer material’ s resistivity p. is con-
y YP.

Effect of detection layer resistivity

trollable, which can be changed during the construc-
tion of a waste landfill. Fig.4 shows the anomaly re-
sponses for varying detection layer resistivity for detec-



462

HIGH TECHNOLOGY LETTERSIVol.21 No.4|Dec. 2015

tion electrodes survey data measured at a depth of d =
0.05m below the primary liner. These results demon-
strate that the strength of the anomaly response is in-

creased and leak detectability is improved for high de-
tection layer resistivity.

Table 2 Comparison of experimental data and simulated data of two survey lines (V)

leak 1

leak 2

The east-west detection line The south-north detection line

The east-west detection line  The south-north detection line

Simulat- Experimen- Relative Simulat- Experimen- Relative Simulat- Experimen- Relative Simulat- Experimen- Relative

eddata taldata errors eddata  tal data errors ed data  tal data errors eddata  tal data errors
0 0 0.00% 0.001 0.001 0.00% 0 0 0.0002 0
0.185 0.177 4.52% 0.186 0.193 3.63% 0.185 0.189 2.12% 0.186 0.19 2.11%
0.732 0.741 1.21% 0.733 0.717 2.23% 0.732 0.756 3.17% 0.733 0.758 3.30%
1.647 1.586 3.85% 1.648 1.692 2.60% 1.647 1.678 1.85% 1.684 1.624 3.69%
3.123 3.221 3.04% 3.123 3.134 0.35% 3.121 3.14 0.61% 3.123 3.068 1.79%
16.061 16.081  0.12% 16.061 16216  0.96% 5.972 5.895 1.31% 5.972 5.764 3.61%
3.947 3.868 2.04% 3.947 3.988 1.03% 3.947 4.058 2.74% 3.946 4.037 2.25%
3.236 3.321 2.56% 3.236 3.135 3.22% 3.238 3.174 2.02% 3.237 3.323 2.59%
2.957 2.889 2.35% 2.957 2.979 0.74% 2.958 3.029 2.34% 2.957 3.018 2.02%
2.838 2.792 1.65% 2.838 2914 2.61% 2.839 2.859 0.70% 2.839 2.794 1.61%
2.805 2.767 1.37% 2.805 2.736 2.52% 2.805 2.804 0.04% 2.805 2.818 0.46%
R 20 f 51
%’lS - %10_ Ij| —-—-=-r=0cm
;g 10} :g 10em
é sl g st
. :
ol TR 7 e 3
= Detectionline (m) -5

Fig.4 Distribution of the electric potential besides the leak for

different resistivity of the detecting liner

3.2.2 Effect of the inhomogeneity of detection layer
medium

Leak in the liner allows the leachates from the

waste materials to detection layer, so the resistivity of

contaminated region will decrease. p ' is used here to

present the resistivity of contaminated region. Fig.5

shows the family of leak anomaly responses for different

The

anomaly decays rapidly as the contaminated radius in-

contaminated hemisphere r and p,” = 10Q. m .

creases, so the leakage should always be conducted
timely.
3.2.3 Effect of detection electrodes depth

A family of leak anomaly responses for several de-
tection electrodes depths below a single leak located in
the primary liner is shown in Fig. 6, which indicates

Detection line (m)
Fig.5 Distribution of the electric potential besides the leak

for different radius of the pollution area

the substantial improvement gained in detection sensi-
tivity when the detection electrodes are closer to the de-
tection liner. That is to say, the survey should always
be conducted to the detection liner as close as possible.

15 F
S ,‘ —_—.=Zz=5cm
-g 10 | jll ................. z=10cm
g :
‘g g !e ----- z=15cm
e T 4
=t A z=20cm
54
oD 0
B 1 2 3 4 5 6 :

-5

Detection liner (m)

Fig. 6 Distribution of the electric potential besides the leak
for different vertical distance from the leak
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3.2.4 Effect of leak current

Fig.7 shows the anomaly responses for different
leak current. The results illustrate that the higher the
leak current, the higher the detectability.

— (5]
(Y (=}
T T

Electric potential (V)
S

5 L
0
0 1 7
-5
Detection line (m)
Fig.7 Distribution of the electric potential besides the leak
for different current of the leak
3.2.5 Effect of the offset distance from the leak to

current resource electrode

The offset distance of the leak to current resource
electrode affects the anomaly response. To illustrate
this characteristic, Fig.8 presents the distribution of
the electric potential besides the leak for different hori-
zontal distance horizontal distance (hd) from leak to
source electrode. In Fig.9, the distribution for different
vertical distance vertical distance ( vd ) from leak to

20

—_
w
T

10 |

Electric potential (V)

Detection line(m)
Fig.8 Distribution of the electric potential besides the leak for
different horizontal distance (hd) from leak to source

electrode

20

15

vd=10cm
L | A vd=15cm

5 —:+ =+ vd=20cm

Electric potential (V)

-5

Detection line (m)
Fig.9 Distribution of the electric potential besides the leak for
different vertical distance (vd) from leak to source elec-

trode

source electrode is given. As expected, when the hori-
zontal distance is far enough ( > 10m), the vertical
distance from leak to source electrode has little influ-
But when the
source electrode is just below a leak, the range of the

ence on the leak anomaly responses.

leak anomaly responses is very small. It is hard to de-
tect the leak under this circumstance. Hence, in order
to detect the entire region of a landfill, there are at
least two power supply electrodes in the detection lay-
er.

4 Conclusion

For a hazardous waste landfill, when a high DC
voltage is imposed on the both sides of the gemem-
brance liner, the detection liner can be seen as a
sealed space excited by leakage current and the return
electrode current, The leakage current is a positive cur-
rent resource + I located at the current entrance or a
negative resource — | located at the current exit. The
electrical potential of an arbitrary in detection layer sat-
isfies the Poisson equation. The boundary conditions
satisfy natural boundary condition. Parametric studies
show that big magnitude of leak current, high resistivity
of detection liner, large horizontal distance between the
power supply electrode and leak and small distance be-
tween the detector electrodes and the detected liner are
helpful to leak location, but the vertical distance from
leak to source electrode has little influence on the leak
anomaly responses when the horizontal distance is far
enough ( >10m).

The numerical method is effective in solving the
problem of potential distribution in even an irregular re-
gion. But there exists some shortage such as low com-
putational efficiency. How to improve the computation
efficiency will be the emphasis for further research.
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