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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

ivolume 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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If. INTRODUCTION

The volume of leachate which leaks out of a landfill is an impor-
tant factor in assessing the environmental impact of the lan-
dfill. 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

lot 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 (i) the theoretical background to describe leakage
through a 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, 1981). These mathematical equations are modi-
fied to describe (i) 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.
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III. Liner Geometry

A cross-section of a landfill is shown in figure I. The geometry

of the clay liner is similar in shape to a 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 S o . the liner thickness, perpendicular to the
slope, is d. The slope of the liner is @. The clay liner has a

hydraulic conductivity of kc while the hydraulic conductivity of

the sand is k s . The porosity of the sand blanket of _. A
complete listing of all variables is given in appendix A.
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IV. ASSUMPTIONS

Leakage from a landfill is s 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
l:andfill. In 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:

i. 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 instantaneously and
immediately forces leschate 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 Datcy's Law;

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

9. When recharge is added to a partially ,lissipated leschate
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 equal to Su, and;

i@. The clay and sand layers are homogeneous, of constant areal
thickness, and of uniform _lope.
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V. TRANSIENT STATE EQUATIONS

Equations for dissipation of a transient head on a liner are

based on the assumption that an initial head hQ instantaneously
appears on the liner. This head gradually dlssipates 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 : k I A (i)

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:

QD = ks sin8 hcos@ w (2)

where QD is the flow rate, h is the head 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

-ds _hcosew (3)QD = dt

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:



-I kssin@dt (4)
ds = _--

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

S=So, the saturated length as a function of time is

s = SO (i k_sin@- tl

By defining t I as:

tI = (6)
kssin@

equation 5 is rewritten as:

s = 5O (i - _ ) (7)
tI

It is easily seen that when the saturated length is equal to 0,
the time t is equal to tI. Thus t I is the time necessary for all
the leachate to drain off 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

QL = kc (i + hcos@) s cos@ w (8)d

where QL is the volumetric flux rate through the clay.

The continuity equation describing the rate of head dissipation
is

QL = -dh _scosew (9)dt

Combining equations 8 and 9 yields
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dt - dh (10)
kc(l+hcos@/d)

Solving differential equation 10 for the initial conditions at

t=O, h=h O, yields

h = h o [e-at ( d + i) d ] (ii)
hoCOS@ hoCOS@

where

k_cos@ (12)

Let t 2 be the time when h=0 (the time when the leachate head has
entirely dissipated). Equation ii becomes

0 = h o [e(-at2 ) ( d + i) d_d____] (13
hoCOS8 hoCOSe

Solving for t2 results in

- _ h_cos@, (14)
t2 _ 1 in(l + --ud ;a

If t- iS defined as the lesser of t I and t 2, at time t_ no
leac_ate remains lying on the liner. The volume of leac_ate
which leaks through the clay is calculated by integrating from

time t=0 to t=t m the time rate of change of the leachate head
(dh/dt) times the area over which the leakage occurs. If VL is
the volume which leaks through the liner, the leakage volume

integral is written as



II
i

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

V L = VO(ho_OS@ + l){[l-_][l-e(-atm )] + e(-atm)t-m]tl (16)

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

V o = _WSohoCOS9 (17)

and k is defined as

k = Sok--c- (18)
dkstanO

By a similar procedure the volume of water which moves through

_he sand blanket to the drain, VD, can be shown to be

VD = Vo{( d +l)(_)(l_e(-atm)) d tm } (19)hoCOS@ hoCOS@ t I

Adding equation 16 (VL) to 19 (VD) does result in Vo, the origi-
nal volume liner, for both t=t I and t=t2, 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 draln di-

vided by the original volume of leachate (VD/Vo). From equation
19 this is shown to be

Et = ( d + i)(_) (l_e(-atm)) d tm (2_)hoCOS9 hocoSO tI

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

9



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

VL = LttmSoWCOS @ (21)

Solving for Lt (using equation 16 for V L) results in

Lt = t_mho (__hoCOSS_+ l){(1-_) (l-e(-atm)) +e(-atm)t-m}tl (22)

For a landfill lined with an efficient liner, the value of t 1

will be much less than t2 and thus tm will equal tI. That is,
the leachate will tend to move to the drains instead of leaking

through the clay. When this is the case the expressions for VL,

VD, Et, and Lt simplify to:

VL = VO(hocods@+l){(l _I) (l_e -k ) + e-k} (23)

VD : Vo { ( d +l)_(l_e-k) d} (24)hoCOS@ hoC0S_

Et = ( d +l)_(l_e-k) d (25)hoCOS8 hoCOS@

= _h O (d+l){(l _I) (l_e -k ) + e -k] (26)L t
tI
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VI. 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 h s be the steady head which is on the liner and R the steady
r_echarge rate (units of length per time). Using Darcy's law

(equation i) the leschate flow rate to the drain, QD' and through
the liner, QL' are expressed as

QD = kssinShsC°SSW (27)

QL = kc(l+hs_qSS)SoC°S@W (2B)

The flow rate of recharge water which moves down through the

landfill, QR' Js expressed as

QR = RSoC°SSW (29)

Continuity requires that Q be equal to QD plus QL" Setting
these equal and solving for _s results in

This equation only holds for those values of R greater than kc.
If R is less than k_ then all of the recharge will pass through

the liner and h s wi_l equal 0.

Substituting the equation for h s into the equations for QD and Q5
results in

ii



R-k
QD = WSoC°SO _-_c (31)

QL = (R- _kkC)SoCOSOW (32)

The expression for QL can be manipulated to yield a steady-state
leachate flow rate, Ls. This rate is

L s = R R-kc (33)l+k

The steady-state efficiency (Es) is QD divided by QR:

E s = l-kc/R (34)l+k
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VII. 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 ca_ be easily

established. Let a recharge event of magnitude R (units of

length) occur every t R days (e.g., 1 inch every 10 days), t R is
the return period between rainfall events. If either t I or t 2 is

less than t R all of the leachate will either drain off or leak
through the q iner before the next recharge event. If this is the

case then hq, the head immediately following a rainfall event, is

hq = R*I_ (35)

For the remainder of this section, it is assumed that tR is less

than either t I or t 2.

The calculation of hq is straightforward. The volume of leachate
on the liner immedia£ely after a recharge event must be equal to
the volume just before the event plus the recharge volume. Or:

_hqSoCOSgW = _h SRCOSeW + R SoCOSeW (36)

where h R and s R are the saturated head and length respectively at

time t R. From equation ii and 7 it is known that h R and s R are
expressed as

h R = hq {e(-atR ) ( d +i) - d } (37)
hqCOS@ hqCOS8

SR = So (l_t_) (38)

13



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

hq = (R*/_)-(d/cog8) (l-e(-atR)) (l-tR/t I) (39)
1 - e(-a£R) (l-tR/tl) -- --

The volume of water which leaks through the liner (V L) is the
integral over time of the saturated length s multiplied by the

time rate of change of the head dh/dt:

RV L = _WCOS{) ( )sdt (40)

Substituting for h and s and integrating yields

VL = Vo(hqcdos@+l){l - e(-atR ) + _.l[e(-atR) (atR+l)-l]} (41)

The average leakage rate between recharge events, Lq, is derived

by dividing V L by the time t R and by the cross sectional area
infiltration occurs through, swcose. This results in

Lq = -_-q(. d _+i){I - e(-a_R ) + _[e(-atR) (atR+l)-l]} (42)
tR hqcos_

The volume of water which moves to the drain between recharge

events is defined as V D and is mathematically defined as

1 e(-atR) d (43)
VD = Vo { (, d +i)_(I- )

nqCOS_ hqcose tI

14



The efficiency of the liner (Eq) is calculated by dividing the
volume of water which moves to the drain (V D) by the volume of

recharge (Vo):

Eq ___.h{(, d +i 1 ^(-at R) d= )_(I-= ) _R} (44)
R nqCOSe hqCOS8 tI

A check on continuity, made by setting the volume of leachate on
the liner just after the recharge event equal to V D plus VL plus
the volume on the liner just before the recharge, is satisfled.

]5



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 a 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.) If all 52 inches is applied at one time

then the average leakage rate through the liner, Lq, is 21,138
gallons per year per acre (gal/yr/acre), the initial head
buildup, h is 14.4 feet, and the liner efficiency, EO, is
98.5%. If t_e frequency is increased to two recharge events per

year (with each contributing 26 inches of recharge) then Lq

becomes 24,775 gal/yr/acre, hq becomes 7.2 feet, and Eq becomes
98.2%. Increasing the frequency to 3650 times per year (e.g., it
rains 10 times per day with each rainfall event creating 0.014

inches of recharge) Lq becomes 67,3@3 gal/yr/acre, hq is 3.0
feet, and Eq is 95.2%. The gteady state recharge case of 52
inches per year (or 1.37X10-" feet per second) results in a

leakage rate Ls of 67,326 gal/yr/acre, a steady state leachate

head h s of 3.0 feet, and efficiency, Es, of 95.2%.

The greater efficiency of, and lesser leakage through, the exam i
ple liner under a single recharge event per year as compared to
more frequent 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; iculating

t], the time needed for all leachate to slide down the liner to
t_e drain, tI is 79.4 days for this case. (For this example,
and all reasonably designed llner systems t2 - the length of time
necessary for the leachate slug to complefely leak through the
clay - is much greater than t I. Thus t2 need not practically be
considered.) After a recharge event tSe 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 (i event per year) this
means there will be 79.4 days of leakage and 285.6 days 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 actually 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 also be less. But
because the leachate is on the liner for a greater amount of time

more total leakage per year is observed.

If 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.
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Table i. Quasi-steady state vs. Steady State

(Total yearly recharge volume held constant)

# of rainfall L h

events per year (gal_yr/acre) (_ (_eet)

1 21,138 98.5 14.4
2 24,775 98.3 7.2
4 32,047 97.7 3.6
8 48,360 96.6 3.1

16 57,872 95.9 3.0
32 62,689 95.6 3.0
64 64,883 95.4 3.0

365 66,320 95.2 2.9
730 66,523 95.2 2.9

3650 67,303 95.2 3.0

Steady State: Ls=67,326 Es=95.2 h$=3.0

Landfill parameters

ks = 1 X 10-2 cm/sec = 1 X 10 -4 meters/sec
kc = 1 X 10 -! cm/sec = 1 X 10 -9 meters/sec
d-= 3 feet = 0.9144 meters

SO = 150 feet = 45.92 meters
@ = 2% = 1.14 °

#=0.3
R = 52 inches�year = 1.32 m/year

18



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

moving to the drain increases at a greater rate than the volume

03 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 from 1 to 10_ inches

per year the liner's efficiency increases from 0% 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 as the rainfall

volume increases but the return period (tr) 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.

19



Table 2. Steady State Case: Efficiency vs. Leakage
(Increasing volume of recharge)

R L h s
(inches/year) (_ (gal_yr/scre) (feet)

1 0.0 27,152 0.0
5 73.3 36,200 0.2

10 85.4 39,512 0.5
25 92.7 49,445 1.4
50 95.1 66,002 2.9

100 96.4 99,114 5.8

Landfill Pirameters

k s = 1 X 10 -2 cm/sec = 1 X 10 -4 m/sec
kc = 1 X 10 -/ cm/sec = 1 X 10 -9 m/sec
d = 3 feet = 0.9144 meters

S = 150 feet = 45.72 meterso= 2% = 1.14 °

_--0.3

Table 3. Quasi-steady State: Efficiency vs. Leakage
(Increasing volume of recharge)

R E L

(inches) (%7 (gal_yr/acre) h_feet)

0.096 74.5 34,646 0.23
0.192 86.1 37,819 0.52
0.479 93.0 47,302 1.41
0.960 93.35 63,198 2.89
1.918 96.51 94,855 5.84

Landfill parameters

t = 7 days
krs = 1 X 10 -2 cm/sec = 1 X 10 "4 m/sec
k_ = 1 X 10 -! cm/sec = 1 X 1@ -9 m/sec
d-= 3 feet = 0.9144 meters

SO = 150 feet = 45.72 feet
@ = 2% = 1o14 °

_-- 0.3
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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 t_e 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 a head on a liner (equations 7
and ii) 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 numerical
method was used to predict leakage through a landfill assumed to
have an initial head of zero in January, 1968. The assumed

physic_l 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 figure3 a leakage value of 0.1 inches is equiva-
lent tc 43 gallons per acre.
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Figure 2. Monthly Rainfall at Trenton Airport
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Figure 3. Calculated Monthly Leakage
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•Tak] __ 4. Tr_:.-_=-nt Eta: =. %u.-.:erica:[.xa_.z_6: Fro cran Cu:.D'_=
FILE: %_INLEA,_ OuTPjT A N£,,,JERSEY DEmA_T_=_NT CF T_t,_SFr3.,;TaTI::, C."

r'-TA lhPuT:

v,S = O. IJE-OI Cu,/SEC
_,C = O,: 0E-0_ C"/SEC
SO = 150, FE£ _
D = 3,0 FE':T
PO_C = 0.30
SL[.,PE = Zo00 :I

CALCULATED PARAMETERS

THr_I-' = O. 2uOE-OX
K = U, Z5_E-01
Tl = 7%38 DAYS
A = D.32E-03

NUMBER OF DAYS = 2189.
NUMB=R OF RAINFALL EVENTS = 724

LEFT Ch LINER:
HT = 2.790 FEET
ST = 148.110 FEET

MASS BALANCE:

TOTAL RAIN = 25B, 774 INCHES
= 3234.030 CU. FT.

LEACHATE THROUGH LINER : 12,8o3 INCiES
= " 16O,?5B CU, FT,

LEACHATE TC DRAIN : 2]5,813 INCHES
= 29_7,0T1 CU, FT,

LEACHATE LEFT ON LINER = 9,91B INCHES
= 123,950 CU, FT,

ERROR = O,OOl INCHES
= 2o251 CUe FT,

MONTH RAIN DRAIN LEAKAGE . .
1 2,Z90 0,#19 O.lOZ
2 1,153 0,715 0,102
3 4,440 1.490 O, 13B

1._3 1,724 C.138
5 5,8_0 1o980 0,153
6 b,ZbD 3,7_2 0.191
7 2,35_ 3,866 0.191
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FILE: RAINLEA_ OUTPUT A NEW JERSEY DEPARTMENT OF TRANSPORTATICN - CME

8 2,933 3,712 0,191
9 1,193 2,875 O,Ib4

I0 1,920 2.349 0,157
11 _.@bD 2.6L3 0.104
12 3.070 2o96_ 0.175

13 2,380 2,539 0.162
14 2.63_ 2°474 0.151
15 2,4_0 2,627 0,162
16 2.230 2.342 0,15T
17 3',110 2,555 0.163
18 5.090 2.895 0.169
19 7.510 3,550 O, L90
20 3.333 4.817 0,219
21 6.66_ 5,154 0.220
22 1!.250 4,298 0,19g
23 2,1_3 3,244 0.177
24 6,850 3,3_3 0,187
25 O,9LU 3,633 0,192
26 2.b1_ 2,882 0, t62
27 3.03b 2.780 0,170
28 4.350 3.399 0.181
29 3.913 2.218 0*IBI
30 3,87_ 3.343 0,181
31 1=,b70 2,984 0,175
32 2.870 2,855 0*169
33 0.793 2,361 0.155

34 2o713 2°063 0.149
35 4°700 2,762 0,166
30 2,73_ 2.87_ 0.174
37 2,610 2.980 0,174
38 4°903 2°726 0.161
39 3.130 3,5_7 0,190
40 2.59_ 3.375 0.168
41 3.880 2,983 0.176
42 1.48_ 2.814 0,107
43 4,900 2.432 0°161
44 9.660 3°607 0,188
45 5,593 5,837 0.236
_6 3,700 5.245 0,228
47 4.640 4.331 0,204
48 1.240 4.270 0,206
49 2,260 3.503 0.189
50 3.330 2.901 0,164
51 3.5_3 3.318 0.184

52 2,790 2.946 0.172
53 5.0_0 3.513 0°187
54 6.093 3.433 0.186
55 2°740 4.266 0.205
56 1.170 3.316 0.177
57 1.640 2,523 C, 160
58 5,090 2.991 0.175
59 7.740 3°971 0.198
60 4,69_ 4.712 C,220
61 3.860 4.225 0.199
62 3,853 4.352 0,193
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FILE: R_It_LEAK ._UTPUT A NEW JE; SEY DEPARTMENT CF T._ANSPCRT_TICN - CHS

63 3,95Q 4,001 0,199

64 6o610 4,%51 0,204
65 3,7bD %,433 0,212
60 5,580 4,010 0,[97
67 2,38) _,575 0,214
68 2,070 3*839 0,190
69 5.83D 3,183 0,[73
70 3.71_ 3.305 0,164
7[ 1,050 2.88L 0.[7D
72 6.973 3.367 0,[86
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XI. CONCLUSIONS

There are several ways to simplify the analysis of the quantity
of leachate leaking through a landfill liner. The assumption

that the flow is either in a steady, quasi-steady, or transient

state allows the development of easily programmed equations.

Analysis of these equations shows that as a means of comparative

eyaluation a landfill's liner efficiency is not as desirable a
quantity as is 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 a landfill to the underlying soil.

The methods presented here allow a landfill designer to compare

different liner parameters to determine which is more important,

for example, comparing 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.
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APPENDIX A. VARIABLES

variable description/definition units

a k/t I [l/T]
d clay liner thickness

perpendicular to slope [L]

Eq quasi-steady state liner
efficiency [%]

E s steady state liner
efficiency [%]

E t transient state liner
efficiency [%]

h leachate head [L]

hq maximum quasi-steady state
head [L]

h s steady state head [L]

ho initial transient state
head [L]

k Snkr/(dk_tanS) [L]

kc clay liner hydraulic
conductivity [L/T]

ks sand blanket hydraulic
conductivity [L/T]

Lq quasi-steady state leakage [L/T]
Ls steady state leakage [L/T]

L t transient state leakage [L/T]

QD volumetric flux rate to
drain |L3/T]

QL volumetric flux rate
through liner [L3/T]

R. steady state recharge [L]
R quasi-steady state recharge [L]

s saturated length parallel

to slope [L]

SO liner peak to trough
distance [L]

tm minimum of tI and t2 IT]

tI S^_/(k_sinS) - IT]

t2 ([2a)In (l+hoCOS@/d) [W]

V D volume of leachate inter-
cepted by liner and trans-
mitted to drains [L 3]

V L volume of leachate which
leaks through liner [L 3]

V o original volume of leachate
on liner [L 3 ]

w unit width [-]

8 slope of clay liner and
sand blanket _ [-]

porosity of sand blanket [-]
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Appendix B. HP-41C Programs for Transient, Steady and Quasi-steady
States

=: CTr_
t_.pi ....%2.'.=,-'"Ir_,_" .:...... 22 i_2 :,'.'i 2-

_3.":C_;'O_I_'''',.,, ,, 53 RC:"3- 163 ;CH
_,vMr, " I.P,_. " G_L/N[.;:"

65 $7{,66 5_ _i;.,_
_6 "hE,?FZ-"" _. F..:L leE,'FP.E'L:;
67 F_<O,=,PT 57 .-
...... - 5E;F,CL_4 167'TI="

@9"LEL"T'" S9¢;x.
i6 ;2/¢ 66 i .,: -;:¢
II _[:_b 61 + i '-- .h /

12 ¢; '" 62 •

• .r, ,. 6_.R-.L_? _r.,,,..'.."I_ * ,c 1!3.....""
. . . 6. ,'_,

!5,,_,_ ,:5ST",2.': l!iFFE.:F-r,H . _..!,.

16 ;-" '_' 66+'i:: 26.... ,.-'c, lh:. ";;;'
!7 ..,:_...... C:F_H'£'
!E;F:CL£? 6IE:,.,

• I.<';:L 6? 6.c ;_.CH;
7%" ="p.,,

._: ,.:,: 72 ;,:L66
. 7_ &;.::::.:

2. [

24 ETC!_S (4 r_.t,,_
25 FCL_6" 75 "He:"

....... 76 _6P26.!.n_,
27 EtX 77 RCL6'7
2_,:-:.TO34 78 i_L':':i

79 " FE-T"25 1
3,) EHTEP[:. 8B_,..*:.q
3 i 'LfL.... Z_ i 8I PRE:i.;F
3" I/:; _ _,D'_;
_. _ 85 "E"

84 i:iC:;,
3
,,5 EHTERf 8_ !16
36,RCL34 86F)CCHF:
37 - _7 " ="
3_ _' 88 F;C$%
39 RCL34 89 RCL23

4!RCL_,3 91 "
42 1 92 flCX
,i" + 93 37

?p.,
94 l;iu_,HR44 *

.i_RCL86 % PRBUF
96 "L"

46
47 RCL$7 " 97 AC_
4e * 98 116

¢,r i 2_ _ I:ICCHR49 .,C ,
SC.S82E:.S I$@" =',
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r

e4 FRO_P: 55 + !e_-

66 : 57 CES I_7:7
87 STO@6 5_ RCL::? .e;; :CCHR
• p., *_.C.° .

8_*L_L v.._ 59 + lee _EELF

@9_CLI@ 68 STC24 !I_"L"
le43S_ 6! ll.._:..-°c_'=_ III_CA
I!." _2 _ 112115
12 :,n 18 . HC_,,_"'" 63 STO::: _!3_ :="
IT _i '_ ", *r C ' • •
-- . . _o

i4 ""

.. L. *" 67 _o I17_'.:.
i7_;q _ : liE:_B:.;F

,,._.,:k, _l _ 12!"O_L/YR.'_C:::"
2! EC.L15 72 - i2:_C:_

25 >:>':_ 7z STO3T 124"_"
24 GTC:'_ _ ..... " 125H_W
Z5_ 76 ^_"'""'""'_ff_ 126"::5

::,:L'2: 77 "_=" !_ _CC_.
27 _TO'2_ 7E:._"_ 126" ="
28 _CL.l_. 7_ n.."r'I_ 129£C_

38 27152_ 81 " IN/YE_" 131....,,_:v
31 * %2_C_ I_2• FEET"
32 STO25 _3P_BUF ITS_
33 "_ 2e'" 84 "R=" 134_RBUF
a4*L=._._ 85 _C_ 135_u_....
:35RCL18 86 RCLIB 136EHD
36 RCL 15 87 _,I_2.
37 - 88 '
38 EL 84 89 _CX
39 _ W PRBUF
48 RCL38 91 "
41 1 92 _C_
42 + 93 "GRL/YR/_CRE"
43 _CL16 94 RCR
44 SIH 95 PRBUF
45 _ % A_V
46 RCL14 97 "E"

48 .' 99 115
49 _Tr:26 I_ _CCH_

RCLI_
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- i .=2.._ ":':""....... -_"....... ;: 2_._RCLE'_ _..._.r...U,'.u:_;;:" ,M :_Za.o ..... ,

_" PROMFT 57 _ !67 / r_:L,:of

=._ i="RCL-_ -- 257" FEET6_STOE':" -'-" I67C.;;_ .., u, _-;"R="
_9 "T-F.?_,F4":::" 5_ ,, 16c' R.:.L'" -'5_ _ 2,;.: qcF, 2=: "". o ._ . ll' " .. .'o' i_Lh

!6FROMF'T 6@ RC:L6E He F,CL e;. _59+ 269RCL"" 25¢FREiF: 0

I! """ OL:' .>i , ,_6¢_"_ w":.,U III." - Z!e He..,,_
12,L_L......c- 6-;'....2.;. '_ 16!,' "',(4_c_.. •

.... ;-" "" _._ _,,c _",:.";;.. "6:'. E_TET_ 253 EH!_• _._,_...... 213_F.;CjL;F
,.--_:_y _5 .. +,.--:.-. -, 1E,4E','. ":"

v.,- -. k6 _T; _." I'"n,.' _:_ !65 - _.= ;.-_h: • $ _C,: " " .... _;"

!-;E_ 67 "_c;_=" " 166_ b_'.,YFc.,..R_, ._...,'.,:a i:I" 216 "'' ..... " ....

.-, " - I&St*.. 21_Fr,SLv': ._.t,V ,.c.c:h_'.5 j)y ,' -- " -
;_,,;_ -_ 7_,RCL_ 120_T;-2,; ';d,, 21Q....

a..o.

.. -,, :7 72- 122 ""' 6'.3 t7! / 221 _C_

" _:: RCL""
¢._ ._.',r r_L CC 2Z'. _L.Cr,,_"

,_ , --... !7C
_ _TO ' : _,' , i,:-_ .... 22_ " -"#._, • * 'o w-.. -

• - "_ ..... ::_ ;,._r ,--26 "" _: 76,RZL"' IZ:' _,,.r,,.L• .w,_,M

27 ".'1 E.C 77 - 127 ":T;,":' 176,_ 2,_;.... . ..._ -_RCL:'?
218;'.'{=77 7; _. 12_RCL_:' 177RCLt" _;"i26

- .. -- : , 178,' ....

_ORCL '" 86 138 * 179_:TOo_.... 22__,C:','
3!RCL _f 8! ¢.... I8_.LE::e5 2_::" "_,U2¢, 13! i " " ..
3Z / 82 C-TO65 132+ 181XEQ"AhS' 23!_C;;

-- "R+:; _ 182153,_ STOz_ 8. L. !6 i_).E_.LP 23237
34 !/X 84 I 134* 183P.CCHP, 233 ,,,C.u.'i,:
35 RCL_3 85 EHTEFff 15[; 184 • =" 2.34FF,)L_F
_,6* 86 RCL6.:, 136- 185 I%C_ 235 "L"
37 RCL16 $_ RCL_! 137RCL 38 186RC'..86 836_C_%
38 COS BE:.' 138/ 187 _C,Y. 237 113
39 / 88 - 139RCL34 188PRBUF 238_%CCHR
4_ STO35 9_)STO3}' 140 - 18g "R*:" :>39" :"
41 RCL_ 91 RCL32 141 i 19__C_ I_48_C_q
42 CH$ 9% RCL@9 142+ IglRCL@8 _4!RCL25
4,_EIX " 93• 143RCL33 19Z(_CX _42ACX

"_ _ CHS 193" INCHESo,034 I_41 243PRE_UF
45 I 95 EiX 145+ 19.;RCi_ 244 •
46 EHTERi % STO34 14E., 195PEBUF 245 _C_
41 RCL_e 97 I 147RCL@6 196"." 246 "GQL/YR/QCRE"
48 1/:_ 98ENTE_it I_8* I,_?i_C_ 247RC_
4_ - 99 RCL)4 149RCL2_ 198i!4 248FP.SUF

D '
5_ I h),_- 15E_, 199_,CHR 249"H"

2e@" :" 25@_CQ
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@I*LBL"RHS" @I.L_L"COHV-
@2.L2L26 @2 RCLBI
@3 SCI2 03 _2_4.6_
@4 "KS=" @i_L_L"IHIT" @4 •
@5 AC_ @2 "KSCM/SEC" @5 STO14
O& RCL@! 03 FROMPT @6 RCLe2
B7 _CX @4STO@! 07 2834.6
O8 • CM/SEC" 85 "KCCM/SEC" @8 *
89 AC_ @6 PROMPT 89 STO 15
I@ PRBUF Ol STO82 18RCL55
]I "KC:" 88 "GC?FEET" I! I@6
12AC_ @9 PROMPT !2 /
13 RCL82 18STO8_ 13 _TPH
14 _CX |I "SO?FEET" i4STO!6
I5 " CM/SEC" 12PROMPT !5RCL8_
16;CR 13STOe4 !6 12
17PR_UF 14 "SLOPE?%" 17 /
18 FIX2 15PROMPT 18STO17
19 "DC=" !6STO85 19RCL_4
28 _C_ I?RTN 28 RCL8_
21RCL e) 18EHD 21 /

22 _CX 22RCL82
23 " FEET" 27 •
24 ACA 24 _CL81
2_ PRBUF 25 /
26 "SO=" 26RCL16
2l AC_ 27 T_H
28 RCL84 28 /
29 _CX 29 STO3_.
3B " FEET' 38 RCL5(
31ACR 31RCL 14
32 PRBUF 32 :
33 16 33 RCL86
34 _CCHR 34 *
35" =" 35RCL16

flC_ _6 SIN
3l RCL85 37 :

RCX 38 STO31
39 " " 39 I/X
48 ACfl 48 RCL3e
41 37 41 *
42 ACCHR 42 STO_2
43 PRBUF 43 RTN
44*LEL99 ,44END
45 RTH
46END
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:#: T S :*:

[_,'.: -.;.{' FEE:.

I : ".7('
_0 : :.,;;' ;:ET

E_ : 93._<-''.
Lt = .... _' q"

"" T| : .'%._:T_.mr,:

:4 '.:_:::-; : ¼�D( = "._-;' FEE"

.... r :.:.t

.'.-: "._e %
..._ _, _,_.m_

. , r.- m<-

L_ : _,7,7,._;,7",

i-I=": _..9FEE_"

KC : I._-_?C_SEC
_C : 3,_ FEET
SE: 15_,_ FEET
e : 2.ee
_:e.3e
_, = _2.eeINCHES

E_ : _,5_
L_= 2h13E,_4

G_L/YR/_CRE
_4 : 14.44FEE_
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_ppendix C. FORTRAN Program for Iterative Transient State with
Sample Data

FILE: RAINLEA_ FORTRAN A NE_ JERSEY DEPARTMENT CF T_ANSP_RTATI_H - CMS

C R_IOOOlO

C _AI{,O02O
C _AIOO03O
C EAIOOOqO
C RAI_LEA_ RAIOO050
C" RAIOOOBO
C THIS PROGRAM CCMPUTES THE LEAKAGE THROUGH A LANDFILL LINER RAIO007O

C BASE_ ON THE LINER'S PHYSICAL CHARACTERISTICS AND MEASURED RAIO008O
C RAINFALL DATES AND AMOUNTS, ALL OF THE RAIN IS ASSUMED TO RAIO00go
C INFI£TRATE INTO THE LANDFILL AND IMPINGE ON THE LINER. RAIOOIOO
C RAIOOllO
C RAIOOI20
C REFERENCE: R_IOOlO0
C LANDFILL LEACHAGE FLUX EQUATIONS PAIOOL_O

C JEFFREY L. HOFFMAN, SE_ICR GEOLOGIST RAIOO[SO
C NEw JERSEY GEOLOGICAL SURVEY PAIOOL60
C "RAIOOITO
C RAIOOIBD
C RAIOOlgO
C RAIOO200
C RAIOOZLO
C VARIABLES MEANING RAIOO220
C .............. RA100230
C RAIOO240
C A = K/TL (L/CAYSI PAIO0250
C CO = COSINEITHETA) RAID0260
C D THICKNESS OF CLAY LAYER PERPENDICULAT TO SLOPE [F_ETI RAIOO2TO
C _DMMYY OAY,HONTH,VE_R OF RAINFALL EVENT (FORMAt = 312) RAIO0280
C DNEw DAY CF RAINFALL OF PREVIOUS LOOP PAIOO290
C DOLD DAY OF RAINFALL OF PREVIOUS LOOP RAIOO30O
C DTERM = I + _/(HO*CO) IDIMENSIONLESS) RAIO0310
C EX = EXPI-A*TM) IDIMENSIONLESS) RAIOO320
C ExTERM = I - EX IDIMENSIONLESS) PAIO0330
C FL = (MNTHIMOLOI - DOLDIIT ==>DAYS BETWEEN RAINS IN RAIO03$O
C OLD MONTH RAIO_350
C F2 = DNEwIT ==> DAYS BEWTEEN RAINS IN _EW MONTH RAID(Oh0
C HT SATURATED HEAD PERPENDICULAR TO SLOPE AT END OF DRY _AIO,J3TO
C PERIOD (FEET) RAIO0380
C HO SATURAGED HEAD PERPENDICULAT TO SLOPE JUST AFTER RAIO0390
C RAINFALL EVENT (FEET) RAIO0400
C I DO LOOP PARAMETER RAIOO_IO
C I6 = 6 DAIO0420
C K = SO_KCI(D_KS=ATANITHETA|) (DIMENSIONLESSI RAID0430
C KC CLAY ,LINER PERMEABILITY IFEET/DAY) RAIO0660
C KCCMS CLAY LINER PERMEABILITY ICENTIMETERS/SECOND) RAIOCk§O
C KS SAND BLANKET PERMEABILITY IFEET/DAY) RAIO0460
C KSCMS SAND BLAr_<ET PERMEABILITY ICENTIMETERS/SECONC) RAIO04?O
C MK_T TOTAL NUMBER OF MONTHS SINCE SIMULATION BEGAN RAIO0680
C PKkTML = MKNT -L • RAIOO6gO
C MNEw MONTH OF RAINFALL EVENT OF CURRENT L3DP • RAIO0500
C MNTHII2) NUMdER OF DAYS IN EACH MONTH IIGNORING LEAP YEARS) PAIO0510
C MOLD MONTH OF RAINFALL EVENT OF PREVIOUS LOOP RAIOUSZO
C NCCUNT COUNTER FOR NUMBER OF RAINFALL EVENTS RAIO0530
C PURO POROSITY OF SAND BLANKET IDIMENSIONLESSI RAIOO560
C RAIN RAIN AMOUNT OF PREVIOUS LOOP |FEET) RAIOOS50
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FILE: PAIr=LEAK FORTRAN A NEW JERSEY DEPARTMFNT rF TRANSPORTATION - CMS

C RCU_ CUMMULATIVE RAINFALL (INCHES) RAIOO550

C RINNEM RAIN AMOUNT OF CURRENT LnOP (INCHES) RAIO0570
C RINGLD kAIN AMOUNT OF PREVIOUS LOOP (INCHESI RAIOO5BO
C ST 31NE(THETA) EAIDO59C
C SLEPE SLOPE OF LINER (_1 RAIOO600
C ST SATURATED LENGTH PARALLEL TO SLCPE JUST BEFORE NEXT RAIO0610
C RAINFALL EVENT (FEETI RAIO0620
C SO LINER PEAK TO TROUGH DISTANCE PARALLEL TC SLOPE (FEETI ;AIOO63D
C T TIME BET,EEN PREVIOUS RAINFALL EVENT AND EVENT OF RAIO0640
C CURR_NT LGOP (DAYS) PAIOO65D
C TCUM COUNTER FOR TOTAL NUMBER OF DAYS IN SIMULATION RAIO0660
C THETA RAIO0670

C TM MINIMUM OF TL AND T2 (DAYS) RAIOO6BO
C T[ = SO_POROI(KS*SLI ==> NUMBER OF DAYS A HEAD CAN STAY RAIO0690
C ON LINER BEFCRE SLIDING OFF T3 O_Alt_ RAIOOTO0
C T2 = (ALOG(I �HO*CQID)I/A==> NUMBER OF DAYS A HEAD CAN RAIO07IO
C STAY CN LINEB BEFORE LEAKING THROUGH EAIOOT2D
C VO LEAKAGE TO DRAIN (FEETI RAIO0730
C VCI:_CM LEAKAGE TO D=AI:q (INCHES) _AIGO7$O
C V_SJM " CUMMULATIVE LEAKA$E TO DRAIN (FEET) RA!O0750
C VL LEAKAGE THROUGH LINER (FEET) PAIO0760
C VLEFIN LE_CHATE LEFT CN LINER (INCHES) RAIOO770
C VLEFT LEACHATE L_FT DN LINER (CUBIC FEET) RAIOOT80
C VLINCH LEA_AGE THROUGH LINER (INCHES) RAIOOT90
C VLSUM CUMMULATIvE LEAKAGE THROUGH LINER (FEET) RAIOO80O

C VRES CUMMULATIVE MASS ERP.CR (CUBIC FEET) RAIOOBIO
C VFESIN CUMMULATIVE MASS ERROR {INCHES) RAIO0820
C VESJM CUMMULATIVE RAINFALL (CUBIC FEET) RAIO0830
C VO VCLU_E OF LEAChATE ON LINER JUST BEFORE A RAINFALL RAIO0840
C EVENT (CUBIC FEET) RAIOU850
C YNEw YEAR OF RAINFJLL EVENT OF CURRENT LO3P RAIOOBAO
C YGLD YEAR OF RAINFALL EVENT OF PREVIOUS LOOP RAIDOBTO
C ZZ(75,6) MONTHLY SUMMARIES RAIOO8BO
C CCL, l: RAIN (INCHESI RAIOOBgO
C CCL, 2: LEACHATE TO DRAIN (INCHES) RAIOO900
C COL. 3: LEAKAGE THROUGH LINER (INCHES) RAIO09IO
C RAIO0920
C RAIOO930
C RAIOOg40
C .RAIOOS50
C EAIOO960
C .... DATA INPUT--- RAIO0970
C RAIOO98D
C CARO VARIABLE RAIO0990
C ............ " RAIOXO00
C _AIOlOlO
C 1 KSCMS RAI0102O
C 2 KCCMS PAIOt030
C 3 SO , RAIOI040
C 4 D RAIOI050
C 5 PORO RAIOI060
C b SLOPE RAIOtOTO
C 7 �DDMMYYtRAIN PAIOI080
C FAIOI09O
C ;AIOIIO0
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FILE: R_I:;LEAK FORTRAN. A NE_ JERSEY DEPARTMENT _F T_&NSP_RTATICN - CMS

C _AIOIllO

C ---UhlT DEFINITICNS--- RJlOll20
C RAIOI13O
C UNIT DEFINITION RAIOII_O
C ........... RAIOII50
C RAIblI60
C 5 DATA INPUT _AIOIITO
C 6 FULL NUMERIC OUTPUT _AIOlIBD
C 7 DATA FOR GRAPHICAL USE RAIOIIgO
C PAIOI20O
C RAIOI210
C RAIOI22D
C PAIO1230
C RAIO1260
C................................................................ PAIO!250

INT_EGER DOLD, MOLD, YELC, DNEW, MNEw, YNEw EAIOX2GO
REAL KS, KSCMS, KC, KCC_S, K, THETAt T1, T2, A, HD FAIOI270
INTIGER _NTH(12;/31,28,31,30,31,3Ot31,31130131,30,31/ RAIO1280
RE_L ZZ{75,b)/45O_b.O/ _AI01290

C..... - ......................................................... RAIOI3OO
C RAIOI31D
Co.o..o...°o. READ IN INPJT DATA AND OUTPUT IT PilOZ320

READ (5,=| KSCMS ;AIO1330
READ (Sw=l KCCMS PAIO1340
READ (5,*1 50 RAIO1350
READ (5,_) D RAIOI360
R_AD (5,_j PORO RAIOI370
READ iS,_l SLOPE RAIO1380
wRITE (Orb02) KSCMS,KCCMStSo,C,PORCISLOPE RAIOL390

Co...°...,°..COMPUTE PARAMETERS RAIOI60O
KS=2835._KSCMS RAIOI410
KC=283S.sKCCHS RAI01_20
THETA = ATAN(SLOPE/lOO.) _A_01630
CO = COS(THETA| _AIO1440
SI = SIN(TMETAI QAIOI450
K = SO_KC/(D=KS=ATAN(THETA)I FAIOI46D
TL = SOePORO/(KS_SI) RA_OI4TO
A = K./TI RAIO1480
wRITE (bt603I THETA, K_ Tit A FAIOlqgo

C........_!...INITIALIIE SUMMATION VARIABLES RAIOISOO
NCCUNT = 0 RAIOI510
HT = ODD RAIOI520
ST = 0,_ RAIOI530"
VDSUM = 0.0 PATOIS60
VLSUM = O.O • RAIOI550
RCUM = O,U kAIO1560
TCUM = 0,0 RAIOI570
MKNT = 1 RAIOI580

C............kEAD FIRST RAINFALL DATE AND MAGNITUDE _ R_IOI590
READ (5.5UI) DOLD. MDLD. YOLD. RINOLD RAIOI6OO

ZZ(l,l; = RINOLD RAIOl61O
C _A101620
C_>RAIN LOOP RAIOI630
C RAIOI66U
C.........°..READ NEW DATE AND RAIN RAIO1650
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FILE: RAINLEAK FORTRAN A NEN JERSEY DEPARTMENT OF rR&NSPORTATION CHS

10 _EAC (5,SUI,END=bOI DNE*, MNEW, YNEw, RIf_/4EW RaIO1bbO

NCCUNT = NCCUNT _AIO1670

C,,o,,,,,....COHPUTE INTERVAL EETWEEN RAINFALL EVENTS (TI RAIOIEBO
IF (MULD .NE. MNEw) GO TO 20 RAIOIE90
T.= DNEW - DDLD RAIO[?OO
GO TO 3D PAI01710

20 T = MNTH(MOLD) - DOLD + DNEW RAIOI720
IF ((MOLD .EQ, 2) ,AND, (MOD(YNEW,4) oEQ, 01! T = T+I EAIOI73G
NKkT = MKNT + I RAIOI740

C°,,,°,°,°,°,ACCUMULATE VARIABLES J_ST READ IN _A101750

30 ZZ(MKNT,I) = ZZ(MKNT,II + RINNEw _AIOL760
TCUM = TCUM + T RAIbI77D
RCUM = RCUM + PINNEd RAIDITBO

C°,,°,°°°,,°,COMPUTE TERMS IN SOLUTIDN R_IDI79D
RAIN = RINOLDII2, RA!Ot.80O
HO = HT*ST/SO + RAIN/FORE RAZOIBlO
T2 = (ALOG(I + HO_COID))/A _AIOtB20
TM = AMINI(TI, 12, T) RAIOIB3D
Vb = RDRO*HT=ST_CO + RAIN=SO*CO 'RAIOI840
EX = EXPI-A*TPI R_IOIB5O
DTERM = 1 • D/iHD*COJ RAI_I860
EXTERM = I - EX R_!01870

C..°°,°,.,°..COMPUTE LEAKAGE R_IOIBBO
VD = VO*(DTERM*EXTERM/K - DeTMI[HO*CC*Tlll RAIOtBgO
VL = VO*DTERM * (EXTERM*(I-IIK) + EX*TMITI) _IOlgOO
VDINCH = I2,*VC/(SO*CO) RAIO[?IO
VLINCH = I2,_VLI{SO*CO) _AIOlDZO
VDSUM = VDSUM + VD RAIOt930
VLSUM = VLSUM + VL RAIOI940
IF IMOLD °NE° MNEW) GO TO 40 RAIO[950
ZZ(MKNTt2) = ZZ(MKNTtZ) + VOI_CH RAIOI_60
ZZ(MKNT_3) = ZZ(MKNT_3| + VLINCH PAlOlDTO
GO TO 53 RA!OIg80

40 MKNTML = MKNT - 1 PAIO199D
Cl = (HNTHIPOLD) - OOLC)/T RAIO2OOD
=2 = DNEWIT RAIU20IO
ZZ(MKNTMIt2) = ZZ(MKNTMI,2) + FI*VDINCH RAIO2020
ZZ(MKNTp2) = ZZ(MKNTt2) + FZ*VDINCH _AI0203O
ZZ(MKNTMI_3| = ZZ(MKNTMIt3) + FI*VLINCH RAI0206O
ZLIMKNT,3) = ZZ(MKNTt3) + F2*VLINCH RAIOZOSO

50 CCNTINUE " RA_02060
HT : HO * (EX*DT_RM - D/(HO*CC)) RAIO2O7O
ST = So * (1 - TH/TI) RAIO2080

C.oo°°°...°°°REASSIGN HOLDING VALUES PAIO209O
JGLD = DNEW RAIO2IO_
HOLD = MNEW RAI02IIO
YOLD = YNEW PAI_2IZD
RINOLD = RINNEW RAID2130

C.e°,,°,,,°..READ IN NEXT EVENT ; R_IO216U
GO TO 10 PAl02150

60 CONTINUE RAIO2160
C R_IO21?O
C--->END OF RAIN LOOP PAIO218O
C _AI02190
C,°,.,,.o,°,,MASS BALANCE RA!02200

38



FILE= RAINLEAK FORTRAN A NFw JERSEY £EPARTMENT CF TRANSPORTATION - CMS

VF.SUM = (RCUM/£2.)*SO_C,. _ P.AI(32210

VLINCH = L2.eVLSUM/(SO_CO) I_AIO2220
V_.INCH = LZ,_VDSUM/(SO=CO) P,'_10223C'

" VLEFT = PORC*HT_'ST_CO RAIO:_240
VLEFIN = 12.'_VLEFT/(SOW=CC) RAIO2250
VKESi!= VRSUM- (VDSUM + VLSUM + VLE=T) RAIO2260 .
VRESIN = VRES IiI2.*SOtC.Ol RAI022?O

C-,.,,,,,,.,oDUTFUT RESULTS RAIOZZ8D

.RITE (6,60gi TCUM, NCGUKT RAID2290
• wRITE (6, OIU) HT, ST RAID2300
wRITE (6,611) RCUM, VRSUM, VLINCH, VLSUM, VDINCH, VDSUM, RAIO2310

r. VLEFIN, VLEFT, VRESIN, VRES P_'IbZ32D
I_ = _ RA102330
wRITE (6, _I2! RA I02-_/+0
wRITE (T,_=l MKNT, I4 P.AT02350
DO 70 I = I,MK_T RAIO2300

WRITE i7,7021 I, ZZII,LI, ZZ(I,2), ZZII,31 _A!O2370
.RITE (b,702J I, ZZII,I), ZZ(I,2), ZZ(l,3) PAIO23BO

7{J COI'_TI NUE RAIO23gO

C-.....o .....FORMATS RAI02_O0
501 FORMAT (312,2X,FIO. 3) F.AI02_IO
602 F_RMAT (2X,tDATA INPUT:' ,/ RAI02/_20

g /5X,'KS = ,E9°2, ' CM/SEC' , FA IO2t*3G
& /Bx,'KC = ,E9,2,' CM/SEC' , RA IO2640
r. 15X,' SO = ,F9.L},' FEET', RAIO245D
& /5X,'D = ,F9*I,' FEET' , P&_02460

/5X,'PORO = ,Fgo2, RAIOZ_7U
E 15X,tSLOPE = ,F9°2,' I') RAIOZBBO

603 FORMAT (//2X, =CALCULATED PARA,V.ETERS ',/ RAIOZ_gO
&/BX, ' THETA = ',E9.3, PAIO25OO
_/5X, 'K = ' ,E9.3 , RaIO2510.
&/5X, _TI = ',F9.2,' DAYS', PA I02520
&I5X,_A = ',E9,2111) RAI02530

60_. FORMAT (7(2X,F8.3|) RAIO25_O
6U9 FORMAT |/5X-'NUMBER OF EAYS = t,FIO.3, R_I02550

C /BX 'NUMBER OF RAINFALL EVENTS = ',IlO) RAIU2560
6tO FORMAT (/BX,iLEFT ON LIkER: t, RAIO2570

&/IOX,'HT = ',FIO.3,' FEET', RAIG2580
g/IOXt'ST = ',FIO.3,' FEET' ! RAIOZ590

611 FORMAT (/IIBX,'MASS BALANCE: = , PAIOZ&O0
g//IoX,'TOTAL RAIN = ',FID.3,' INCHES', RA!02610
_; /lOX, t = t,FIO.3, t CUe FT.', PAI02620
G//IDX,tLEACHATE THROUGH LINER = ',FLO,,3, t INCHES', RAIO2b30

G /lO_,' = ',FlO. 3t' CU. FTeIt FA_02660
&//IOXt'LEACf_ATE TO DRAIN = ttFlO.3,t INCHES t, I_AI02650
& /IOXt' = 'tFZO.3,' CUe FTe't RAI02660
&//IDX,'LEACHATE LEFT Oh LINER = ltF],_e3,' INr.'IES ' , FalO2670
& /LOX,' = ',FIO,3,' CU, FT,', RAIOZ680

&//IoX,'ERROR = ',FIO.3, t INCHES',', RAI02690
/tOX,' = ',FLU.3, t CU. FT.') RAI02700

612 FCRMAT (II2Xt'MONTH', WPX, 'RAIN', 5X, '.DRAIN', 3X, 'LEAKAGE') l_Alb2710
701 FORMAT (312,7(2X,FB.3)) RAIOZ?20
702 FCRMAT (15, 7(2X, F8.3)I PAI02730

C RA!02740
999 STOP RAIO2750
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FILE= RAI_LEAK DATA A NEW JERSEY DEPARTMENT OF T_ANSFORTATION - CMS

G.CI

0,0000001
150.
3.
0,3
2.G

3 168 0,070
4 168 0.010
6 168. 0,150

14 168 1.7_0
23 16_ 0,180
2_ 168 U*010
2_ 168 0,040
30 168 0,090
2 2bB O* 520

10 268 0.030
2_ 2bB 0.6UO

I 368 0.100
368 _.010

10 3_8 O, lOU
12 368 1.800
13 3_8 0*450
17 3_8 U.640
IE 368 0.760
23 36B 0.560
2_ 36_ 0.020

1 468 0.080
q _b8 0,010

408 0,020
8 _68 0.060

22 _68 O*OlO
24 468 1,210
27 _68 U,OIO
30 _6E 0.090

1 568 0,010
2 568 0.010
3 568 0,030
4 568 0.010

568 0.020
6 568 0.030

11 568 0,780
12 568 0,090
16 568 0.620
1E 568 0.040
lS 568 0.260.
23 568 0,380
24 568 0,190
27 568 0.070
28 568 0,850
2_ 568 2,320
30 568 0,130

2 668 0,020
II 6_8 0.010
12 668 _,_20
13 668 0,010

41


	Contents
	Abstract
	Introduction
	Assumptions
	Transient State Equations
	Steady State Equations
	Quasi-Steady State Equations
	Relationship Between Quasi-Steady And Steady State
	Efficiency And Leakage As Measures of Effectiveness
	Use of Precipitation data With Transient State Equations
	Conclusions
	Bibliography
	Appendix A
	Appendix B
	Appendix C



