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I. Abstract

The volume of leachate which leaks through a landfill liner is an
important factor in assessing the environmental impact of the
landfill, The analytic equations describing the dissipation of
head on a landfill liner and the leakage through the liner are
expanded here to describe two additional cases. The first .is the
case of a time-invariant leakage head (termed the steady state
case) which results from a steady recharge. The second is the
case of a quasi-steady state head which results from discrete
recharge events occuring at a fixed interval.

The effectiveness of a liner can be measured by its efficiency
(volume of water which leaks through the liner divided by total
volume of water impinging on the liner) or by the average leakage
rate, Efficiency varies depending upon the amount and timing of
precipitation and can be misleading, Comparing efficiency and
the average leakage rate for a typical case shows that the ave-
rage leakage rate is a better measure of the effectiveness of a
landfill liner.

Computer programs to solve the equations for the transient,
steady state, and quasi-steady state cases, using the Hewlett-
Packard HP-41C programmable calculator are listed, as is a
FORTRAN program to model the transient state using irregular
precipitation data.
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I1. INTRODUCTION

The volume of leachate which leaks out of a landfill is an impor-
tant factor in assessing the environmental impact of the lan-
dafill. A currently used approach to minimizing the leachate
problem is to line the bottom of the landfill with clay or some
other relatively impermeable material. The liner .is sloped to a
collection drain and covered with a permeable material (e.g. sand
ior gravel) so that any leachate produced will be intercepted and
drained to'a central collection point. For any liner which is
not totally impermeable some leachate will theoretically escape.
Quantifying this amount is important. The purpose of this study
is to present (1) the theoretical background to describe leakage
through 2 landfill liner and and (2) computer programs for calcu-
lating the leakage through, and effectivness of, a liner.

Equations for the transient response of the system have been
previously developed t6 describe induced leakage and dissipation
of a leachate head on a sloped liner (Wong, 1977; and Kmet,
Quinn, and Slavik, 198l), These mathematical equations are modi-
fied to describe (1) steady state recharge (which produces a
steady-state head on the liner) and (2) the case of cyclic,
pulsed infiltration. This later case is termed the quasi-steady
state case for it.-.gives rise to a cyclic pattern of head growth
and dissipation. For each of these two cases, and the original
transient case, equation are presented to describe the head on
the liner at any time, the efficiency of the liner, and the
average leakage rate. The efficiency of the liner and its ave-
rage leakage rate are two different measures of the effectiveness
of the liner in preventing leakage. The utility of each measure
is contrasted by examples based on the developed equations.

Under normal precipitation conditions, the leachate head and
leakage can be estimated by a numerical technique. Precipitation
data from a five-year period are used to estimate leakage from a
hypothetical landfill.

Programs for the Hewlett-Packard HP-41C programmable calculator
are presented for the transient, steady state, and quasi-steady
state cases. A FORTRAN program to model the transient state with
rainfall is also presented.

Acknowledgements
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III. Liner Geometry

A cross-section of a 1andfill is shown in figure 1. The geometry
of the clay liner is similar in shape to 2 piece of corrugated
material. The clay liner forms a series of "V"s on the bottom of
the landfill. A drain consisting of a porous pipe in a sand
blanket is located at the bottom of each "V" and carries off the
leachate it receives., The drains are treated as horizontal in
this report.

Several variables are needed to describe the landfill geometry.
The length of one arm of the "V" from crest to trough, parallel
to the slope, is §.. The liner thickness, perpendicular to the
slope, is 4. The slope of the liner is . The clay liner has a
hydraulic conductivity of k. while the hydrauvlic conductivity of
the sand is kg . The porosity of the sand blanket of ¢. &
complete listing of all variables is given in appendix A.
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IV. ASSUMPTIONS

Leakage from a landfill is a complex function of infiltration and
vertical and horizontal water movement, which is dependant on
liner and drain properties, design, and head at bottom of the
landfill., 1In order to make the problem tractable many simpli-
fying assumptions are required. The major assumptions, listed
below, are more fully discussed by Kmet, Quinn, and Slavik
(1981).

Assumptions:

1. The water table is below the clay liner;

2. The drains are always in a free-draining condition;

3. All materials (clay, sand and refuse) are fully saturated;

4. Any head on the liner becomes effective instantanecusly and
immediately forces leachate to move to the drain pipes and
also through the liner;

5. The leachate slug is rectangular in shape and retains this
shape as it dissipates. There is, at all times, a uniform

head on the portion of the liner covered by the leachate;

6. The porosity and hydraulic conductivity of the refuse are
identical to that of the sand blanket;

7. All flow is governed by Daxcy's Law;

8. The landfill geometry is as shown in figure 1;

9, When recharge is added to a partially Jdissipated leachate
slug lying on the liner the entire volume of liquid is re-
distributed resulting in a new uniform head on the liner,
with the saturated length again egqual to S, and; '

1¢. The clay and sand layers are homogeneous, of constant areal
thickness, and of uniform :lope.



V. TRANSIENT STATE EQUATIONS

Equations for dissipation of a transient head on a liner are
based on the assumption that an initial head h, instantaneously
appears on the liner. This head gradually dissipates as the
leachate moves in part through the sand to the drain and in part
passes through the clay liner to the underlying soil.

The equations for calculating the head at any subsequent time are
derived by equating Darcy's Law with the principal of continuity,
the head h and the saturated length s (Kmet, Quinn, and Slavik,
1981). :

Darcy's Law is written as

Q =kIaA (1) .

where Q is the volumetric flux rate, k is the hydraulic conducti-
vity, and A is the cross-sectional area for flow. For flow to
the drain, parallel to the clay-sand interface, the flow rate at
time t is:

Qp = kg sin® hcoss w (2)

where Qn is the flow rate, h is the hecad at time t measured
perpendicular to the earth's surface (thus h is not parallel to
d), and w is the width of the study area.

The continuity equation describing the rate at which the leachate
is flowing to the drain at time t is

Qp = 'g: $hcosew (3)

where ds/dt is the time rate of change of the.saturated length
parallel to the slope.

Combining equations 2 and 3 and eliminating common terms yields



ds = %l kg sinedt (4)

Solving differential equation 4 for the initial conditions at t=0,

§=8,, the saturated length as a function of time is
- k.s5in6
s =85, (1 - 22— t) (5)
o 355
By defining t, as:
= 8 Q
t, = 2 6
1 kssine (6)

equation 5 is rewritten as:

s =5 (1 - (7)
ty

It is easily seen that when the saturated length is equal to @,
the time t is equal to ty. Thus tlis the time necessary for all
the leachate to drain o the liner.

The same procedure is used to arrive at an equation for calcula-

ting the head at any time. The expression of Darcy's Law for
flow through the clay is

= hcose

where Q is the volumetric flux rate through the clay.

The continuity equation describing the rate of head dissipation
is

~dh

3t ¢scosew {9)

Q =

Combining equations B and 9 yields



dt =

K (1+hcos6/d) db (10)

Solving differential equation 12 for the initial conditions at
t=¢, h=hg,, yields

h=nh -at 5] + - d
o e (hocose 1) h,cose ) (11)
where
= k.cose ‘
a -cd¢ (12)

Let t, be the time when h=8 (the time when the leachate head has
entirely dissipated). Equation 11 becomes

- (-at,) d - _4a
2 h° le 2 (hocose + 1) hocose] (13)

Solving for t, results in

t, =L + Eogﬁ?.) (14)

1+

If t. is defined as the lesser of t; and t,, at time t_ no
leacﬁate remains lying on the liner. The voaume of leacgate
which leaks through the clay is calculated by integrating from
time t=¢ to t=t  the time rate of change of the leachate head
(dh/dt) times the area over which the leakage occurs. If V; is
the volume which leaks through the liner, the leakage volume
integral is written as

m -dh -
v, ifg ¢wcose(—a€)sdt . (15)



Substituting for dh/dt and s and then integrating results in

= _a lyrqoe(maty) (-at_)t
VL Vo(hocose + ){MN k][1 e m’'}] + e m €T} {16)

where V, is the original volume of leachate above the clay liner,
expressed as

= ¢wsohocose {(17)

and k is defined as

k = __SOEC (18)
tan

dkg )

By a similar procedure the volume of water which moves through
the sand blanket to the drain, V, can be shown to be

_ d 1y _al=at )y _ a8 t
VD Vo{ (hoCOSQ +1) (k) (l ¢ m ) hoCOSQ -ET} (19)

Adding equation 16 (V) to 19 (V) does result in Vor the origi-
nal volume liner, for both t= =ty and t= =to thus providing a conti-
nuity check.

The efficiency of the liner under transient conditions (Et)is
defined as the volume of leachate which moves to the drain di-
vided by the original volume of leachate (VD/V From equation

)-
19 this is shown to be °

= d 1 1- {(-at_.), _ (s} t
Et (hocose * 1)(k)( € m’) hocose ?T (28)

4

The efficiency of a liner is not a good way to measure its
performance as is detailed in later sections, A more useful
measure is provided by the average leakage rate (L,.), which is
defined as the rate which would produce the observed volume of



leakage through the clay liner if the leakage were steady. Math-
ematically, the total leakage volume can be expressed

vy = Lyt S,wcos® (21)
Solving for L, (using equation 16 for VL) results in

_0hy (& 1y 1o (-aty) (-at )t
Ly tmo (hocose + 1){(1 k)(1 e m’) +e m ET} (22)

For a landfill lined with an efficient liner, the value of t,
will be much less than t, and thus t, will equal t,. That is,
the leachate will tend to move to the drains insteaé of leaking
through the clay.  When this is the case the expressions for Vi
Vpr E¢r and Ly simplify to:

vy = Vo‘g;z%gg+1’{‘1'%)‘1‘e—k’ + e7ky (23)

Vp = vo{(F;gEE+l)%(l-e-k) - Bjc%} (24)

E¢ = (E;Eg§3+l)%(l°e_k) - E;E%Eﬁ (25)

Ly = %%o (E;Eg§¢+1){(1'%)(l'e-k’ + e~K} (26)
10

i .



VIi. STEADY STATE EQUATIONS

In an uncapped landfill the recharge due to rainfall may be
approximated as a constant, steady movement of water downward
through the refuse, This approximation results in a constant
head on the liner and a constant leakage rate.

Let hg be the steady head which is on the liner and R the steady
recharge rate (units of length per time). Using Darcy's law
{equation 1) the leachate flow rate to the drain, Qp+ and through
the liner, Q;r are expressed as

QD kssinehscosew (27)

Q = k(141552585 cosew (28)

The flow rate of recharge water which moves down through the
landfill, Q. is expressed as

Qp = RS cos6éw A ' (29)

Continuity requires that Qp be equal to Qp plus Q. Setting
these eqval and solving for gs results in

. SoiRk)
Ps = X2sine{1+K) (30)

This equation only holds for those values of R greater than Koo
If R is less than k. then all of the recharge will pass through
the liner and hg will equal @. .

Substituting the equation for hg into the equations for Qp and Qp
results in

11



= R=Kk
= R=-K
Qr, (R- 1T kc)S cosow (32)

The expression for QE can be manlpulated to yleld a steady-state

leachate flow rate, g* This rate is

L. = R - R-K. C(33)

The steady-state efficiency (Eg) is Qp divided by Qp:

= 1=k /R
Eg = 255€ (34)

12



Vil. QUASI-STEADY STATE EQUATIONS

Infiltration through a landfill probably does not occur at a
steady rate (as was assumed in Section VI) but more likely in
discrete events. Thus recharge to the leachate head will be
followed by an interval of no recharge, during which the head
will dissipate.

Equations describing uniform periodic recharge cang be easily
established. Let a recharge event of magnitude R (units of
length) occur every tp days (e.g., 1 inch every 10 days). tgpis
the return period between rainfall events. 1f either t) or t, is
less than tg all of the leachate will either drain off or leak
through the %iner before the next recharge event, If this is the
case then hq, the head immediately following a rainfall event, is

*
hg = R /9 | , (35)

For the remainder of this section, it is assumed that tr is less
than either ty or t,.

The calculation of h_ is straightforward, The volume of leachate
on the liner immediately after a recharge event must be equal to
the volume just before the event plus the recharge volume. Or:

thsocosew = ¢h_sRcosew + R*Socosew ' (36)

where hp and sp are the saturated head and length respectively at
time tp. From equation 11l and 7 it is known that hp and s are
expressed as

= (~atg) d 41y - a
hR hq le R (hqcose 1) hqcose} (37)
sy = S. (1-fR) (38)
R 7o ty

13



§olving for hq in equation 36 using equations 37.and 38 results
in

*
h. = (R /0)-(d/cose) (1-e(=2tR)) (1-t_/t.) (39)
g 1 - e "o R (I-tg/ty) R=1<

The volume of water which leaks through the liper (V) is the
integral over time of the saturated length s multiplied by the
time rate of change of the head dh/dt:

t
. -dh

Substituting for h and s and integrating yields

= d - (-at ) l (-at ) -
v, Vo(hqcosefl){l e R' + le R’ (atp+l)~11} (41)

The average leakage rate between recharge events, L,, is derived
by dividing V; by the time t and by the cross sectional area
infiltration occurs through, swcos®. This results in

=¢hy(d - ef-3:g) 4 lio(=3tg) _
Ly . %;q(hqcose+1){1 el=2:r) + 11e("3tR) (atpe1)-11}  (42)

The volume of water which moves to the drain between recharge
events is defined as Vp and is mathematically defined as

- d l_ef{-3tg)y _ d t
vD vo“hqcoseirl)k(1 € R hqcose ti} . (43)

14



The efficiency of the liner (E.) is calculated by dividing the
volume of water which moves to the drain (VD) by the volume of
recharge (V,}:

= ¢h d 1 (-atp) d t
E. = ———+1)=(1- - — = 44
q i?q{(hqcose l)k(l € R hqcose ti} (44

A check on continuity, made by setting the volume of leachate on
the liner just after the recharge event equal to Vo, plus Vv, plus
the volume on the liner just before the recharge, 1s satisfied.

15



VIII., RELATIONSHIP BETWEEN QUASI-STEADY STATE AND STEADY STATE

If the total rainfall per year is kept constant while the re-
charge return period is shortened, then the quasi-steady state
case approaches the steady state case. Table 1 shows 2 particu-~
lar situation in which 52 inches (1.32 meters) per -year is a-
pplied to a liner. (The yearly average rainfall for New Jersey is
approxmiately 42 inches. However during wet years 52 inches can
be measures at a station. Also, since waste often either con-
tains water or generates it as it decomposes, a higher infiltra-
tion rate may be justified. The cases presented here are clearly
worst case scenarios,) 1f all 52 inches is applied at one time
then the average leakage rate through the liner, L., is 21,138
gallons per year per acre (gal/yr/acre), the initial head
buildup, h,, is 14.4 feet, and the liner efficiency, E., is
98.5%., If ghe frequency is increased to two recharge events per
year (with each contributing 26 inches of recharge) then L

becomes 24,775 gal/yr/acre, h_, becomes 7.2 feet, and E, becomes
98.2%. Increasing the frequency to 3650 times per year (e.g., it
rains 1¢ times per day with each rainfall event creating 8.614
inches of recharge) Lq becomes 67,303 gal/yr/acre, h_ is 3.8
feet, and E, is 95.2%. The steady state recharge case of 52
inches per year (or 1.37X16-' feet per second) results in a
leakage rate L_ of 67,326 gal/yr/acre, a steady state leachate
head hg of 3.0 Peet, and efficiency, Eg, of 95.2%.

The greater efficiency of, and lesser leakage through, the exam-
ple liner under a single recharge event per year as compared to
more freguent events is initially puzzling. One would expect
that a higher head on the liner should produce mo-e leakage
through the clay. This discrepancy is resolved by c/ lculating
t,, the time needed for all leachate to slide down the liner to
the drain. ¢t, is 79.4 days for this case, (For this example,
and all reasonably designed liner systems t, - the length of time
necessary for the leachate slug to complegely leak through the
clay - is much greater than t;. Thus t, need not practically be
considered,) After a recharge event the liner will have a lea-
chate head on it for 79.4 days if no additional recharge events
occur. For the first case in table 1 (1 event per year) this
means there will be 79.4 days of leakage and 285.6 dayr of during
which there will be no head on the liner. The leakage rate will
change during the time the leachate is on the liner because the
head and saturated length will be decreasing. But during the
course of a year the liner will lose 21,138 gallons per acre to
the underlying soil. Because this leakage actwally occurs only
over 79.4 days the instantaneous recharge rate will always be
much higher than the yearly average.

16



For the second case (2 recharge events per year) again there
exists a leachate head on the liner for 79.4 days after each
event. Thus a head exists on the liner for 158.8 days per year.
Since the head is always lower than that of the first case, the
instantaneous leakage rate at any time will alsc be less. But
because the leachate is on the liner for a greater amount of time
more total leakage per year is observed.

1f there are 8 or more recharge events per year (a return period
of 46 days or less) there will always be a leachate head on the
liner. When this is the case the more frequent the recharge the
greater the leakage per year.

17



Table 1. Quasi-steady state vs.

(Total yearly recharge volume he

§ of rainfall L
events per year (gal?yr/acre)

1 21,138

2 24,775

4 32,047

8 48,360

16 57,872

32 62,689

64 64,883

365 66,320

738 66,523

3650 67,363
Steady State: Ls=67,326

Landfill parameters

kg = 1 X 19'% cm/sec = 1 X 10'4 meters/sec
kc =1 X 18"/ cm/sec = 1 X 1877 meters/sec
d =3 feet = £.9144 meters

So = 150 feet = 45.92 meters

6 = 2% = 1.14°

¢ = 0.3

R = 52 inches/year = 1.32 m/year
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IX. EFFICiENCY AND LEAKAGE AS MEASURES OF EFFECTIVENESS

It is very appealing to discuss the effectiveness of a liner in
preventing leachate leakage in terms of its efficiency. However,
this can be misleading. Equation 34 shows that for steady state
the greater the rainfall R the greater the efficiency. This is
because as the head on the liner increases the amount of water
@bving to the drain increases at a greater rate than the volume
Oof water leaking through the clay. Table 2 shows for one steady
state case how the efficiency, leakage, and head change as the
recharge is varied. As recharge increases froml to 10@ inches
per year the liner's efficiency increases from 8% to 96.4%.
However the leakage also increases from 27,152 to 99,114 gallons
per year per acre.

The quasi-steady state case is different. Table 3 shows that the
efficiency and the leakage amounts increase 2as the rainfall
volume increases but the return period (t, ) remains constant,

To say that the liner is more efficient under greater recharge
volumes is correct but is misleading in that the main purpose of
a liner is to prevent leachate from entering the ground water.
Thus the average yearly leakage rate is a better number by which
to compare the effectiveness of two liners, or of one liner under
differing recharge conditions.

o
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Table 2. Steady State Case: Efficiency vs, Leakage
{Increasing volume of recharge)

R E L hS
(inches/year) (%? (gal?yr/acre) (feet)
1 0.0 27,152 g.e
5 73.3 36,200 9.2
le 85.4 39,512 .5
25 92.7 49,445 l.4
50 95.1 66,002 2,9

190 96.4 99,114 5.8

Landfill P: rameters

ks = 1 X 10-2 cm/sec = 1 X 10'3 m/sec
kc =1 X 10-’7 cm/sec = 1 X 187" m/sec
d = 3 feet = 0.9144 meters
S, = 150 feet = 45.72 meters
6 = 2% = 1.14°
¢ = 0.3
Table 3. Quasi-steady State: Efficiency vs. Leakage
(Increasing volume of recharge)

R” E L h
(inches) (%? (galayr/acre) ?feet)
@.096 , 74.5 34,646 0.23
g.192 B6.1 . 37,819 0.52
6.479 93.0 47,302 1.41
0.96¢ 93.35 63,198 2.89
1.918 96.51 94,855 5.84

Landfill parameters
=

t, = 7 days 2 4

kg =1 X 10'7 cm/sec = 1 X 10'9 m/sec

ke = 1 X 197" cm/sec = 1 X 167° m/sec

d = 3 feet = 6.9144 meters :
S, = 150 feet = 45.72 feet

6 = 2% = 1.14°

¢ = 8.3

20



X. USE OF PRECIPITATION DATA WITH TRANSIENT STATE EQUATIONS

The use of rainfall data is harder to analytically describe than
either the steady or quasi-steady state cases. The irregular
amounts and timings of actual rainfall will create irregular
recharge patterns which do not fit into one simple, analytic
formula. A numerical technique is necessary.

The numerical technique used here is very simple. At an initial
time an initial head is assumed to exist on the liner. This head
is allowed to dissipate, sending leachate to the drain and
through the liner. If the leachate head disappears before the
next recharge event the leakage rate falls to zero. If a re-
charge event occurs before the head dissipates then the recharge
volume is added to the remaining leachate lying on the liner and
the total amount uniformally redistributed over the liner.

The total leakage is the integral of the leakage rate over the
time that a head is actually on the liner. The equations gover-
ning the transient dissipation of a2 head on a liner (equations 7
and 11) are used to calculate the head and saturated length at
any time after the last previous recharge event.

An example of the iterative transient state method is illustrated
using five years of daily rainfall data from the Trenton, New
Jersey airport., Calculations were performed using the FORTRAN
program listed in Appendix C. Figure 2 displays monthly sum-
maries of the rainfall data. The transient state pumerical
method was used to predict leakage through a landfill assumed to
have an initial head of z2ero in January, 1968. The assumed
physical parameters of the landfill are included on Table 4.

Leakage between each rainfall event was calculated using equation
16. The results were then summed by month for display purposes.
Figure 3 shows the monthly leakage. Table 4 lists the computer
output from the program. It is evident from the graphs and the
summary that the leakace lags the rainfall. A rainfall peak or
trough is followed the next month by a leakage peak or trough.
Note that for figure 3 @ leakage value of 0.1 inches is equiva-
lent tc 43 gallons per acre. )

21



MONTHLY RAINFALL

Figure 2.

Monthly Rainfall at Trenton Airport
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MONTHLY LEAKAGE

Figure 3.

Calculated Monthly Leakage
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Tacle ¢ Trarsient Etreate Num
SLINLEAY SUTPRUT A
LATE INPUT:
KS = De 1OE=01 CM/5EC
KC = e DFE=0& C¥/SEC
SJ = 150, FEET
D = 2e0 FEZT
PORC = 0e30
SLGPE = 2.00 i
CALCULATED PARAMETERS
THCTE: =  0.200E=D1
K & e lBUE=~UL
T1 = 7938 DAYS
A = De32E=-D3
NUMBER OF DAYS , =
NUMBek OF KAINFALL EVENTS =
LEFT CN LIKER:
HT = 2190 FEETY
ST = 148,110 FFET
MASS BALANCE:
TOTAL RAIN
LEACHATE THROUGH LINER
LEACHATE TC DRAIN
LEACHATE LEFT ON LINER
ERRCR
MONTH RAIN DRAIN LEAKAGE
1 24290 0.41% 0.102
2 1,159 V715 0.102
3 44440 1.4G90 0.138
& 1.45)D 1. 724 C_.138
5 Se 860 l«980 C.153
6 64260 3.742 0.191
7 24 35D © 3,866 0.161

2

24

189,
124

25B. 774
3234.030

12.803
160.758

235.813
2947.071

9.918
123.950

0.001
2.251

INCHES
CU. FT.

INCY €S
Cle FTo

INCHES
CUs FTs

INCHES
Cue FT,

INCHES
CU. rT.



FILE: RAINLEAK QUTPUT A NEW JERSEY DFEPARTMENT OF TRANSPORTATICN = CMS

8 2e900 36712 0.191

9 1.193_ 28775 Oelbl
10 1.920 Ce 349G Cel57
11 4 otbl 2ebL3 Qe lb4
12 3.070 24960 - el 15
13 24380 2e539 flel62
14 20830 2e4 14 C.151
15 24440 2e621 Del62
16 24230 24342 0o 157
17 3.110 24555 Del63
18 5.090 2895 Celb9
19 1510 32550 0.190
2C 34330 44817 0.219
21 ba662 5.154 0.220
22 le250 4e258 0.199
23 24122 3e24% Ve 1177
Sk 64850 3,393 C.187
25 0.9i0 34633 Del32
26 2e bl 2+ 882 Uel 62
27 3.630 2780 Cul70
28 44350 3.399 C.181
29 - 24012 3,218 CelBl
ao 3,870 36343 0.l81
31 167D 2984 Vel75
32 287D 24855 0.169
33 0.792 2e361 0155
34 2.713 24063 0149
35 4e 00 26762 O.166
36 2730 24874 0.174
a7 2e610 2+980 Oel?4
3B 44900 2eal26 Oel61
39 34130 34557 0,190
&40 2590 3.375 D168
41 3.880 2+ 983 0.176
42 1e482 20814 Celb67
43 44900 24432 0.161
44 94660 2607 0.188
45 54590 5.837 0.236
46 3.700 5e¢245 0.228
47 4540 44331 Ds204
&8 1.240 44270 0.206
49 20260 3.503 Ce189
50 3.330 2901 0164
51 3.59) 3,318 (s 184
52 24790 2.946 0.172
53 54040 3.513 0.187
54 64090 3.433 0. 186
55 20 T40 44266 0.205 .
56 1170 3,316 0177 .
¥4 1o 640 24523 G160 '
58 54090 24991 0.175
59 T« 740 3,971 0.198
60 44690 4e 712 C.220
61 3.860 4e225 0199
62 3.850 4352 0.193

25



FILE: RAINLEAK 2UTPUT A

63
64
65
6o
67
68
69
70
71
72

34550
64610
3,760
54580
2.38)
2.070
34830
2,712
1.050
64973

4.001
4e451
4e433
4.010
45175
34839
3.183
3,305
24881
34367

NEW JEF SCY CEPARTMENT

0.199

Ce 204
U212
0.197
Ce2l4
C.190
0173
0.164
0.170
C.l8¢

26
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XI. CONCLUSIONS

There are several ways to simplify the analysis of the quantity
of leachate leaklng through a l1andfill liner. The assumption
that the flow is either in a steady, quasi- steady, or transient
state allows the development of easily programmed equations.
Analys1s of these equations shows that as a means of comparative
evaluation a landfill's liner efficiency is not as desirable a
quantlty as 1s its average leakage rate.

The analytical equations are simplifications of the real world
case and a more accurate treatment can be made by using measured
rainfall data and a numerical scheme. These numerical results
provide an approximation to the volume of leachate which leaks
from a2 landfill to the underlying soil.

The methods presented here allow a landfill designer to compare
different liner parameters to determine which is more 1mportant,
for example, compar1ng the effect on leakage volume of increasing
slope vs. increasing the liner thickness vs. increasing the sand
permeability. By doing this the designer can chose the most cost
effective way to control leakage volume and meet any performance
standards placed on the liner.

L
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APPENDIX A,

variable

oo

VARIABLES

description/definition

k/tq

clay liner thickness
perpendicular to slope

guasi-steady state liner
efficiency

steady state liner
efficiency

transient state liner
efficiency

leachate head

maximum quasi-steady state
head

steady state head

initial transient state
head

S, ko/ (dk tano)

Tay 11ner hydraulic
conductivity

sand blanket hydraulic
conductivity

quasi-steady state leakage

steady state leakage

transient state leakage

volumetric flux rate to

" drain

volumetric flux rate
through liner

steady state recharge

quasi-steady state recharge

saturated length parallel

to slope

liner peak to trough
distance

minimum of t, and ts

5,9/ (kgsine)

?/a)ln(1+h cose/d)

volume of leachate inter-
cepted by liner and trans-
mitted to drains

volume of leachate which
leaks through liner

original volume of leachate
on liner

unit width

slope of clay liner and
sand blanket

porosity of sand blanket

29
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FILE:

ﬂﬁﬁﬁﬁﬂﬁﬁﬁﬂﬂﬁﬂﬁﬁﬁﬁﬂﬂﬁﬂﬁﬁﬁﬁﬁﬂﬁﬂﬁﬂﬂﬁnﬂﬂﬁﬁﬁhﬁﬁnﬂﬁﬁﬁﬁﬁﬂﬁﬁﬁﬁ (al

hppendix C. FORTRAN Program for Iterative Transient State with

RAINLEAK FORTRAN A

Sample Data

RAINLEAK

THIS PROGRAM CCMPUTES THE LEAKAGE THROUGH A LANDFILL LINCR
BASED ON THE LINER®S PHYSICAL CHARACTERISTICS AND MEASURED

RAINFALL DATES AND AMOUNTS.

ALL GF THE RAIN IS ASSUMED TO

INFILTRATE INTO THE LANCFILL AND IMPINGE ON THE L INER.

REFERENCE:

LANDFILL LEACHAGE FLUX EQUATIONS
JEFFREY Lo HOFFMAN, SENICR GECLOGISY
NEw JERSEY GEOLCGICAL SURVEY

VARIABLES

A

D
LOMMYY
DNEW
DOLD
DTERM
EX
EXTLCRM
Fi

F2
HT

HO

I

14

K

KC
KCCMS
KS
KSCMS
MKNT
PKRT ML
MNEw

MNTH(L12)

MCLO
NCCUNT
PORD
RAIN

MEANI NG

———— -

K/T1 (L1/CAYS}
CCSINELTHETA)

THICKNESS NF CLAY LAYER PRERPENDICULAT TO SLCPE (FZET)

DAY yMONTH,YEAR OF RAINFALL EVENT (FORMAT = 312}
DAY CF RAINFALL OF PREVIOUS LOOP
Day GF RAINFALL OF PREVIOUS LOOP
1 + C/(HO®CO) (DIMENSIONLESS)

= EXPL=A4%TM) ( DIMENS ICNLESS)

= ] - EX (DIMENSICNLESS)

= (MNTH{MOLD) = DOLD}/T ==>DAYS BETWEEN RAINS IN
OLD MONTH

= DNEW/T ==> DAYS BEWTEEN RAINS IN NEW MONTH

SATURATED HEAD PERPENDICULAR TO SLOPE AT END CF DRY
PERIOD (FEET)

SATURAGED HEAD PERPENDICULAT TO SLOPE JUST AFTER
RAINFALL EVENT (FEET}

DO LCOP PARAMETER '

= 4

= SO*KC/{D*KS*ATAN(THETA)}) (DIMGNSIONLESS)

CLAY LINER PERMEABILITY (FEET/DAY)

CLAY LINER PERMEABILITY (CENTIMETERS/SECOND)

SANC BLANKET PERMEABILITY (FEET/DAY)

SANC BLANKET PERME ABILITY (CENTIMETERS/SECONC)

TGTAL NUMBER GF MONTHS SINCE SIMULATION BEGAN

= MKNT -1 N

MONTH OF RAINFALL EVENT OF CURRENT LJ0OP .

NUMBER OF DAYS IN EACH MONTH (IGNORING LEAP YEARS)

MONTH OF RAINFALL EVENT QF PREVIJUS LODOP

COUNTER FOR NUMBER OF RAINFALL EVENTS

PORGSITY DF SAND BLANKET (DIMENSIONLESS)

RAIN AMDUNT OF PREVIOUS LCOP (FEET)

35

- e

NEW JER SEY DEPARTMENT LF TRANSPORTATICN = €43

RA100010

RAICO020
RAIN0OO30
RATO0040
RAI00050
RAIQ0060
RATOO0TO
RATIOO0B0
RAIOCOSO
RATOQLCO
RAICO110
RAIOOL20
RAIOO130
RAI00140
RAI00150
RAICDOL60

"RATI00170

RAILU1BD
RA100190
RAI00200
RA100210
RAI00220
RAT00230
RAI00240
RA100250
RA100260
RAICO270
RAI002 20
RATOD290
RA1003200
KAICO310
RA100320
PA100330
RA100340
RAION350
RAIO( 360
RA102370
RAI00380
RAI00390
RAT00400
KA100410
P A100420
RAT00430
RAI00440
RATOC 450
RAI00460
RAI00470
RAID0480
RAT00490
P 2100500
FAI00510
RAIOL520
RAI00530
RAT00540
PA100550



FILE:

ﬂnﬂﬂﬂnﬂnﬂﬁﬂﬂﬁﬁﬂﬂﬂnﬁﬁﬁﬁﬂﬂﬁﬂﬂnﬁﬁﬁﬁﬁﬂﬁﬁfiﬁnﬁﬁﬁﬁﬁﬁﬁnﬂhﬁﬂﬁﬁﬁ o

RAINMLEAK FORTRAN A&

RCUM
RINNEn
RINGLD
S1
SLCPE
ST

SO
T

TCUM
THETA
™

Tl

T2

vD
VCINCh
VoSuM
Vi
VLEFIN
VLEFT
VLINCH
vLSUM
VRES
VEESIN
VESUM
vO

YNEA
YOLD
ZZL7546)

CUMMULATIVE

RAIN AMOUNT

RAIN AMOUNT

SINE(THETA)

SLOPE CF LINER (31}

SATUKATED LENGTH PARALLEL TO SLCPE JUST BEFORE NEXT
RAINFALL EVENT (FEET)

LINER PEAK TC TROUGH DISTANCE PARALLEL TC SLCPE (FEET)

TIME BETWEEN PREVIOUS RAINFALL EVENT AND EVENT OF
CURRENT LGOP (DAYS)

COUNTER FOR TOTAL NUMBER GF DAYS IN SIMULATION

RAINFALL (INCHES)

OF CURRENT LNNP {(INCHES)
CF PREVIOUS LO3JP (INCHES)

MINIMUM OF T1 AND T2 (DAYS)
= SUsPORO/(KS*SL) ==> NUMBER OF DAYS A HEAD CAN STAY
ON LINER BEFCRE SLIDING GFF TJ DRAIN
= (ALOG(1 + HO*CD/D))/A ==> NUMBER DF DAYS A& HEAD CAN
STAY CN LINEP BEFORE LEAKING THRGUGH
LEAKAGE TQ DRAIN (FEET)
LEAKAGE TO DZAIN ( INCHES)
CUMMULATIVE LEAKASE TN DRAIN (FEET)
LEAKAGE THARGUGH LINERK (FEET)
LEACHATE LEFT CN LINER (INCHES)
LEACHATE LEFT ON LINER {CUBIC FEET)
LEAKAGE THROUGH LINER (INCHES})
CUMMULATIVE LEAKAGE THROUGH LINER (FEET)
CUMMULATIVE MASS ERPCR (CUBIC FEET)
CUMMULATIVE MASS ERROR {INCHES)
CUMMULATIVE RAINFALL (CUBIC FEET)
VCLUYE OF LEACHATE CN LINER JUST BEFDRE A RAINFALL
EVENT (CUBIC FEET)
YEAR OF RAINFALL EVENT OF CURRENT LOJP
YEAR OF RAINFALL EVENT OF PREVIOUS LCOP
MONTHLY SUMMARIES
CCLe 1t RAIN (INCHES)
CCLe 2: LEACHATE TO DRAIN (INCHES)
COLe 3: LEAKAGE THROUGH LINER (INCHES)

~w=DATA INPUT===

CARC

~ O PN

VARIABLE

- e -

KSCMS

KCCMS

S0 .
D . -
PARO

SLOPE

COMMYY, RAIN

36
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RAIOOSS0

RAIOOD5TO
RAIODS580
P.ATIDO59C
FAIQOE00Q
RAIOLG1O
RATIO0E20
RATO0&30
RATO0640
FAJOO650
RATO0660
RATIO0670
RAIQD&8B0
RAI00690
RAICOTOO
RAICOTIO
FAIO0T20
RATQ0730
FAICGT40
RATQOT50
RAIONT60
RAIDOTTO
RAIODT80
RAIQO07S0
RATO080Q0
FATO00810
RAT00820
RAI00830
RAT00840
RAIGOLBSD
RAT00860
RATDOBTO
RAIOOBBO

‘RAIO08%0

RA100%00
RAT00910
RAI00920
RAIDO0930
RAIO0S40
RAT00S50

RAIODC960

RAIOOST0
RAIGO98D
RAI00990
RAIO1000
RAIQLOLO
RAIOLlQ20
RAID1030
RAIOL040
RAIOL050
RAIOLO060
RAIOLOTO
RA101080
FATO1090
FAIO1100



FILE: RAINLEAK FORTRAN. A NEW JERSZY DEPARTMENT NF TRIANSPORTATICN = (™S

o

C ===ULIT CEFINITICNS==~

C N

C UNIT DEFINITIO

C - — - [ ——

C

c 5 DATA INPUT

C 6 FULL NUMERIC QUTPUT

o 7 DATA FOR GRAPHICAL USE

C

C

o

c

o

c..—-.-— ............................................................
INTEGER DOLD, MOLD, YCLC, DNEwy MNEW, YNEW
REAL KS, KSCMS, KC, KCCMS, Ky THETA, Tl, T2, A, HO
INTI GER MNTH(12)/731,28,31,30+31,+30+31,31+30,31,30,31/
REAL Z2{75,6)/450%ue0/

C""""‘ ———— T ——— T T ——— - e e il S A . g g N R O S em e D S S s SR

c

CoeessscscsessREAD IN INPJUT DATA &4ND OUTPUT IT

READ (54%) KSCMS

READ (5,%} KCCMS

READ (5,%) S0

READ (5,%) D

RcAD (5.%) PORD

RCAD (5,%) SLOPE

WRITE (54602} KSCMS¢KCIMS450,C+PORCHySLOPE
Cevoevensssines COMPUTE PARAMETERS

KS=;835.‘KSCMS

KC=2 B354 *KLLMS

THETA = ATAN{SLOPE/100.)

CO = COS(THETA)

ST = SIN(THETA)

K = SO*KC/(D*KS*ATAN{THETA))

T1 = SO®PORO/ (KS*SI)

A= K/TL '

WRITE (6,603) THETA, Ky Tly A

Coevoovosecdans INITIALIZE SUMMATION VARIABLES
NCCUNT = 0
HT = 0.0
ST = Qo2
VDSUM = 0.0
VLSUM = 0.0 -
RCUM = D4V
TCUM = De 0
MKNT =1

CesccacossnsekEAD FIRST RAINFALL OATE AND MAGNITUDE

> >

READ (5,501) DOLD, MOLOD, YOLD., RINOLD
IZ(l.1) = RINGCLD

C

C——D>RAIN LQOP

C

CececreenesasREAD NZW DATE AND RAIN
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RAT01110

RAIOL120
AATIOLL30
PAIGL140
RAIOt150
RAIDILGE
KATOL170
RAIC1180
RAIOL1190
FAIO1200

© PAlOL1210

RAIC122D
RAIOL230
RAIDL240
PAIOL250
RAIO1240
FAIOL270
RAIO1280
RAID1290
RATIO1300
RAID1310
PATOL1320
FAIOL330
PAT101340
LaI01350
RATO1360
RAIOL1370
RATO1380
RATOL390
RAI01400
RAIOL410
RA101420
RAI01430
RAIG1440
RAIOL1450
FAaI01460
RATO14T70
PAIO1480
FAIOL4S0
kRAIO1500
RAJO1510
RAIOL1520
RAIG1530°
RAIOL 540
RAIOL550
KAIO1560
RAIOLS5TO
RAIQL580
R2101590
RAIOL600
RATIOLS10
RAIOCL1620
RAI01630
RAID1 64C
RATOL1650



FILE: RAINLEAK FORTREN & NEw JERSEY DEPARTMENT OF TRANSPDRTATION = (MS

10 REAC (5+501END=60) DNFwny MNE Wy YNEwW, RINHEW
NCCUNT = NCCUNT + 1
C.o.o-....-..COWPUTE INTCRVAL EETﬂFEh RAINFALL LVF\TS (T'
IF (MULD oNEs MNEW) GO TO 20
T-= DNEw = DOLD
GO TO 3D
20 T = NNTH(MOLD) = COLD + DNEW
IF ((MOLD oEQe 2} +ANDs (MCDIYNEW,&) o4Ede 0)) T = T+l
MKAT = MKNT + 1
Cesesecnceees ACCUMULATE VARIABLES JUST READ IN
30 ZZ(MKNT41) = ZZ(MKNT,1}) + RINNFwW
TCUuM = TCUM + T
RCUM = RCUM + RINNEW
Covosaveosnses COMPUTE TERMS I SOLUTION
RAIN = RINDLD/1ce.

HU = HT*ST/50 ¢ RAIN/PORC

T2z = (ALOGU(Ll + HO*CO/DIi})/A

TM = AMINL1(TL, 72, TI)

VU = POROEHTSST=L0 + RAIN=®SO=(CO

EX EXP(=A*TWV])
DTERM = 1 ¢ D/(HO*CO)
EXTERM = 1 - EX

Coessvosaceseaas LOMPUTE LEAKAGE
VD = VOS#{DTERMREXTERM/K = D€TM/ (HOSCC*TL) )
VL = VO*DTERM % (EXTERM*(l=1/K} + EX*¥TM/T1l)
VOINCH = 12.*%VC/{S0%C0)
VLINCH = 124%VL/{50%CQ)
VOSUM = VDSUM + VD
VLSUM = VLSUM + VL
IF {MOLD oNEe MNEW)} GO TO 40
ZZIMKNT 21 = ZZ(MKNT2) ¢ VOINCH
LI(MKNT 43) = ZZIMKNT+3}) + VLINCH
GO TO 5)

40 MKNTM1l = MKNT = 1
€1 = (MNTH{MOLD) = DOLCH/T
€2 = DNEW/T
LZ{MKNTML 42) = ZZ(MKNTML,2) + F1¥VDINCH
ZZ{MKNT2) = 2Z{MKNT,2) + F2%xVLCINCH
" ZZIMKNTM1 ,3) = ZZ(MKNTM1,+3) + F1l*VLINCH
ZZIMKNT,3) = ZZ(MKNT,3) + F2¥VLINCH
S0 CCNTINUE

HT = HO % (EX*DTZRM - D/(HO*CC))
§T = SO & (1 - TM/T1)

Coeosossssesese REASSIGN HCLDING VALUES

JCLD = DNEW
MOLD = MNEW
YOLD = YNEW

RINOLD = RINNEW
CecsancesscesREAD IN NEXT EVENT
GO TO 10
60 CONTINUE
C
C-—>END OF RAIN LOOP
c .
C...-..-.....HASS BALANCE
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FAa1D1660
“Al101670
~AT01£90
PATOLESO
RAIOLTOO
FAINL1T10

_ RAIQL1720

CAIDLT3C
RA101 740
RAICL750
FAIOL740
RAILLTTOD
RATOL780
QLI01T90
RAT01800
RATOLSBLO
RAIOQL 820
RAIO1830

" RAIQLB40

RAIQ1850
RAICIB860
RAIO18T0
RAIC1880
RAT01890
R&101900
RAIQL910
~AT01920
RATIOL1930
RAI01940
RAINL950
RATIO1660
R&4I0O1970
RATOLSBO
RATOYI99D
RA102000
RAIG2010
PAI02020
RAIO2030
RAT02040
RATI02050

" RAT02060

kRAJ02070
RATIOQ2080
RA102090
RATIO210C
RATIOZ2110
RAIC2120D
RA102130
RAIO2140
RAIO2150
RAT102160
RATIOZ170
PAIO2180
RAIO2190
RAT02200
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A NEw JEXSEY CEPARTMENT CF TRANSPNMRTATICN = CMS

CVESUM = (RCUM/L1Z.)*SO»C2

VLINCH = 12.#VLSUM/{S50*CQ)
12.%¥VDSUM/(S0%CO)

VCINCH =

" VLEFT = PORC*HT#ST#(0

VLEFIN = Ll2.*VLEFT/(S50%CC)

VRES! = VRSUM = (VDSUM + VLSUM + VLEET)
VRESIN = VRES

C... L X X J ] .... l.DUT“'UT
Wk ITE (6,609}

- WRITE (6:610)

WRITE (6,611
&

14 = 4

)

WKITE (645121
MKNT, 14

WRITE (74%)

DC 70 I = 1,MKAT
WRITE (7,702) I,
WRITE (6,702)

70 CONTINUE

C--....-.....FDRHATS
501 FORMAT (312+2XsFl0e3)

602 FCRMAT (2X,°*DATA INPUT"./

/5X4'KS
/5X KL
/5X,*50
/5X,4'D
/5X+'PORD
/5X*SLOPE
603 FORMAT (/72X
&/5X+"THETA
/75Xy 'K
£/5Xs 1 T1
&/5X+ 1A

Mmoo

#

an h NN anhk

/{124 *¥50%C0)
RESULTS
TCUM,
HT, ST
RCUM,
VLEF IN,

'c9 2"

£Ge2,:'
1,F9e0,!
! ,F9,1,!
'+ F9e2,
" 2 F9e20!

604 FDRHAT (T(2X4FBe3))
*NUMBER OF LCAYS

60S FORMAT {/5X -
& /5X

'NUMBER OF RAINFALL

NCCUNT

VRSU¥,
VLEFT,

ZZ{(1+1},

VL INCH, VLSUM,
VRESIN, VRES

CM/ SECY,
CM/SEC!

FEET",
FEET',

)

CAYS',

€10 FGRMAT (ISX-'LEFT ON LINER: Y,

E/10X, *HT =
E/710X4°ST

" Fl043,?
= .’FIOOB"

FEET',
FEET')

€11 FCRMAT (//7/5X,"MASS BALANCE:',
&§//713X*TOTAL RAIN

& /10X,

/710X, *LEACHATE THROUGH LINEK

& /10X!

&IIIDX"LEACPATE TG DRAIN

& /10X,*

6//71GXs"LEACHATE LEFT ON LINER

& /710X,
&/7/10X,*ERROR
£ /710X,?

612 FCRMAT (772X, *MONTH'y 4X,
701 FORHAT (312,7(2X,F843))
Ti2XsF8e31))

702 FCRMAT (15,

999 STOP

nH o Um0

'RAINY,

39

ZZ{1+2)
[y Z2(Y41)y Z2(142)y 22(1+3)

EVENTS =

CALCULATED PARANMETERS',/
'"+EGe3,
'+E9.3,
'|F902'.
,E9e2/7/77)

VDINCH,

LZ(1.3)

= '|F10.30

3 FlD.3,!
*3yF1l0a3,"
'vF10.3c'
t3F10. 3,
"2F1D.3,!
" 9FlOe3,!
*sF1lDe3,*
*2FlD.3,"
"4Fl0e3,°
"oFl0a3,*
5X,

'DRAIN'y 3X,

'y 110}

INCHES?,
CU. FT. '
INCHES?,
CUs FTe!'y
INCHES?,
ClUe FTe!
INCHES?,
ClUe FTaty
INCHES?®,
CUs FTe')

VDSUM,

YLEAKAGE")

FAIN221C
KAT02220
pA10222C
RAT102240
RAI02250

RATO2260

RAID2270
RAID2280
RA102290
RATO2300
R8102310
FATL232C
RA102330
KA 102240
£A102350
RAI02360
RAT02370
PAI02380
RAI02390
RAI02400
FA102610
RA102420
FAIC2430
RAT02440
RAI02450
#a102460
RATO24TU
RAT02480
RATI02490
RAT02500
RA102510
PA102520
RA102530
RA102540
RAI02550
RATU2560
RAT02570
RAIC2580
RA102590
PATG2600
KA102610
PAI02620
RA102630
RAT02640
RAT02650
RA102660
FAIO26T0
RA102680
%RAT02 690
RA102700
RAIL2T10
RATO2720
RAIG2730
RATD2740
RAIO2750
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ENC KAIQ2760

40



FILE: RAINLEAK DATA A NEW JERSEY DEPARTMENT OF TRANSFORTATICN = CMS

0.C1
0.0000001
150
3.
Ce3
2.0
3168 : 04070
4 168 - 0010
£ 168 0. 150
14 168 1+740
22 16¢8 0.180
2E 168 C.010
25 168 0. 040
3p 168 0.090
s 268 0e 523
10 268 0.030
29 268 06U
1 368 Q¢ 100
G 368 Je010
10 3¢8 0. 100
12 368 1.8C0
13 3¢8 Ve85
17 3¢8 Ve 640
1€ 363 D760
23 368 Qe 560
25 363 Ve 020
1 468 0.080
4 468 0010
€ 468 0.029
B 468 0060
22 468 0.010
24 468 1.21C0
27 468 0.010
30 46E i 0090
1 568 0.010
2 568 ' 0010
3 568 0.030
4 568 0.010
€ 568 0.020
¢ 568 " Da030
11 568 0. 780
12 5¢68 0.090
16 568 0. 620
1€ 5¢8 0.040
1S 568 0. 260.
23 568 0.380
24 568 0.190 : :
27 568 0.070 .
28 568 0. 850 :
25 568 2+320 .
30 568 Q.130
2 668 D.020
11 &6¢é8 0.9010
12 668 4220
13 668 0,010
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