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Design of Subsurface Drainage Systems 
for Control of Groundwater 
Lyle K. Moulton, Department of Civil Engineering, West Virginia University, Morgantown 

In recent years, awareness has grown of the neod for subsurface drainage 
systems that can drain water from the pavement structural system. Much 
oi the emphasis ctssucictt~U wiii1 :.iudi.:s ut th~s ;~ubjcct has baaii .en tha i 3 -

moval of the moisture that infiltrates through the surface of the pavement, 
but it has also been recognized that the control of groundwater is an essen
tial part of any effective highway subsurface drainage system. In this paper, 
rational analytical methods for the design of subsurface drainage systems 
for the control of groundwater are developed and presented. Although 
these methods are, in general, approximate in nature, they are soundly 
based on fundamental seepage theory. The resulting solutions have been 
used to prepare graphical design aids that con be readily applied by the 
highway designer. The use of these design aids is illustrated by a series of 
examples, and the results are compared with more-exact flow-net solutions 
obtained by tho use of electric analogs. On t he basis of this comparison, it 
concluded that the proposed design procedures, although approximate, do 
permit the development of good practical designs for subsurface drainage 
systems for the removal and/or control of groundwater in highway applica
tions. 

In recent years, there has been a growini; awareness of 
the need for subsurface drainage s ystems that can drain 
water from a pavement structural system and thus 
minimize detrimental effects. Workshops dealing with 
water in pavements (1) have been conducted, and guide 
lines for the design o1 subsurface di-ainage systems for 
pavement str uctural sections have been published (b ~. 
Although much of the emphasis o.f these activities has 
been on the removal of the moisture that .infiltrates 
through the surface of the pavement, it has also been 
recognized @) that the control of groundwater is an 
essential part of ai1y effective highway subsurface 
drainage system. 

Commonly, the design of groundwater drainage sys-

terns is based on empirical rules of thumb that have 
been developed by trial and error over a period of 
years or on rather Leuious gravhical teclulil!ues in
volving the use of flow nets (!). The purpose of this 
paper is to present some rational, approximate ana
lytical methods for the design of groundwater control 
systems such as the interceptor drains shown in Fig
ures 1 and 2 and the symmetrical drawdown drains 
shown in Figure 3. Although, at present, it is not pos
sible to eliminate all elements of tHlllJiriCism, the 
methods presented are based on fundamental seepage 
theory. 

LONGITUDINAL INTERCEPTOR 
DRAINS 

Calculation Method 

Let us consider the case of the unconfined flow of 
groundwater over a sloping impervious boundary toward 
a single interceptor drain, as illustrated in Figure 4. 
A solution for the shape of the drawdown curve for this 
situation, which was developed by R. E. Glover of the 
U.S. Bureau of Reclamation, is given by Donnan®· 
This solution, which is based on an adaptation ® of 
Dupuit theory, has the form 

x = {HQn [(H - H0 )/ (H -y) ] - (y - H0 )}/S (1) 

where 

x and y coordinates of a point on the drawdown 



Figure 1. Longitudinal interceptor 
drain used to cut off seepage and 
lower the groundwater table. 

Figure 2. Multiple interceptor drain. 

Figure 3. Symmetrical longitudinal 
drains used to lower the water table. 

Figure 4. Flow toward a single 
interceptor drain. 

Figure 5. Flow toward a single 
interceptor drain when the drawdown 
can be considered to be insignificant 
at distance L from the drain. 
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curve, as shown in Figure 4; 
H height of the original groundwater table 

above an impervious boundary of slope S; 
and 

Ho height of the drain above the impervious 
boundary. 

Examination of Figure 4 and Equation 1 shows that the 
drawdown curve becomes asymtotic to the original free
water surface (phreatic line) at infinity. Dealing with 
this boundary condition in practical problems is awk
ward and, consequently, most solutions to gravity-flow 
p1·oblems of this type have assumed that there is a finite 
distance (L) from the drain at which the d1·awdown can 
be considered to be insignificant and at whic11, for prac
tical purposes, y = H, as shown in Figure 5. In well 
theo1-y, L is generally referred to as the radius of in
fluence. 

In an investigation of interceptor drains of this type, 
Keller and Robinson (1) conducted a laboratory study in 
which, fo1· practical pu1·poses, the conditions shown in 
Figure 5 were duplicated by the use of a finite source 
of seepage located at distance L from the drain. They 
found that Glover's equation, i.e., Equation 1, checked 
+\..,,,, ,..,_.,..,....,...;._..,,..,~.f- .... 1 r1 .... + .... ,,,hon l'nnrHfiairl intn th1=1 friT'm 
"'.L.L .... l.,;,(:.,.t:'"""'..L .l,..1..1.& ........... .._ ... ...._... ............................................... ~---- -- ___ .,. - - - - - - - - -- -

Sx = H' Qn[(H' - H 0 )/(H' -y)J - (y - Ho) (2) 

where H' = a point on a fictitious extension of the draw
down curve, as shown in Figure 5. Then, becau::;e y = H 
when x = L, 

SL= H' Qn[(H'-H0 )/(H'- H)] - (H- Ho) 

and H' can be determined for known values of S, L, H, 
and Ha. 

Keller and Robinson also found that the quantity of 
flow into the drain (qd) could be determined from the 
relationship 

(3) 

(4) 

where q0 = magnitude of the approach flow and is given 
by 

(5) 

where k = coefficient of permeability of the porous 
medium. A complete solution to the problem can thus 
be obtained by using Equations 2, 3, 4, and 5. For con
venience, Equations 3 and 4 have been combined in 
dimensionless form and solved by computer to prepare 
Figure 6, from which qJk.HS and H '/H can be deter
mined in terms of known values of SL/Hand Ho/H. The 
same computations also provided the data by which, 
through a change of variables, Figure 7 was prepared. 
Figure 7 permits determination of the location of the 
ct1·awdown curve by giving values of $."(/y fur k11owu 
values of Ho/Y and (H' - Ho)/y. In practice, a series of 
values of y (between Ho and H) are assumed, and Figure 
7 is used to assist in the determination of the cor
responding values of x. 

In order to use Figures 6 and 7 for any highway 
drainage problem, it is necessary to have an estimate of 
the value of L. One method for estimating this value 
might be through the use of the Sichardt (!!.) equation, 

L=C(H-Ho) Vk (6) 

which has been widely accepted and used in connection 
with pumped wells and dewatering systems ®· The 
value of the coefficient C in Equation 6 is dependent in 

part on the units of H, Ho, and k. For example, the 
value proposed by Sicha1·dt @ would be approximately 
6 if H and Ho were in feet and k were in feet per day. 
However, a series of experimental flow nets for typical 
interceptor drain problems constructed by use of an 
electric analog, suggests that the value of L is inde
pendent of k and dependent only on the geometry of the 
problem. Although this study is at present incomplete, 
it suggests that, for the range of drawdowns and slopes 
commonly encountered in interceptor and drawdown
drain problems, the value of L can be estimated, for 
practical purposes, from the relationship 

L = 3.8(H- H0 ) 

For the purposes of this paper, Equation 7 has been 
adopted as the method for estimating the value of L. 
However, it is anticipated that, on completion of the 
experimental flow-net analyses, some refinement to 
this relationship might be forthcoming. 

Example 1 

Let us consider the proposed construction shown in 
li'irmre 1 11nrl fnr this nrnhlPm I~\ ~nmnntP thP rp-
d~~~d fio,;-;:~te -(qd/k) into the dr~i~ and.(b) plot the 
location of the drawdown curve (free-water ::;urface). 
The detailed dimensions of the problem are given in 
Figure 8. To keep the left branch of the free-water 
surface from breakin15 out throu15h the cul slope a.nd 

(7) 

to lower the right branch of the free-water surface 
well below the pavement structural system, the under
drain was set below the ditch line at a depth of 1. 5 m 
(5 ft). It is proposed to pave the ditch over the drain 
to avoid infiltration and clogging. 

From Equation 7, L = 3.8(H - Ha) = 3.8(4.27) = 16.2 m 
(53.2 ft). 

From Figure 6, if SL/B = 0.15(16.2)/6.1 = 0.398 and 
Ho/H = 1.83/ 6.1=0.3, q~kHS = 1.57 and H'/H = 1.84 
[therefore, H' = 1.84(6.1) = 11.22 m (36.8 ft)]. 

Reduced Flow Rate 

Thus, qd/k = 1.57HS = 1.57(6.1 x 0.15) = 1.44 m (4.7lft). 
The reduced flow rate could also be computed from the 
flow net (see Figure 8), i.e., qJk = ~N1/N 4 = 
6.4(6)/28 = 1.37 m (4.50 ft). 

Drawdown Curve 

From Figure 7, if H' = 11.22 m and the following values 
are assumed for the y coordinates, the x coordinates of 
the drawdown curve can be determined as follows ( 1 m = 
3.28 ft): 

y(m) Holy (H' - H0)/y Sx/y x (m) 

2.26 0.811 4.16 0.041 0.60 
2.68 0.682 3.48 0.080 1.43 
3.11 0.588 3.02 0.117 2.43 
3.54 0.517 2.66 0.149 3.52 
3.96 0.462 2.37 0.190 5.02 
4.39 0.417 2.14 0.226 6.61 
4.82 0.380 1.95 0.265 8.52 
5.24 0.349 1.79 0.310 10.83 
5.67 0.323 1.66 0.350 13.23 

This drawdown curve is shown as the dashed curve 
in Figure 8; it is only approximate, but can be used as 
a starting point for constructing the flow net that ulti
mately yields a more accurate location of the free
water surface. 



MULTIPLE INTERCEPTOR DRAINS 

Calculation Method 

A subsurface drainage system consisting of multiple 
interceptor drains (such as that shown in Figure 2) can 
be designed by using the principles outlined above and 
considering each drain separately. However, to 
properly define the boundary conditions for each of 
the upper drains correctly, it is necessary to establish 
the location of the limiting streamline above which the 
flow pattern is essentially that of a single drain in
stalled in the flow domain above a sloping impervious 
boundary. In essence, this establishes an impervious 

Figure 6. Chart for determining flow rate in interceptor drains. 
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Figure 8. Example 1: flow net, dimensions, and details. 
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boundary for each upper drain roughly parallel to the 
lower sloping impervious boundary. Flow-net studies 
conducted by using an electric analog have shown that 
boundaries of this type can be established by drawing 
a line parallel to the s loping impervious bormdary and 
located at a depth below the drain equal to Y10 to 1

/12 

of the drain spacing. This is an adaptation of the gen
eralized method of fragments, which, according to 
Aravin and Numerov (10), was first p r oposed by 
Pavlovsky in Russia ill1935 and was intr oduced into 
the United states, for fragments in ser ies, by Harr @ 
in 1962. In this instance, the flow fragments a r e con
sidered to be in parallel. 

Figure 7. Chart for determining drawdown curves for interceptor drains. 
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Figure 9. Example 2: dimensions and details 
required for the use of Figures 6 and 7. 

10.0Bm 

DRAIN SPACING=1920m 

CUT SLOPE 

' /WORIGINAL - - -I - - ..£. - WATERTABLE I 

DRAIN --- --. - _ 
NO 2 L D15.06m - _ 

I 

I 
/ASSUMED ORIGINAL 

L_ - WATERTABLE 

---1 
DRArN - -
NO 1 

!SQ!§: Ha2 = fz I DRAIN SPACING) 

1m= 3.281! 

Figure 10. Example 2: flow net, dimensions, and 
dei.i::lib. 

Example i 

0 ,...., 
SCALE Im) 

Let us consider the proposed construction situation 
shown in Figure 2, which represents a deeper pol'tion 
of the cut shown in Figure 1. This situation requires 
two drains to cut off and drawdown the walt:ir lable to 
prevent it from breaking out through the slope and to 
keep water from tllis source out at the pavement 
structure. The detailed dimensions of the problem are 
shown in Figures 9 and 10. The locations and depths 
of the drains were established by trial, taking into 
consideration the desirability of maintaining the free
water surface below the cut slope. The dimensions 
given in Figure 9 are those required to solve the prob
lem by using the method of .fragmeuts and Figures 6 
and 7. 

From Equation 7, L1 = 3.8(H1 - Ho1) = 3.8(5.79 - 1.83) = 
15.05 m (49.4 ft) and k = 3.8(H2 - Ho2) = 3.8(5.87 -
1.60) = 16.2 m (53.2 ft). 

For drain 1, Figure 6 shows that, fo1· SLJH1 = 
0.15(15.05/5.79) = 0.389 and Ho1/H1 = 1.83/5.79 = 
0.316, qdi/klhS = 1.58 and H{/Hi = 1.90 [therefo1·e 
H{ = 1.90(5.79) = 11.0 m (36.1 ft)]. 

Shnilarly, fo1· drain 2, qd2 = kH2S = 1.57 and Hi!= 
10.85 m (35.6 ft). 

Reduced Flow Rate 

Thus, q 4i/k = 1.57H1S = 1.57(5.87 x 0.15) = 1.37 m 
and qd2 = l.57H2S = 1.57(5.87 x 0.15) = 1.38 m (4.53 ft). 

NOTE:1m- 328ft u·DAAIN WITH 015m ()(AM 
PERFORATED COLLECTOR PIPE 

I -

01"', fo:r eon1paxisou pu_rposes (sae Fig-u_re 10), based 
on the flow net, q41 = lJiN,i/N41 = 6.86(3)/15 = 1.37 m 
and qllll/k = HzNr.i/N112 = 6.3(3)/ 14 = 1.37 m. 

Drawdown Curves 

The method illustrated in example 1 was used with the 
data shown in Figure 9 and the chart shown in Figure 7 
to determine the locations of the x1, Yi, and x.a, Y2 co
ordinates of the drawdown curve. The resulting curve 
was then plotted as the dashed line in Figure 10. It 
can be seen that the agreement between this approxi
mate curve and the more exact free-water surface 
generated by the flow-net solution is quite good. 

SYMMETRICAL DRAWDOWN 
DRATNS 

Calculation Method 

To solve a problem such as that shown in Figure 3, the 
method of fragments can be used by breaking the flow 
domain into fragments, as shown in Figure 11. Basi
cally, this amounts to assuming that there is a hori
zontal streamline existing at the level of the drain. 
Flow-net analyses have shown that this is not an un
reasonable assumption. 

The quantity of flow into the drain from fragment 1 
(q1) can be estimated by using Dupuit theory @ to be 

q1 = k(H- H0 )2/2(L- b) (8) 



Figure 11. Division of a 
symmetrical drawdown drain 
problem into two equivalent 
fragments. 
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Figure 12. Free·water 10 -=::-T-....,---r--r----r--r-...,....-,----;r---r-..,.--...,-,----,-1--r-1-r--;--, 
surfaces based on Gilboy 
modification of Dupuit theory. 

2.0 

The drawdown curve .for Fragment 1 can be deter
mined from the relationship 

x = (L- b) + (l/2H,ml[y(y2 - H; m2 )y' -(H - Ho)[(H - H0 ) 2 - Hi m2 ] Y' 

- ~ m2 Qn ([y + (y 2 - H; m2 )y,] /{(H - Ho) 

3.0 

+ [(H-Hol2 -~m2f'\ l] (9) 

where m = 0.4311. [Equation 9 was derived by using the 
modification of Dupuit theory suggested by Gilboy (!!) J 
Fo1· convenience, Equation 9 has been put into dimen
sionless .form and solved by computer to prepare Figure 
12, which can be used to dete1·mine the x and y co
ordinates of the drawdown curve. 

The solution to the problem represented by fragment 
2 in Figu1·e 11 has been given by Aravin and Nume1·ov 
(.!Q), who showed that the flow rate (~) for this situa
tion can be computed from the relationship 

q2 = k(H- H0 )/{(L/H0)- (l/7r)Qn[(l/2)sinh(7rb/H0 )]} (10) 

and that the value of the piezometric head at the roadway 
centerline (H4 - Ho) can be determined from the rela
tionship 

(Hd - H0 ) = (q2 /7rk) Qn[ co th (7rb/2H0 )] (11) 

40 5.0 60 7.0 BO 90 100 

L-X AND L-b 
H-H0 H-Ho 

Equations 10 and 11 were solved by computer and used 
to prepare Figures 13 and 14, respectively. Figure 13 
can be used to determine the quantity oI flow (q2) enter
ing the drain from fragment 2 in terms of known values 
of H, Ho, b, and k. The total quantity of flow entering 
t)le drain (q4) is then the sum of the flows from the two 
fragments, i.e., 

(12) 

In the method of solution proposed here, it is assumed 
that the i·ight branch of the drawdown curve can be ap
proximated by the piezometric level along the upper 
boundary oi fragment 2. Thus, Figure 14 can be used 
to estimate the location of the drawdown curve between 
the drain and the roadway centerline. 

Example 3 

Let us consider the proposed construction of a two-lane 
depressed roadway in an urban area, as shown in Fig
ure 3. Jn connection with this proposed consti·uction, it 
is d.esired to design a system of synunetl'i.cal longitu
dinal underdra.ins to draw the groundwater down as far 
as possible below the bottom of the granular base 
course. The detailed dimensions of the problem are 
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Figure 13. Chart for determining flow rate in symmetrical 
underdrains. 

100.0 .---.- r-.,.....r-r-r-r-.--.---.--.---.--.-,....,..,...,..,-- .--...,....-.,...-....,......, 

50.0 

20.0 

5.0 

0.5 

0.2 

qd=q1 +q2 

q1 = k(H-H0 l2 

2(L-b) 

o. 1 '---1-.J.....J...JL...L.u...1....-i......1..._i......1......1.....L..J...J....1..1..._.1...-...i...-.1..-....1..~ 
0.2 05 1.0 2 .0 50 100 200 50.0 

L 
Ho 

Figure 14. Chart for determining maximum height of free-water 10.00 ..--.--..,....-..,...._,__,......, ........... ..,....-..,........,.-...... - .--..-.............. - ...... -. 

surface between symmetrical underdrains. 

0-01 ..___..__..__..__.__._...._L..L..L.J.--'---'-....L-1--1..-1...1...L.J.....__.._...,1 
001 0.02 0.05 0.10 

b 
Ho 

0.20 0.50 1.00 200 



Figure 15. Example 3: flow net, 
dimensions, and details. 
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Figure 16. Chart for determining flow 
rate in horizontal drainage blanket. 
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shown in Figure 15. The depth of the drains was 
established by trial, taking into consideration the 
desirability of producing the maximum drawdown with
out requiring excessively deep excavation (the trench 
depth below the bottom of roadway excavation was 
limited to 1. 5 m) . 

From Equation 7, L = 3.8(H - Ho) = 3.8(2.13) = 
8.09 m (26.5 ft). 

Reduced Flow Rate 

L 

Ho 

Then1.i from Equation 8, qi/k = (H - Ho)2/2(L - b) = 
2.13 /2(8.09 -0.23) = 0.289 m (0.945 ft). 

Therefore, the total i·educed flow rate to the drain 
becomes, from Equation 12, qdf'k = q1/k + (b/k = 
0.926 + 0.289 = 1.28 m (4.20 ft). 

0 1· (for comparison), based on the flow net shown in 
Figure 15, if AH = (H - Ho) = 2.13 m (7.0 ft), q4/k = 
~N1/N4 = 2.13 (7.4)/11 .8 = 1.33 m (4 ,38 ft). 

Drawdown Curves 

89 

From Figure 13, for b/Ho = 0.23/5.64 = 0 .041 and L/Ho = 
8.09/5.64 = 1.43, it is found that k(H - Ho)/qa = 2.30. 

Thus, (b/k = (H - H0)/2 .30 = 2.13/2.30 = 0.926 m 
(3.04 ft). 

The right branch of the drawdown curve can be de
termined by taking various values of x' in Figure 15 
as W /2 in Figure 14 and considering y' in Figure 15 
as (H4 - Ho) in Figure 14 as follows (noting that b/Ho = 



90 

0.041 and qd k = 0.926 m) (1 m = 3.28 ft): 

x ' = W/ 2 (m) 

0.61 
1.22 
1.83 
2.44 
4.57 
7.01 

W/2H 0 

0.108 
0.216 
0.324 
0.432 
0.811 
1.243 

k( H - H0 )/ q2 

0.47 
0.64 
0.73 
0.78 
0.85 
0.87 

y ' = (Ho - H0 ) (m) 

0.44 
0.59 
0.68 
0.72 
0.79 
0.81 

Then, from Figure 15, the left branch of the draw
down curve can be determined from Figure 12 by noting 
that (L - b)/ (H - Ho)= (8.09 - 0.23)/ 2.13 = 3.69. Thus 
for various values of y, the values of x can be deter- ' 
mined by using Figure 12 as follows: 

y/ (H - H0 ) (L - x)/( H - H0 ) (L- x ) (m) Y (m) x (m) 

0.13 3.69 7.86 0.28 0.23 
0.20 3.65 7.77 0.43 0.32 
0.40 3.27 6.97 0.85 1.12 
0.60 2.50 5.33 1.28 2.76 
0.80 1.38 2.94 1.70 5.15 
1.00 0 0 2.13 8.09 

These approximate drawdown curves are shown dashed 
.i.u Fit:;uJ. t: 1 G. it cct.u Lt: S ta:::u lha.t, ct.lthvugl1 th.ls J.iiCtuuct 

produces a free-water surface that is slightly high the 
agreement between it and the more exact free-wat~r 
surface produced by flow-net analysis is reasonable. 

For the special case where the underdrain cannot 
be placed sufficiently deep to draw down the ground
water table below the granular drainage blanket of the 
pavement system, the flow rate to this layer can be 
estimated by using Figure 16. Figure 16 was prepared 
by using Equation 10 with L as defined in the figure 
and b = W/ 2. 

CONCLUSIONS 

On the basis of the comparison between the solutions 
obtained by the approximate rational methods presented 
in this paper and those obtained bv the use of the more
exact flow nets, it can be concluded that the proposed 
methods do permit the development of reasonably good 
practical designs for the removal and/or control of 
groundwater in highway applications. However, a few 
limitations of the proposed methods should be noted. 

The solutions are based on the assumption that the 
soil is homogeneous and isotropic. The problems 
offered by layered or by anisotropic systems are dif
ficult, although, in many instances, they can be treated 
approximately by the use of appropriate transformations 
of coordinates (Q, ~. 

It has been assumed that there is negligible head loss 
in the underdrains and that they are designed to have suf
ficient capacity to carry all the water that could theoret
ically flow into them. It should be noted in this regard 
that underdrains should be very carefully designed and 
have an appropriate filter :;y:;tem if lhefr long-lerm 

performance is to be ensured. 
Finally, it is necessary to know the coefficient of 

permeability of the soil in order to translate the reduced 
quantity of seepage into a meaningful flow rate that can 
be used in designing underdrain collection pipes and 
~hecking on c.apacity of the underdrain system. In many 
instances, this coefficient of permeability may be dif
ficult to estimate without reliable field measurements. 
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