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SYNOPSIS 
Satisfactory methods for the design of subdrainage installations have yet to 

be developed. To help meet part of this need, a series of model tests was con
ducted to study the problem of lowering high ground-water by two parallel 
drains. 

This report discusses some previous misconceptions concerning subdrainage 
and reviews the necessary theoretical background of the problem. It shows the 
desirability of comparing different drainage installations and the drainage char
acteristics of different soil types on the basis of the rate at which the ground
water surface is lowered. Of the various methods for the analysis of flow prob
lems, the use of large-scale models was selected as being the best means 
for obtaining the desired information. 

A wooden tank was constructed to simulate half of the symmetrical section 
under study. This tank was 6 ft. high, 4 ft. wide, and 22 ft long. Tests were 
conducted with drains varying from 4 to 8 in in diameter These were placed at 
depths of 1.5 to 4 6 ft., and at distances of 4 to 8 ft. from the centerline During 
these tests, measurements were taken of the discharge from the dram, the dis-
tnbution of flow, and the position of the ground-water surface 

A model law was derived which permitted extension of the results to any other 
scale and any other soil type, within certain limitations. Check tests with soils 
of widely different coefficients of permeability were conducted to verify this 
model law 

On the basis of the test data and their extension by the model law, the effects 
of soil type, drain depth, drain spacing, and dram size upon the rate at which the 
ground-water is lowered and upon the rate of discharge into the drain are shown 
From this information several conclusions regarding proper drain location, depth, 
and size are drawn, and a method of estimating the drainability of soils is sug
gested. 

PURPOSE AND SCOPE porous layers impoundmg water that might 
The control of water in the soU under and '^"^ through cracfa in the pavemoit 

near engineering structures contmues to be a .^^uch work has been done towards solving 
problem of foremost importance The detri- P«>Wem of surface dramage A 
mental effects of excessive soQ moisture upon comprehensive and easily appbed method 
highway structures are weU known to all it " ĵJ '̂Sn.for surface drainage systems on an-
reduces the load-carrying capacity of the soil, PO^B, which B apphcable to other problems as 
it furnishes water for frost-heâ ing, and ^ ^ • ^ ' ^ ^ ' ^ ^ Office of the 
contributes to riides and erosion Chief of Engmee ,̂ Washington (1) ̂  How-

In most cases, it is possible and desirable to °? J^^^^ ^"'^ ^f^'^^ '̂̂ T̂ 
control moistm; by Surface drainage alone. J ^ " ^ « avaUable to aid the inexperienced 
There are instances, however, when it becomes ^^^f- Information is avadable conce^^^ 
necessary to instali sub-surfkce drains to in- methods of mstalhng drams, and a few mk̂ ^̂ ^̂  
sure proper moisture conditions Such is the Jhe-thumb tables have been offered showing 
case when the ground-water surface is unde- the spacmg of drams indifferent soils (2) Th^ 
sirably high or when sub̂ urfâ e strata of does not, however give the engmeer a rnethô  
per̂ 'ious ^ils carry seepage water under the "̂'̂  determmmg the proper location, depth, 
structure from somewhere at the side It is f ^^^'^^^ IZ ^ 
also desirable to provide drams for porous This study was directed therefore toward 
insulation courses under highway or airport i Numbers in parentheses refer to the list of 
pavements to prevent the possibUity of these references at the end of the paper 
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filling a part of that need, namely the design 
of subdrainage installations for lowering high 
ground-water surfaces under highways. The 
particular section assumed for study was one 
of level terrain with two symmetrically placed 
subdrains parallel to the roadway. 

THE I>ROBI;EM OF LCWEBINO A HIGH 
OROUND-WATER SintFACE 

In designing a subdrainage system for the 
purpose of lowering a high ground-water sur
face there are several problems which confront 
the engineer. I ^ t he must detennme whether 
or not the texture of the sod is such that sub-
dramage will be effective in a reasonable length 
of time. If he concludes that it is, then he 
must decide where to place the drams, how 
deep to put them, and what size to make them. 
He must also determine what tjnpe of subdrains 

ORieiNAL SROUHO lUTER SURFICE 

(NOT t O i C A L I I HPERVIOUS BOUNMRr 

Figure 1. Typical Section Investigated in 
Model Studies 

to use, and what filter of backfill material will 
be satisfactory for the soil encountered and 
tiie drain chosen. 

Soil texture influences both the permeability 
and the capillary-moisture characteristics of a 
soil and through these two factors governs the 
dramability of that soil Permeabihty affects 
drainage action by limiting the rate at which 
free water can leave the soil and flow mto the 
dram. The capillary-moisture characteristics 
of a soil also affect dramability by limiting the 
amount of water m the soil that can be re
moved by dnunage. Therefore, in determm-
ing the advisabihty of attempting to drain a 
certain soil, both of these factors should be 
evaluated. There are some clear-cut cases, of 
course, m which one or the other alone wiU 
make it obvious that drainage is or is not prac
tical. However, withm the range of soil 
textures which are doubtful as to drainabihty. 

both permeabihty and capillarily should be 
considered. 

In the author's opinion, the most workable 
concept for studying capiUary-moistiure is the 
"capiUary-potential" or "energy" concept. 
This approach, m use for many years by the 
soil physicists, was first introduced to the 
engmeermg profession by Spangler and Russell 
in 1941 (3) This aspect of soil moisture was 
not included m this study, however, and only 
the action of free or gravitational water was 
under consideration. Results of these tests 
should therefore be taken only as a partial 
guide for determimng drainability. The 
questions of dnun type and backfill material 
were also omitted, but authoritative informa
tion is available regarding both of them (4) 

The particular vanables mvestigated in this 
study are those soil factors which influence the 
lowering of the ground-water surface and 
those dimensions which characterize any given 
installation, sometimes referred to as the 
boundary conditions. They have been desig
nated as follows: 
Soil factors, 

k—coefficient of permeability 
m—non-capiUaiy porosity or the amount of 

drainable water per unit volume of soil. 
This value varies with the distance 
above the ground-water surface, and 
for these tests it was determmed by 
measuring the non-capillary voids in 
the first 6 in of soil immediately above 
the ground-water surface.' 

Dimensions definmg boundary conditions, 
D—drain depth, measured from the original 

ground-water surface to the bottom of 
the drain 

S—drain diameter 
W—dram spacing or distance between 

drams 
T—thickness of the pervious layer under 

water. 
The boundary conditions and symbols are 
diagrammatically shown in Figure 1. The 
time variables for any given section, by means 
of which the above variables are evaluated, 
are: 

t—time elapsed since the drain began re
moving water 

»See Baver (5) for a discussion of the signifi
cance of non-capillary porosity, its variation 
with different soil types, and methods for its 
determination 
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d—depth of drainage at time t—the 
amount the ground-water surface has 
been lowered below its original position 
(measured at the centerline of tiie road 
unless otherwise stated) 

q—rate of discharge per umt length of pipe, 
at time t. 

EVALTJAITON OP DRAIXAGE INSTALLATIONS 
ON A TIME BASIS 

In order to approach the problem of sub-
drainage, it is first necessary to study the man
ner in which drams perform In Figure 2 is 
shown a series of views of the same typical 
cross-section. These views represent different 
time intervals after the drain starts removing 
water from the soil. Figure 2A represents the 
flow pattern that exists when the drains first 
start removing water from the soil. The lines 
representing ti^e direction of flow were selected 
so that the same quantity of water flows m 
each "channel"—that is, between each pair of 
lines As indicated, there are eleven of these 
channels flowing into each drain, figure 2B 
represents the flow pattern obtained a short 
while after the drams began removing water. 
The water table has been depressed below and 
to the side of the roadway. As the flow lines 
indicate, most of the water flowing into the 
drun is still derived from the water surface 
near the drain The number of channels 
flowing into each dram has been reduced to 
seven, and the discharge rate into the drain 
has decreased proportionately. In Figure 2C 
is shown the flow pattern which develops after 
a comparatively long time. The water sur
face in it has been lowered below its previous 
positions, and the water is flowing pnncipally 
from the water surface far to the side of the 
road. The flow channels have decreased in 
number to two for each dram, and the rate of 
discharge has dropped an eqmvalent amount. 

Taken from an actual dnunage study, these 
sections show how drains progressively lower 
the water level under the roadway and depress 
the onginal water level at the side to progres
sively greater distances This progressive 
effect of the dram on the water surface is inde
pendent of the soil type. That is, assummg 
similar boundary conditions and stratifica
tions if any, these successive stages will occur 
regardless of what soil is present What does 
depend on the soil type, of course, is the rate 
at which this effect takes place. 

A false impression has been created m the 
minds of many engineers regarding the effects 
of soil texture upon the action of drains 
According to this misconception, the soil type 
determines the amoimt that a drain will alter 
the ground-water surface Supposedly, the 
more pervious the soil the lower this resulting 
position would be Actually, a given drainage 
installation will produce the same series of 
effects in any soil, with only the time required 
to produce a given effect being different for 
different soils. 

It therefore seems logical to make compari
sons between different installations, or be
tween the drainage characteristics of different 
soils, on the basis of time Furthermore, since 
the purpose of the drains is to lower the 
ground-water level under the road, it seems 
desirable to determine in particular the effects 

C R J O W M T T E H N tflCR L O M T H E IHTERWL, TWO ClUUINKt t INTO C A W O M M 

Figure 2. Successive Patterns of Flow Toward 
Parallel Drains; Flow Lines Shown Were 
Chosen so that the Same Rate of Discharge 
Flows in each Channel 

of the different variables on the rate of increase 
in the depth of drainage under the centerline 
of road. The depth of drainage, d, as shown 
in Figure 1, is measured from the original 
position of the ground-water surface. It 
would be an added advantage to know the 
effect of these same variables on the rate of dis
charge per umt length of pipe, q, since a drain 
size must be selected for each installation. 

METHODS OF INVESTIOATION OF 
FLOW PROBLEMS 

In the mvestigation of flow problems, many 
methods are available If the boundary 
conditions are quite simple, mathematical solu
tions are sometimes possible (6). More adapt
able to different problems and of easier applica
tion are the method of electrical models, based 
on the analogy between the flow of water and 
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the flow of electricity (7), (8), (9), and the 
graphical method utiUzing flow-nets (10). 
None of these methods of solution, however, is 
adaptable to transient or unsteady-flow prob
lems, and therefore cannot be used to evaluate 
different variables on a time basis as desired 
in this study. The use of actual soil-and-
water models, therefore, becomes the only 
satisfactory approach to the problem. Small-
scale models with one transparent wall have 
frequently been used for qualitative tests or 
for demonstration purposes (11) (12), but are 
generally considered unreliable from the stand
point of quantitative results. It was therefore 
determined to use large-scale models in this 
study. 

L . \ R G E - S C A L E M O D E L S F O R D R A I N A G E 

S T U D I E S 

In planning a tank that would simulate the 
assumed cross-section in Figure 1, advantage 
was taken of symmetry and only half of the 
section reproduced. With this arrangement, 
as shown in Figure 3, one end of the tank 
represented the centerline of the roadway and 
will be referred to as such herein. 

The tank was built of 2 in. by 8 in. tongued 
and grooved pine. It was made 4 ft. wide, 6 ft. 
deep, and 22 ft. long. A 2-ft. section at one 
end was partitioned off with a wire screen to 
serve as an inflow chamber. Overflow pipes 
were provided in this section at selected inter
vals to control the water elevation. A series 
of metal drains was made up, each being 4 ft. 
long, closed on the ends, and provided with a 
connection for a 2-in. hose at its bottom-center. 
The drains were 4, 6, and 8 in. in diameter and 
were perforated on the lower quarter. In each 
test, one of the drains was installed from 4 to 
8 ft. from the centerline and at a depth of 1.5 
to 4.5 ft. To permit changing the position of • 
the drain in this manner, the discharge from 
the drain was carried out the bottom of the 
tank by means of a flexible coupling. Out
side the tank, the discharge pipe was connected 
to a pipe-bent which had an open tee at its 
top. By rotating this bent, the open tee 
could be placed at the same elevation as the 
bottom of the drain for each test, assuring 
atmospheric pressure at the drain. A photo
graph of the tank is shown in Figure 4. 

To provide data on discharge rates, the 
effluent pipe was carried to a small tank where 
the discharge rate could be determined either 

by weight or by volume, depending upon the 
magnitude of flow. In order to determine the 
distribution of flow and the position of the 
ground-water surface at any time, five groups 
of piezometer tubes were installed along the 
length of the tank at points indicated in 
Figure 3. In each group were nine tubes in 

GROUND-natK S U f l a C E 

IMPERVIOUS BOUNDARY 

ROADWAY, 
CENTER-
L I N E - J 

?-6 .1, 4-g SUPPLY 
PIEZOMETER BOXES 

' % ' F L E X I B L E COUPUNG 

? o " R E E N _ ^ | r 
OVERFLOW 

PIPES ^ 

Figure 3. Details of Tank Model 

Figure 4. Tank Used in the Drainage 
Model Studies 

contact with the soil in the tank through holes 
spaced at 6 in. intervals from 18 to 66 in. 
above the bottom of the tank. A scale placed 
alongside each group permitted reading the 
total head or potential at each of the nine 
points of contact. The heads were measured 
in inches above the bottom of the tank, the 
bottom being used as a datum plane. 
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Three soils were used in the tests—a coarse 
concrete sand, a silty sand, and a clean, fine 
sand. The tests with these soils were de
signated as Series A, B, and C, respectively. 
T^e grain-size distribution curves for the three 
soils are shown in Figure 5 The average soil 
properties which determine their drainage 
chaxacteristics are: 

Test 
Series 

A 
B 
C 

Soil Type 
CoaraeSand 
Silty Sand 
Fine Sand 

Coefficient of 
Permeability 

3 X 10-> ft per sec 
1 X 10-* ft per sec 
1 X l(r< f t per see 

Non-
Capillary 
Porosity 

0 12 
0 07 
0 10 

Tests with the coarse sand showed that the 
flow was turbulent near the dram and that 
Darcy's law d d not hold. Tests with the silty 
sand were handicapped by experimental diffi-

SIEVE SIZE 

Pi 
IIHlBSilllllliSmilllll I F 

s«io-» 
I " lO-* 

I «ior* 

Figure 5. Soils Used in Model Studies 

culties, and as a result only a small number of 
tests were completed. The fine sand used in 
Series C was mtermediate between the other 
two, and its performance was satisfactory. 
The discussion of all the variables except soil 
type IS therefore made on the basis of tests 
from Senes C. 

An effort was made to achieve homogeneity 
of the soil by placmg it under water at all 
times In spite of this precaution there were 
some variations in permeability, but test data 
permitted the computation of the coefficient 
for each mdividual test and made possible 
corrections for those variations 

In all of the tests except where otherwise 
noted, the water level was held constant at the 
mflow-end of the tank In a few tests, all 
inflow was stopped after the water level was 
established in the tank. After the start of 

each test, readings of the discharge rate and 
the piezometer tubes were taken at intervals 
until equilibrium was estabhshed and the read-
mgs became constant The time required for 
each test was from 1 to '20 hr, depending on 
the soil type. The piezometer tube readmgs 
at each box or group were all recorded simul
taneously, by eye if the movement was slow, 
or by camera if the movement was rapid. A 
typical photographic reading is shovin in 
Figures. 

Figure 6. Typical Reading of Piezometer 
Tubes During a Test 

DARCY'S LAW 

In order to analyze and interpret the experi
mental data, it was necessary to take full 
advantage of the theory of flow through soils. 
The fundamental basis for all such theory is 
an empincal law published by H. M Darcy m 
1856 and knon-n as Darcy's Law. One of the 
usual v&ya of stating this law is that the rate 
of flow at any point in a flow system is di
rectly proportional to the hydraulic gradient 
at that point This law may be expressed in 
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either of the following forms: 

or Q^kiAtj W 
in which 

V = discharge velocity 
k = coefficient of permeabihty 
i = hydrauhc gradient 
Q = total discharge 
A = area of flow 
t a discharge time. 

This law may be explained with reference to 
Figure 7 A soil sample of length, {, is ex-

J L 

TOmL DISCHARGE G » A-t-A t 

DISCHARGE VELOCITY V > 
HYDRAULIC GRADIEMT > 
SAMPLE AREA A 
TIME OF DISCHARGE t 
COEFnCIENT OF PERMEABILITY / ( 

Figure 7. Dorcy's Law 

posed to a head of water, ht, at one end and a 
smaller head, K, at the other Due to this 
difference m potential, water will flow through 
the sample at a rate directly proportional to 
the hydraulic gradient, 

hi — hn 
I • 

The constant of proportionality. A;, is known 
as the coefficient of permeability. This 
coefficient is not a constant for any particular 
soil type as commonly supposed, but vanes 
widely with the number, size, and shape of the 
soil pore spaces, the density and viscosity of 
the water flowmg, and the chemical character
istics of both the soil and water It is a 
constant, therefore, only when all of these 
factors are constant. This points to the neces
sity of detemuning the coefficient of permeabil
ity with the sod in place and with natural 
water flowmg, if anythmg more than qualita
tive results are desired. 

It is natural that the vahdity of a law as 
fundamental as Darcy's should be the object 
of many more recent investigations Mu^t 
(6) has made a thorough review of the several 
mvestigations and concludes that the law is 
valid providing Reynold's Number for the 
flow condition is less than one For comput
ing the limiting value of Reynold's Number, 
d in the number is taken as a reasonable aver
age of the gram diameters and v as the average 
velocity of the water. This limitation is a 
broad one and permits the apphcation of 
Darcy's Law to any sod finer than a fairly 
coarse sand. 

FLOW LINE 

DUAL OlSCHAROES 
EaiML POTEHTML 

DIFFERENCES 

Figure 8. Flow Net Construction 

THE FLOW-NET 

In analyzing flow problems, a graphical tool 
known as the "flow-net" is frequently useful. 
In any section m which water is flowing there 
is a f amdy of curved lines which represent the 
direction of flow In constructmg a flow-net, 
a group of these Imes is determmed m such a 
manner that the same quantity of water flows 
between each pair of hues, as in the nght half 
of Figure 8 There also exists another family 
of curves known as equipotential hues, each 
member of which connects all pomts of a cer
tain potential. If the soil is isotropic, this 
family of curves will cross the family of flow 
hues at right angles In the construction of a 
flow-net, a group of these equpotential lines 
is chosen so that there is the same difference of 
potential between each pair. If this potential 
interval is chosen of such an amount that 
curvilmear squares are formed by the mtersect-
ing lines, a standard flow-net is formed, as in 
the left half of Figure 8. 

As a du ĉt consequence of Darcy's Law, the 
rate of discharge per unit length for any sec
tion where the flow is two-dimensional may be 
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determined from its flow-net by the formula: 

(2) 

in which 
q = rate of discharge per unit length 
k = coefficient of permeability 
h = total difference in head or potential 
iV, = number of potential divisions 
Nf = number of flow divisions. 

Thus, if a flow-net can be constructed for a 
flow problem and either 9 or A; is known, the 
other can be computed readily from this 
equation. 

The construction of a flow-net requires a 
knowledge of all the boimdary conditions or 
the expenmental determmation of one family 
of lines in the net. In the tests reported, 
flow-nets were constructed by plottmg equi-
potential Imes from experimental data and 
graphically constructing flow lines to com
plete the net. Using the flow-nets, the meas
ured rate of discharge, and the equation 
above, the coefficient of permeability for each 
test was computed. 

MODEL LAW FOE THE TESTS' 

In model studies, it is necessary to be able to 
extend the results of tests to different scales, 
and if possible, to different materials In the 
derivation of the model law for these tests, the 
following notation will be used: 

q = rate of discharge per umt length, cu. 
ft. per sec. per ft, or sq ft. per sec. 

k = coefficient of permeability, ft per sec. 
D = dram depth, used as a typical dimen

sion, ft. 
m = non-capillary porosity, that portion of 

a umt volume of soil occupied by 
drainable water, a dimensionless deci
mal fraction. 

t = total elapsed time, sec 
C = constant of proportionahty, dimen-

Subscript 1 refers to the model, and sub
script 2 to the prototype. 

Consider what happens dunng an elapsed 
time. At, m a section of infimte width in which 
the flow IS two-dimensional and in which the 
soil IS homogeneous. The ground-water sur-

* The derivation of this model law is grate
fully taken, with' some modifications, from an 
unprinted memorandum written especially for 
this study by Dr W E Rowland, Professor of 
Sanitary Engineering, Purdue University 

face drops from one position to a lower one as 
shown m Figure 9 The available water 
between the two positions of the ground-water 
is drawn out of the soil and, under the assumed 
conditions, is equal in volume to the water 
that flows into the drain durmg the same time 
interval. The volume, per unit depth of cross-
section, drained out of the soil m the tune, At, 
can be expressed as C D* m. The constant C 
m this expression is a constant of proportion
ality relating the shaded area in Figure 9 to 
the area I>. Any other typical dimension 
could be used in place of D, substituting an 
appropriate constant for C The followmg 
equations for the discharge, based on the vol-

^LOWE^INO OP WATER SURFACE 

DURING T I M E ELEMENT, ^ t . 

1 
A.PROTOTYPE 

ORIGINAL WATER L E V E L 

1: 

ORIGINAL WijlTER L E V E L 

^LOWERING OF WATER S U R F A C E 
CURING T I M E E L E M E N T , A t . 

B. MODEL 
Figure 9. Geometrically Similar Conditions 

in Model and Prototype 
ume of water removed from the soil, may then 
be written for model and prototype: 

?i A<i = Ci D,« mil 
and qt Afa = CtD^vhf ^ ' 

If correspondmg (but not necessarily equal) 
limes have elapsed m both model and proto
type so that the ground-water surfaces as well 
as all other boundaries are geometrically siim-
lar, then Ci equals Ci and equations (3) can be 
rewritten: 

ii = (b)' B ^ (4) 

From Daroy's Law apphed to the flow-net, 
expressions for the rate of discharge into the 
drain in model and prototype can also be writ
ten: 
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Again making use of the complete geometric 
smulanty, it can be seen that 

^ equals ^ so that (8) can be rewritten 

?2 
(6) 

Usmg equations (4) and (6) and equating the 
rate of discharge mto the drain to the rate of 
water removal from the soil, it follows that* 

Di mi ki 
Dtm,ki (7) 

This equation is the model law for these 
tests and gives the relationship between the 
time mtervals required to establish geometn-
cally similar conditions m the modd and its 
prototype It shows that the time required 
to establish any specified position of the 
ground-water surface varies inversely with the 
coefficient of permeability and directly with 
the non-capillary porosity and the model scale. 

On the basis of this model law, results ob
tained from one model can be extended to 
geometrically similar cases of different scales 
and of different soil types, providmg the neces
sary soil "constants" are known. As stated 
before, the section assumed for this derivation 
was infinite, a condition which cannot be duph-
cated either in the field or in model studies. 
As the following antdysis of results shows, how
ever, the variations from this assumption have 
but littie effect on results when the variation 
occurs at a short distance away from the drain. 

ANALTSIB OF RESULTS 

As stated in the previous discussion, it was 
determined to mvestigate the different vari
ables on the basis of discharge rates and the 
rate at which the ground water is lowered. 
For the following analysis, therefore, the 
depth-of-dramage data and the discharge data 
are plotted against vanous forms of time 
scales, comparing tests m which all but one 
variable were held constant. 

Effea of Tank Limits 
TOT purposes of the model tests, some as

sumption was necessary as to the soiu-ce of 
water flowing through the soil Under actual 
conditions, the ground water which extends 
an infinite distance each side of the road is 

the source Since it was necessary to limit 
the length of the model tank, an artificial 
supply was provided by means of an inflow 
chamber at one end of the tank. 

Dunng most of the tests, the water level in 
the inflow chamber was held constant at some 
selected elevation. In general, the effect of 
this arrangement was to slow the process of 
drainage somewhat more than would be 
natural and to limit the amount the ground
water surface could be lowered. Thus, the 
ground-water surface, instead of approaching 
the level of the dram at infinite time, ap
proached an intermediate position as its 
equihbnum. 

A few tests were conducted in which no 
water was added after the start of the test. 
Under these conditions, the supply of water 

larr 

no* 
ILtnm THE- SECONDS 

Figure 10. Effect of Tank Limits 

was limited to that in the sod and in the open 
chamber at the end of the tank. Obviously, 
the water level in tins case would be lowered 
somewhat faster than it would if there were 
an infimte body of soil to the side from which 
to draw water. 

Thus, it was possible with different inflow 
arrangements to bracket the "ideal" condition 
of an infimte source even though it was im
possible to obtain that condition itself. In 
Figure 10 are plotted data from two tests 
which were identical in every respect except 
that one had a constant inflow-level at the 
end of the tank and the other had no mflow. 
As the curves show, the results are almost 
identical for the first and most significant part 
of the tests and diverge only after an appreci
able lapse of time Smce the curve of the 
ideal condition would fall between the curves 
of these two tests, it may be concluded that 
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results from the first part of the tests may be 
considered independent of the tank limitations 
and mdependent of the manner of water-level 
control at the end of the tank. 

Effedlci Sou Type 
If, instead of plotting drainage depth, d, and 

discharge rate, q, against time, t, as in Figure 
10, the dimensionless factors d/D, q/k D, and 
t k/m D are used respectively, the resulting 
curve should be independent of scale or soil 
type according to the model law developed, 
the only lunitation being that Darcy's Law 
must hold for the flow system. Using these 
dimensionless factors, results from similar 
tests with the soils A, B, and C, previously 
described, are plotted in Figure 11. Com
putation of R^old's Number for the flow 

DUn tlU-IM, 
^ JL ' " ""A- 'lit j 

Figure 11. Effect of Soil Type 

condition with Soil A showed that the critical 
value of one for that number was exceeded, 
with the result that Darcy's Law—and there
fore the model law—did not apply. The 
Reynold's Numbers for the tests with Soils B 
and C were both below the lunitmg value and 
therefore Darcy's Law and the model law 
should apply. This relationship is verified by 
Figure 11. The results from the tests witii 
Soils B and C are nearly identical, and the 
results from the test with Soil A indicate a 
slower rate of dramage resulting from turbu
lent flow. Thus, for soils in which the flow 
follows Darcy's Law, the effect of soil type 
upon the rate of drainage is given by flie 
model law. 

To show the apphcation of this law, a plot 
of driunage-depth agamst time for one drain
age installation is given in Figure 12. This 
installation is a 100 per cent enlargement of 
one of the model tests using Soil C with D 

equal to 1.5 ft., W equal to 12 ft., T equal to 6 
ft., and S equal to 4 in. Three typical soils, 
designated, "X," "Y," and "Z," were as
sumed and time scales were computed for 
each using the model law. These scales show 
how greatly the time reqmred to produce a 
given depth of drainage is affected by normal 
differences in permeability A series of such 
curves for typical mstallations would permit a 
designer to determine, on a time basis, how 
effectivdy drains could be expected to lower 
the ground-water surface in a particular soil. 
For instance, the time required to lower the 
water surface in some soils, such as Soil "Z" 
in Figure 12, would probably mdicate the 
madvisability of attempting to drain that 
soil. 
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Figure 12. Application of Model Law 

Effect of Drain Spacing 
Tests were conducted with the same value 

of all variables except for drain spacmg, W, 
which was varied in the model from 8 to 16 
ft. The results are plotted in Figure 13. The 
tests were conducted with the same soil, but 
the results are plotted on dimensionless scales 
and are therefore mdependent of soil type and 
scale. The curves show the pronounced effect 
of drain spacing upon the rate at which the 
water between the drains is lowered. For the 
wider spacings, the time required to produce 
a certiun depth of dramage is considerably 
longer than for the more narrow spacings. 
The fact that the mitial rate of discharge is 
somewhat higher for the wider spacings is more 
than compensated for by the greater quantity 
of water between the two drains. The general 
conclusion can be drawn, therefore, that 
drains should be spaced as close to the pave
ment edges as other considerations permit 
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If they are placed out from the edge, they are 
less effective in removing water from under the 
pavement, and if they are placed much within 
the edge of the pavement the sharp nse in the 
ground-water surface on the outer side of the 
dram will keep the soil under the edge of the 
pavement saturated for a longer time. 

gated, the ground-water surface at the center-
Ime was lowered much faster by the deeper 
drams With regard to the effect produced, 
therefore, there is a decided advantage to 
placing drains deeper, not only because the 
maximum possible amount of drainage is 
higher but also because the initial rate of 
drainage is higher. There undoubtedly is a 
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S> SIN W- 0 FT 
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Figure 13. Effect of Drain Spacing 

Effect of Drain Depth 
To investigate the effect of drain depth, D, 

tests were performed in which all other vari
ables were hdd constant while the drain depth 
was varied from 1 5 to 4 5 ft Results from 
these tests are plotted in Figure 14. The 
scales for these curves are plotted using T as 
the tsrpical dimension rather than D as before, 
in order to show the effect of the variation in 
drain depth more clearly. The test for a 
drain depth of 4.5 f̂ . in this senes was erratic, 
due to probable silting of the drain, and for 
the purposes of this report the curve for D 
equal to 4.5 ft. was mterpolated from related 
data in another series. 

Due to the higher heads on the lower drains, 
the rate of discharge for those installations was 
higher than for the dram at lesser depths. 
Consequentiy, for the range of values investi-

TIME FACTOR , OIHEN9IONIES9 
*CURVE FOR D/T - OTS INTERPOLATED FROM OTHER DATA 

Figure 14. Effect of Drain Depth 

hmit to the depth at which an mcrease m D 
would produce beneficial results, probably in 
the order of D equal to W, the drain spacing. 
Economic and other hmitations, however, 
would clearly restnct the drain depth to much 
lower values. Eirkham (11) found that the 
benefits of increased drain depth ended when 
the drain was placed three-quarters of the way 
down in the previous layer. This particulu-
limitation would not hold, however, if the 
drains were backfilled with pervious material. 

Effect of Dram Size 
The size of a subdrain haa two separate and 

distinct effects upon its ability to remove 
ground water. Not only does it limit the 
capacity of the drain to carry water, but it 
also limits the abihty of the drain to admit 
water from the surrounding soil The latter 
effect IS due to the notable influence of the 
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cireumference of the drain upon the pattern 
of flow. In regard to this effect, the trench 
width should properly be considered as the 
dnun diameter providing the trench is back
filled with a properly designed pervious ma
terial. However, if the backfill material does 
not function effectively as a filter, the true 
drain diameter controls. In these tests, no 
pervious backfill was used, so that the drain 
sizes quoted can be considered as such for 
similar installations or as trench widths when 
pervious backfill is used. 

For these tests, the drain diameter was 
vaned from 4 to 8 in. while the other variables 

ture of the results is that the initial rate of 
discharge is appreciably larger for the greater 
thicknesses of pervious layer. The reason for 
tiiis becomes apparent upon examination of 
the patterns of flow toward the drains. Much 
of the water flowing into the drain flows down 
below them before finally coining up and into 
the drains. The deeper pervious layers pro
vide a greater area of flow beneath the drains 
and thus result in higher discharges into each 
drain. An apparent contradiction is shown by 
th6 slower rates of increase in drainage depth 
at the centerlme when the pervious layer is 
deeper. It is supposed that the reason for this 
effect is that when T is greater and larger 
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Figure 15. Effect of Drain Size 

were held constant. The results are plotted 
in Figure 15. As would be expected, the 
larger sizes produce a higher rate of discharge 
as well as a higher rate of mcrease in depth of 
drainage. This effect, however, is obviously 
quite small in comparison to the effects of 
other variables. 

Effect of Pervuma-Layer Thickness 
A series of tests was performed to mvestigate 

the effect of the thickness of pervious layer 
Holding the other variables constant, T was 
varied from 3 to 6 ft. by changmg the water 
level m the tank. The results of these tests 
are shown in Figure 16. An interestmg fea-

Figure 16. Effect of Pervious-Layer Thickness 

quantities are flowing, more water from the 
outer side of the drains flows beneath the 
drain, reducing the area of flow for water com
ing from between the drains. 

CONCLUSIONS 

From the preceding analysis of results, the 
followmg observations and conclusions may 
be stated. 

1 The effect of soil type upon rate of drain
age is expressed adequately by the model law 
derived in this paper providing Darcy's Law 
holds Accordmg to the model law, the time 
reqmred to produce a given depth of drainage 
varies inversely as the coefficient of perme
ability of the soil and directly as ite non-
capillary porosity. 
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2 If a curve is available providing the rate 
of lowering of the ground-water surface by a 
drainage installation geometncally similar to 
one being considered, the time required to 
produce various depths of drainage may be 
determined by application of the model law. 
These time intervals will provide a partial 
index to the drainability of the soil encoun
tered using such an installation 

3. With drainage installations of similar 
dimensions to those tested, Dar( '̂s Law will 
apply safely to soils with coefficient of perme
ability 1 by 10~* ft. per sec or less. 

4 The limitation m the length of the tank 
used in the model studies produced httie or no 
effect during the early and more significant 
part of the tests 

5 From results of the tests investigating 
drain spacing, it can be stated that the most 
favorable location of longitudmal drains is 
near the edge of the pavement 

6 Within the limits tested, dramage effec
tiveness increased as the depth to the drain 
was mcreased This effect should continue if 
the dram position was lowered to the bottom 
of the pervious layer providmg pervious back
fill were used When native backfill is used, 
the effectiveness should increase with increases 
m drain depth only up to three-fourths the 
per\aous layer thickness, according to other 
investigators (11). 

7. Within the range investigated, dram size 
had a small but noticeable effect upon the rate 
of drainage. 

8. If pervious backfill is used, the drain size 
should be determmed hydrauhcally—that is, 
to carry the reqmred rate of discharge, this 
rate bemg determined by means of the pattern 
of flow into the drain, or, if available, from dis
charge curves for geometrically simdar in
stallations. 

9 For equal values of other dimensions and 
increasing values for the thickness of pervious 
layer, the rate of discharge increases and the 
rate at which the ground-water level is low
ered at the centerhne decreases. 
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D I S C U S S I O N O N H I G H W A Y S U B D R A I N A G E 

DK W. E . HOWLAND, Purdue Umversity: 
The model law for the flow of water through 
soil stated in various formulae by the author 
(as in 6 and 7) may be estabhshed m a variety 
of ways. As derived by the author the condi
tion is assumed in both model and prototype 
that the rate of water commg to the dram is 
equal to the rate of depletion of water stored 
in the ground. This condition might not seem 
to the reader to be a very general one. For 
example, it may appear that added proof is 
needed to show that the law is also applicable 
to the author's experiments m which a con
stant level of water was maintamed m a well 
at the end of the tank simulatmg an influx of 
water from a distant inexhaustible source as 
from a portion of the water table constantly 
replenished. 

Extension of Aj)plictibilily of the Model Law 
Perhaps the easiest way to extend the proof 

given by the author to this somewhat more 
general case is merely to assume that the deple
tion of storage in the time &t, namely, CDl, 
(see Eq. 3) is not equal to the corresponding 
flow into the drain qM, but instead is some 
fraction F of that quantity. This fraction F 
must be the same in both model and prototype 
for sunilar patterns of flow. Then one could 
write in place of formulae 3, the followmg. 

jiAd = F CDi*mi 

9,At, = F CDMt 

Then formulae 4 and the others dependent 
thereon would follow as well from the formulae 
just stated as from the author's formulae (3). 

Altemative Derieation 
The same model laws can be derived from a 

consideration of the constants which appear in 
the differential equation for unsteady two 
dimensional flow in sand. 

Let q =1 the rate of flow past a typical sec
tion as, for example, Section a, a, 
a, a, y units high, and 1 unit wide 
of Fig. 17. (Its dimensions are 
those of area per unit time) 

m = porosity, a dimensionless quantity, 
and 

k = permeability defined by 
9 => % the total differential 

of which with respect to distance is 

GROUND WATER 
SURFACE 

Figure 17. Unit Section of Drain and Soil 

This is the difference in the rates of flow 
between two sections, a and b, ix distant from 
one another. The total amount of difference 
of flow in the time, St, is this quantity multi
plied by St Now, in a section of the tank, 
sx long, and one unit wide, as the water level 
drops a distance of sy m time, si, an amount of 
water would be drawn out of the sand equal to 
msxsy. 
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Now this equation will be modified to give it a 
truly dimensionless form. For this purpose 
the following substitutions will be made: 

X . - - also ax, = -

also dyi ay 
D 

where i) is a typcal distance. 

Also, - and dh = -
la t a 

where t, is a typical tune, as for example, the 
time for a midpoint on the water table to lower 
one-quarter of the total distance. 

Then the equation becomes: 

\axj ^^'axi* \kta)ati 

All variables as yi and syi, etc are ratios and 
thus are truly dhnensionless quantities, and 
the dimensionless constant which remains in 

mD Ma the equation is ^ or its inverse î;;̂ . Thus, mD 
.mD. if ̂  is the same in one situation as in another, 

Kta 
the same geometric patterns of flow will result 
m corresponding tunes From this principle 
all the model laws previously derived may be 
obtained. 
Applieabibty of the Model Law 

The model laws here considered are limited 
in then- applicability It may be well to em
phasize some of these limitations Clearly, 
if the model law is to hold, the same variations 
from a homogeneous and isotropic condition 
of the soil must exist in both model and proto
type. Since variations are very hard to 
control it is probably correct to state that 
departures from this condition in the soil will 
result in apparent errors in tests of the model 
law \yhen applied to two different soils. 
This, I believe to be the important reason for 
the discrepancies noted between soils B and C 
in the experiments shown on Figure 11. 

Furthermore, the model law does not apply 
to turbulent ôw nor to conditions in which 
changes m velocity head are signiflcant in 
their relation to pressure head chaiiges as the 
author has stated m reference to soil A, 
Figure 11. Another important difficulty 

arises from a difference in the amount of 
capillarity in two otherwise comparable soils. 
Although it may be possible to allow for this 
difference in certain cases, one should certainly 
be on his guard against too hasty an applica
tion of the model law to a pair of soils in one 
or both of which capillarity is an important 
factor, as the author has stated. For this 
reason it seems doubtful that the model law 
would apply as assumed to the hypothetical 
soil Z shown in Figure 12, whose capillarity 
is very high. The zone of capillary saturation 
would be large and could not be disregarded 
as an available flow channel. In fact, the 
drain might find itself in the zone of capillarity, 
m which case practically no water would be 
removed by the drain. Thus the application 
of the model law to this situation is beset 
with difficulties. 

It should also be borne m mind that the 
object of drainage is to remove the water and 
not merely to lower the free water surface, 
which may be predicted by a model test. la 
fine-grained soils the height of capillary rise 
may be great. In these soils the lowering of 
the free water surface may not result in an 
appreciable reduction of moisture. 

Viscous Fluid Flow Analogy to Two-dimen
sional Nonrumform Flaw in Soils 
If the model law just denved is applicable 

to soils, with limitations, (some of wUch have 
just been considered) then it ought to be 
possible to represent the flow in these soils by a 
properly devised model uong not soil at all 
but a viscous flmd between correctiy spaced 
parallel transparent plates The position of 
the drain adjacent to the model (but not thick
ness) should be geometrically similar to those 
of the prototype. This model law will now 
be derived 

Usmg the same methods as is given in 
standard texts to denve the Hagen-Poiseuille 
equation for viscous flow m circular pipes (see 
Fluid Mechanics by Dodge and 'Thompson 
p. 171), it is possible to show that the actual 
mean velocity of flow between parallel plates 

i s ^ -t . Here i, IS the pressure head gradient, 
12 VI 

bi IS the distance between the plates, g is the 
acceleration of gravity and n is the lanematic 
viscosity of the viscous fluid. Now the law 
of flow of water through the sand on which 
the model laws just considered have been 
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based is that Vt mean = hit. Thus -
takes the place in the author's formula No. 7 
of h. This is a sort of equivalent permea-
bilily and may replace A;i wherever this h 
appears in previously derived model laws, 
.^o, it is to be noted that mi, the porosity m 
this model, will now be unity. The author's 
formula (7) may then be written as 

li Afal2i.i 
«i ° ftfti'ffm, 

and (6) becomes 
qt ^ Pi bi*g 
qt k2Dt'>il2 

Warning: These values of 9 are rates in volume 
per unit time per unit length of drain or in 
dimensions of area divided by time 

It is hoped that such a model may be 
employed m future studies. It seems to offei 
many advantages over other methods for 
determining the effect of drains on lowering 
ground water levels for two dimensional 
stream line flow through soils of known 
characteristics in which capillanty does not 
play an unportant role. 

PROF. W. J . SCHUCK, Engineering Experi
ment Station, Iowa State CoOege: Mr McClel
land, and the Joint Highway Research 
Project, Purdue University, merit commenda
tion for an interesting report of a carefully 
made study. The consideration of the time-
factor, and the use of the model law in arriving 
at practical applications of the data, are 
particularly mteresting 

I was impressed particularly by the simi
larity in methods, and the differences in 
results, for this Purdue study and one which 
our Station reported to the First International 
Congress of Soil Science' We also tried 
three soils; with two of these we experienced 
"experimental difficulties," though some re
sults, not mcluded in the pubhshed paper, 
were obtained for soil No 2 Soil No. 1 was 
similar to Soil "C", Soil No 1 was slightly 
coarser than Soil C, and had values oi k = 
1.5 X 10-* at 55° F, and of m = 0 14« Soil 

' Proceedings, International Congress of 
Soil Science, Vol 4-6, 686-700 (1927) 

' The difference between the "pore space 
on basis of true specific gravity, per cent" 
and "Water retained after draining, by vol
ume per cent." 

No. 2 was a finer, "less permeable loam," 
with a value of m = 0.08. 

It is unfortunate that this earlier study was 
not reported in a source more readily available 
to soil engineers. It is not now feasible to 
present more than a brief resume of it. 

The principal differences m results appear 
to be due to differences in dimensional rela
tionships. Our model (Fig 1) was smaller, 
and used a smaller drain, though it provided 
(in effect) a larger spacing-deptii ratio, and a 
larger ratio of depth of pervious layer below 
the drain to depth of dn^ble soil 

The depths of soil above and below the drain 
were 8-in. and 7-in., respectively, and were 

Drain 
SloUed i'pipe 

Figure 1 

constant for all trials. The dram was used 
either in the middle or at one end of the model. 

Our drain was a j-in. brass pipe, slotted 
transversely every }-m. both top and bottom; 
it was surrounded with sand so that its outside 
diameter was about 1} m. The Purdue drains 
were 4, 6 and 8 in in diameter This differ
ence m diameter should influence the shape 
and the slope of the ground-water curves near 
the dram. As the size of the dram increases 
there will be an increase m the minimum 
cross-section of soil through which the flow 
must pass Field records mclude many in
stances where the water table at the dram 
was above the dram; this probably was due to 
some combination of entrance head into the 
drain, resistance to flow through the minimum 
cross-section of soil, and possibly surcharged 
flow m the drain. Some trials w ith our model 
showed equal heads at equal (short) distances 
laterally and below the drain 

The values of A; in our studies were deter
mined as illustrated by Figure 2, using a 
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range of losses in head The values for soil 
No. 1 were checked later by certain data 
obtained with the model 

Our results showed certain distinct differ
ences from those reported by Mr. McClelland. 
We found, (1) a straight-hne relationship 
between temperature and the permeabibly 
coefficient; (2) for soil No. 1, different types of 
flow, and different head-discharge rdation-
ships, for what were termed "drainage flow" 

Thermometer^ 
Well 

Wats. 

Flow 
measured 

Figure 2 
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I s 

I I 
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Lateral flow 
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56 64 72 
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(flow from a saturated soil) and "lateral flow" 
(flow when water entered the soil from a com
partment at one end (or both ends) of the 
model); (3) different head-discharge relation
ships for dramage flow through soils No. 1 
and No. 2, and (4) a decrease in the perme
ability of soil No 2 from day to day 

The results of determinations of k for soil 
No 1 showed that the discharge varied 1 54 
per cent of that at 50 F for each degree of 
temperature variation from 50 F , this rela
tionship was used in correcting all rates of 

discharge for the model. The temperature 
variation for different trials of a series usually 
was only 1 or 2 deg., but the range between 
individual trials of several series was as much 
as 10 deg. 

The results for lateral flow through soil No. 
1 show the groundwater curves to be (nearly) 
straight lines to withm 8 or 10 m. from the 
drain. When these data are plotted to a 
condensed time-scale (Figure 3), the "straight" 
portions are found to be very flat curves. All 
of the flow enters the soil column at one end; 
smce each succeeding cross-section is smaller, 
a slightly steeper slope is required to maintain 
the flow. It seems possible that the propor-
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tionately-great depth of the pervious layer 
beneath the drain so decreased the reduction 
in cross-section that it tended to obscure the 
resulting increase in slope This in turn 
suggests that the curvature of the watertable 
is some function of the relative capacity of the 
pervious layer below the drain. 

For drainage flow water enters the saturated 
zone at all points along the length of the 
column, the resulting increase in the quantity 
of flow requires an mcrease in slope or head 
(Fig 3) The rates of discharge for a given 
value of "head" are greater than for lateral 
flow, as illustrated by Figure 4. 

The results for soil No. 2 were not so con
sistent as those for soil No 1, but they indicate 
some differences in head-discharge relation-
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ships for drainage flow (Fig 4). The fact 
that the upper ends of the graphs for soil No. 1 
appear to have a slight curvature suggests 
that this difference iday be partly one of 
degree. 

The data for lateral flow through soil No. 2 
(Fig. 5) illustrate three interesting points: 
(1) an appreciable entrance head; this phe
nomenon was observed also in determination 
of k for both soils No. 1 and No. 2; (2) a 
decrease in permeability from day to day; 
this is shown also by Figure 4; and (3) some 
flow passed m the drain, through the lower 
pervious stratum, when flow was from one 
side only; this may account for the fact that 
the aiverage flow, at each head, from both sides 
was 2.7 times that from one side only. 

The differences in the findmgs of these two 
studies appear to be due to differences in 
dimensions and dimensional relationships in 
the two models However, until these differ
ences are explained, or at least till the Umits 
withm which they are important are deter-
mmed, it seems unwise to accept the results of 
either for general application 

Field Studies The action of drains, and 
the characteristics of the flow to them, under 
relatively impervious roadway surfaces have 
been subjects of discussion for many years. 
This Station undertook studies of this problem 
at two locations m Northern Iowa in 1921-24. 
Arrangements were made with the Iowa High
way Commission to have the drams installed 
at three positions—under the roadside ditches, 
2 f t out from the edges of the pavement, and 
at mtermediate locations, and to provide for 
vertical gage pipes through the pavement. 
The installations were made during the 
Summer and Fall of 1921 I t was unfortu
nate, for this study, that a sandy or gravelly 
stratum was encountered at about the level 
of the drains in each case, and that the Spring 
and Summer seasons of 1922-24 were relatively 
"dry" Readmgs m the Fall of 1921 and 
dunng the Sprmg and Summer of the succeed
ing years showed the watertable under the 
pavement to be at, or only slightly above, the 
drams; these data indicated that the drams 
were performing their function, but furmshed 
only negative indications as to the flow 
conditions under the pavement and between 
the drains 

Although the results of these field studies 
were influenced by the special conditions, the 

absence of a normal groundwater curve be
tween the drains, under the pavement, appears 
logical. Figure 1 of Mr. McClelland's report 
suggests this, though i t is probable that in 
many cases the distances D and d will be mdre 
nearly equal. I t seems desirable that any 
adopted design method should be based upon 
the characteristics of the flow from the sides 
and not upon the flow for a normal watertable 
curve between drains. 

Soil No 2 
Lateral flow 

March 

March 21 

March 27-2Q 

"^at, 2& 20 IZ 4 4 12 20 2& 36 
Distance from Drain - inches 

Figure 5 

M B . MCCUBLLAND: The model law derived 
by Dr Howland for applymg the results of 
viscous-liquid model studies to two-dimen
sional problems of flow through soils opens the 
way to a method of investigation which is well 
worth consideration There is no doubt that 
once the mechamcal details of model construc
tion are accomplished, the technique should 
permit mvestigation of a much wider range of 
variables than is possible with more unwieldy 
methods I t also ehminates some of the de
fects which hamper small soil-and-water 
models, such as the distorting effect of dispro
portionate capillary rise I t is to be hoped 
that future investigators of this or similar 
problems will consider viscous-liquid models 
as a possible method of study 

I do not agree with Dr Howland that the 
capillary characteristics of a soil can limit in 
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any way the application of the experimental 
results and the model law which have been 
presented. The only way in which the soil 
capillaries influence tiie movement of gravita
tional water is through their effect upon the 
"non-capillary porofflty" of the soil, which 
factor is included in the model law as pre
sented in the paper. I do agree, however, 
that it should be emphasized that any conclu
sions drawn from an application of these re
sults will definitely be affected by considera-

_ l 

« 7 JO "O 
Mastune, percent 

Figure 1 

tion of the capillary characteristic of the soil 
in question 

Thus, while model results and the model law 
may be validly apphed with reasonable accu
racy to the movement of ground water, a 
satisfactory analysis should be carried further. 
The purpose of drainage, of course, is to 
increase the supporting power of soil by reduc
ing its moisture content Therefore, knowing 
the movement of ground water to be expected 
in a certain case, it is also necessary to deter-
mme what changes m moisture content m the 
soil will be caused by such a movement This 
can only be done by investigating the capillary 

characteristics of the particular soil in 
question 

The best tool for this purpose is the energy 
concept of soil moisture, introduced to the 
engineering field by Spangler and Ruesell in 
1940 (3). For any soil a continuous relation
ship exists between moisture content and the 
energy with which that moisture is held in the 
soil. This relationship may be determined 
experimentally, and results of such tests on 
four Iowa soils by Spangler and Russell are 
given in Figure 1. T h ^ also show that when 
moisture conditions are at equilibrium, the 
negative pressure with which the moisture 
is held in the soil is equivalent to the distance 
from that pomt to the free water surface. 
Assuming equilibrium conditions therefore, a 
reasonable assumption where both surface 
infiltration and evaporation are restricted by a 
paved surface, the curves shown in that figure 
may be interpreted as the variation in mois
ture content with the distance above the 
ground water surface. 

To show how such information would apply 
to a drainage problem, assume that a pave
ment base is constructed on the "Dickinson 
fine sand" of Figure 1 Assume also that 
the ground-water surface is one foot below 
the base, and that the drainage installation 
given in Figure 12 is employed Using the 
time scale for Soil "Y" which corresponds 
very nearly to the Dickinson fine sand, it can 
be seen from Figure 12 that the drains will 
lower the ground-water surface an additional 
2 5 f t in 200 hours From Figure 1 it can be 
seen that this would result in reduction m 
moisture content at the pavement base from 
18 to about 11 per cent, which would prob
ably represent a substantial mcrease m sup
porting power. Drainage in such a situation 
would without a doubt be successful 

Assume a similar situation with the Marshall 
silt loam, which corresponds roughly to Soil 
"Z". In this instance, it would take 200 
days to lower the ground-water surface an 
additional 2 5 f t Even at the end of this 
time, as shown by the moisture sorption curve, 
the surface moisture content would be re
duced only from 35 per cent to 30 per cent. 
The effectiveness of drainage in such an 
instance might well be questioned. 

Thus the capillary characteristics of soils 
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should not be considered as "limiting" the 
application of the model law, but rather as 
deserving joint consideiation with such 
applications. A true design procedure for a 
drainage problem, althou^ admittedly ideal 
for most applications, might include the 
following steps: 

(1) Establish the supporting power to be 
required of the soil. 

(2) Determine from strength tests what 
maximum moisture content in the soil will 
permit satisfaction of that requirement. 

(3) Determine from a "moisture sorption 

curve" for the soil how deep the ground
water surface must be so that the proper 
moisture content at the surface will not be 
exceeded under equilibrium moisture con
ditions. 

(4) Determine from an application of the 
model law and these or otiier model tests 
what installation and what length of time 
will be necessary to satisfy requurement (3). 

Either of the last two steps may clearly indi
cate that drainage is not economically feasible 
and that some other method of correction 
should be applied. 
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C O N T E N T O F S O I L - C E M E N T M I X T U R E S I N T H E F I E L D 

MILES D . CATTON AND JB. J . FELT 
Portland Cement Associalton 

SYNOPSIS 
Dunng the last two years soil-cement airport facilities have been constructed 

at rates of 10,000, 20,000 and more square yards of 6-in pavement per day. At 
this speed the control of moisture content for such a large volume of material 
becomes a very important item reqmnng careful planmng and efficient testing 
technique Field moisture content determinations are generally made by drying 
a representative sample over a kerosene or gasoline burner, a system which has 
proved adequate in most instances. However, since this method is relatively 
slow, a continued search is being made for more rapid methods of determining 
these moisture contents This report discusses two ''Weight-In-Water" methods 
which serve this purpose 

The principle of these methods has been applied to moisture and specific gravity 
tests of concrete aggregates, but its application to soil-cement is relatively new. 
The methods are based on the fundamental that a sample of soil-cement when 
weighed in water weighs the same regardless of its moisture content After the 
weights of the sample in air and in water are obtained, the specific gravity of the 
mixture is used to aid in the calculation of its dry weight and moisture content. 

The fact that cement is a powerful flocculating agent is instrumental in making 
possible the use of a pycnometer-syphon weight-in-water method applicable to 
soil-cement mixtures even though they are composed of fine textured soils. 

During the past two years a number of soil-
cement projects have been built at rates of 
10,000 to 20,000 and more sq. yd of six-mch 
pavement a day. Much of this yardage was 
bmlt usmg the "train lane" processmg method, 
the fundamentals of which are shown in Figure 
1. In this method, processing equipment 
completes the construction of each lane in a 
relatively short time and, therefore, rapid 

moisture determinations are required after the 
dry mix in order to control subsequent mois
ture apphcation. Some additional moisture 
content determmations may be required dur-
mg water apphcation. Final moisture content 
checks are needed dunng final rolhng so that a 
large number of moisture tests are required 
each day. As an illustration, if one moisture 
sample is taken for every 350 sq. yd. of 




