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ABSTRACT
Drain Envelope Thickness and Permeability Effects on
Pressure Head Loss Across the Envelope
by
Atiyu Abubakar Ramalan, Master of Science

Utah State University, 1979

Major Professor: Dr. Lyman S. Willardson
Department: Agricultural and Irrigation Engineering

A properly designed envelope placed arcund drain pipe should
continucusly transmit water into the drain unimpeded at a
comparatively low head loss. A low head Toss across the envelope
is therefore one of the measures of effectiveness by which a drain
envelope performance can be evaluated. An inherent physical property
on which porous envelope materials depend for their abilities to
transmit water is permeability.

Tests were conducted on drain envelopes in a physical model
to determine the effects of envelope thickness and permeability on
pressure head loss across envelopes. Three synthetic and one
natural envelope materials with one soil type were used for the
research. The flow rate range used was typical of field situations.
The desired data, piezometric heads, were measured at radial
distances from drain center at predetermined locations in or across
the envelope and soil.

Test results showed that magnitude of head 1oss across the

envelope material is inversely proportional to the permeability of
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the material while thickness of granular envelope was found to

be directly related to pressure head loss.

{102 pages)



INTRODUCTION

In subsurface drainage, drain tubes are used for draining
excess water from the land. For the agricultural land drainage
applications, such tubes are commonly installed at depths from
four to six feet below ground surface. Excess water from the
soil passes through perforations on the tube wall, or joints where
ends of tile drains are butted together. The drain collects the
water and disposes of it at a suitable outlet.

Drain installation in certain unstable soils, especially in
irrigated areas, have water moving into the drains accompanied by
significant amounts of sediments in the form of sand and silt
particles. If the flow velocity is not sufficient to carry the
particles along, they will settle and clog the drain tube. The
inevitable result is that the effectiveness of the drainage system
will be impaired and consequently the land will be Tess productive.
One of the practical solutions to this problem which is an out-
growth of an early research by Terzaghi and currently used is to
place some form of envelope material around the drain tube. Such
a solution has proved quite adequate in dealing with the problem
where careful design of the sand and gravel envelope was made with
due consideration to the base soil material. In addition,
permeability to water around the drain tube is improved; as is the

bedding support for the tube itself.



With depleting supply of pit-run, naturally graded sand and
gravel envelope materials and increasing haulage and overhead costs
associated with the use of such materials, attention has been
focused on synthetic envelope materials.

Synthetic envelope materials, like the granular sand and
gravel envelopes, provide high permeability to water around the
drain tubes, though the former is lacking in bedding support for
the tube. With higher permeability, which is the desirable
physical characteristic required of all envelopes, resistance to
flow of water is minimal; thus minimizing head loss across it. This
in effect means that the same amount of flow can be transmitted at
lower hydraulic gradients. To enable better and more efficient
systems to be designed and remain operative some studies of the
physical capabilities of the envelopes vis-a-vis their permeabilities
and head loss are necessary.

The aim of this research therefore is to investigate the
influence of synthetic envelope material on the head loss in a
drain-envelope-soil environment. In addition, to determine the
relationship between envelope {granular) thickness and pressure

head 1oss across the envelope.



LITERATURE REVIEW

Flow in Porous Media

Flow of fluid in porous media, e.g. soil, takes place in

response to a hydraulic gradient. Jarcy in 1856 pioneered work

in his studies of flow of water through filter beds discharging at
atmospheric pressure, using a simple apparatus. He enunciated

the Darcy's Law of flow through porous media. The law has been
extensively tested and its validity established for conditions
normally encountered in drainage designs (22). Darcy's Law states
that flTow of water through porous material is directly proportional
to the hydraulic gradient and to a factor of the porous media

known as the hydraulic conductivity. Symbelically, Darcy's Law is:

Q=KA . . . . . . . . . .

where K is the porous media hydraulic conductivity; i is the
hydraulic gradient, A is the cross sectional area of flow, and @ is
the volume of flow per unit time.

The hydraulic gradient, i, is sometimes expressed in its full
form as i = Ah/L where Ah is the piezometric head difference over
points a distance L apart, where the piezometric heads, h, are
measured. The guantity i is dimensionless. The coefficient K,
with dimension L/T (length/time), designated hydraulic conductivity,
(11, 30), is related to intrinsic permeability k', with dimensions

of length squared, (Lz) by



K= k'pg/u . : . . . . . . . (2)

where p and p are the density and viscosity of the fluid
respectively and g is the acceleration due to gravity, k' is
referred to as the intrinsic permeability of the medium; its
value is independent of the fluid type used. The lumped permeability
canstant, K had been adopted by the Soil Science Society of America
and called "the hydraulic conductivity” of a specific porous medium.

Darcy's law is appropriate where excessive velocities of flow
are not encountered. To define the range where the law is appropri-
ate, a dimensionless quantity known as the Reynold's number,
d¥s/n is one of the criteria of velocity of flow in pore used. The
quantity V is the true mean velocity of flow of fluid in pore
channel of diameter, D. Substituting known values, Reynoids number
should not exceed the value 0.1 to 1.0. The few exceptional
circumstances where Darcy's Law do not hold occur in flows in sands
and gravels, etc., where velocities are high and Reynolds number
range in values from 0.150 to 18.10. Such flows are character-
istically turbulent and seldom occur in agricultural drainage.

An empirical equation derived relating Reynold's number R with

an average grain diameter given by Luthin (22) is expressed as:
R = dVp/n . . . . . . . . . . (3)

where d is the diameter of pore; n is the viscosity of the fluid;
o is the density of the fluid, and V is the true mean velocity of

Flow,



Fanchers, Lewis and Barnes (7) in their paper expressed

Reynold's number in terms of the average grain diameter, given as:

(4)

where dS is the arithmetic mean of the opening in any two
consecutive sieves of the Tyler or U.5. standard sieves, and ng is

the number of grains of diameter, d., as determined from the sieve
analysis.

At Tow velocities, Ward {39) showed that Reynolds number can
be obtained from a relationship where the Reynolds number is
directly proportional to the square-root of permeability of
the medium. He emphasized use of permeability of the medium for the
characterization of porous media rather than average grain
diameter as in the formula above. For determining Reynolds number,
Ward gave the foliowing relationship:

_ k¥pv
Ry ” . . . . ] . . . (5}

where Rk is the Rejno1ds number for low velocity flow in porous
medium, k is the permeability of the medium, p and p are the mass
density and absolute viscosity of the fluid, respectively, and
v being flow velocity in the so0il pores.

Experiments show that departure from laminar flow begins at
R values between about 1 and 10, depending upon the range of grain
sizes and shapes (22). In any natural drainage situation, R value

of 0.01 is most unlikely to be exceeded and in practice it is usual



to assume the validity of Darcy's Law without further
discussion.

Flow of water towards a drainage well is a practical example of
porous media flow, the principle of this flowhas been used in

certain convenient Tocations for lowering water table height.

Flow Toward a Confined Well

Drainage by wells has over the years drawn some attention.
Unconfined wells are used for drainage. In certain suitable
locations wells have served a dual role of providing irrigation
water from the drainage water. Pumped wells offer the possibility
in many instances of overcoming restriction of location and
elavation imposed by natural outlets. They are most economical
where the water pumped can be used for irrigation or some other
useful purposes {28).

The foundation for analytical basis of groundwater theory,
as related to seepage toward wells was laid during the period 1850
to 1950 by investigators working independently in Euvope and United
States. Qut of this came a report by a French engineer Henry
Darcy in 1856, which included among other things a statement of the
basic equation of flow through porous media.

In 1863, Dupuit arrived at an equaticn similar to Darcy's by
extending rationally de Pronny's eguation for open channel flow {23).
Dupuit made the assumption that hydraulic gradient is the same at
all points in a vertical cross section and that this gradient is

equal to the slope of the phreatic or piezometric surface. He



obtained the equation:

Q = 2mkry -g%,’- . . . . . . . (6}

Integrating Equation & between r and ry and replacing ¥

and Yo with he and hw; and 8 and ro with L and Y

g - b,
Q = »k [T—‘)—]n o/t ] . . , . . : (7)

where Q is the flow or discharge to the well; he is the depth of

water at a radius r_; h, is the depth of water in the well; and

e’ W
P is the radius of the well.

The Dupuit equation has been widely used with water table
wells. Tt does have the apparent weakness in that it does not take
into account the curvilinear nature of flow in the radial plane.
Where the radius of influence is sufficiently great so that
curvilinearity is negligible, results are reasconably accurate, and
the equation can be useful in predicting the drawdown curve outside
the vicinity of a well. The other shortcoming of the Dupuit
equation is that it fails to take into account the fact that the
water level inside the well always stands lower than that outside
the well--a phenomenon known as a seepage face.

For an artesian or confined well, Peterson (23)indicated that
the thickness of the water bearing layer does not decrease as the
well is approached. Starting with an equation simiiar to Equation &

above written thus:

Q = 2mwrmk %% . . . . . . . (8)



Integrating, yields
Yo = N
Q—zﬂkm[m] . . . . . . . (9)

where if g and r, are the radius of influence and radius of the

well, respectively, and y, - ¥ equal to the drawdown D at the

well, then
_ ¢ 2TkmD
Q-[W] . . . . . . N . (]0)

From Equation 1G, if k, m and D are known, we may be able to
predict the decrease in piezometric head at any value of ra

Despite the apparent advantages in use of wells for drainage
not many installations have exploited the opportunity. Much of the

drainage water in many lands even where wells are feasible 1S

removed by drain pipes laid beneath the groundsurface.

Drain Pipes

In subsurface drainage practice, drain tubes or pipes are used
extensively for the removal of excess ground water in order to lower
the water position. The drain pipe may be located at or above
the impermeable layer. The soil above the impermeable layer may be
uniform or stratified. The drainage analysis problem of uniform
s0il is much simpler than that of stratified: and there may be a
single tube or a number of them installed (17).

In an investigation using flow nets and sand tank experiments,

Kirkham (17) showed that about 40 percent of the water that entered



the drain tube was from the underside. The experiment showed

that good practice requires the bottom of the drain tube be unsealed.
Flow into a drain tube is significantly reduced where the tube is
aither partially or completely embedded in subsail layers where the
permeability of that material is much lower than the overlying
material. Having the drain pipe placed in a more permeable soil
layer or surrounded by it improves water entry into the tube.

The effect of drain diameter on flow into drain pipes has been
investigated. In an experiment, Kirkham {14) showed that when drain
pipe diameters were doubled and quadrupled from two inches diameter
there was in each case a corresponding increase in inflow to the
drain in the order of 15 and 34 percent, respectively. In contrast,
‘Luthin and Haigh (21) obtaired a 30 to 60 percent increase, depend-
ing on water-table height, when drain diameter was doubled.
Increasing the drain diameter 3.9 times, they reported a 90 to 130
percent inflow increase, depending on water tabie height.

Increased outflow from drains and rate of falling water table is
significantly affected by drain size. Besides increasing effective
physical dimensions of the drain the placement of envelope material
around drain pipe helps to reduce sediment entry into the pipe and

increases permeability to water in the immediate surrounding of the

pipe.

Envelope Materials

Closed, subsurface drain pipes or conduits, ranging from clay

and concrete tiles to modern-day corrugated plastics have faced
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one major setback in usage since the idea of using pipes for
subsurface drainage was first discovered. The major setback is
that of clogging and silt accumnulation within the drainpipe. The
washed-through materials which clog drainpipes are mainly made up
of small soil particles carried in suspension with the inflowing
water. As the material settles in the drainpipe, the effective
diameter and discharge capacity is inevitably reduced causing the
efficiency of the drainage system to decrease.

Sisson (34) in his review reported that in 1859 H. F. French
indicated that most drain failures were largely due to clogging
by soil particles from the base material. Some of the solutions
advanced prior to detailed investigation of hydraulics of particle
transport and sedimentation included use of sand and gravel envelope
around drain pipes to remedy the problem (9).

Later, in 1922, Terzaghi developed a soil mechanics-based
theory on the piping and seepage forces that develop beneath
hydraulic structures (29). Terzaghi enunciated the term “reverse
filter,” the concept which he later used to control seepage under
an Austrian dam built on pervious foundation (41). The embodiment
of this concept is that, the filter material made up of sand and
gravels--several times more pervious than the soil base material in
which it is installed--will retain the soil particles which are finer,
and prevent them from entering the drain pipe. This early work by
Terzaghi though basically conceived for controlling seepage and

piping under hydraulic structures, developed to form the basis for
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work in the design of envelope materials used in agricultural sub-
surface land drainage works today.

Using the Stokes Law equation, Willardson, et al. (40)
theorized a criterion based on flow entrance velocity to limit or
prevent entrance of sediment into drains. The idea is to control
both the velocity and direction of flow of water upward through a
channel so that as it approaches and enters the drain, the velocity
of flow is nearly zero--thus making the velocity energy practically
insignificant. To achieve this, a large cross-sectional area of the
channel is required, seemingly impractical as pointed out in a
later publication (41).

Prieto (28) pointed out that there is a critical gradient at
which soil particles begin to move. He used fine sand, and found
that the critical gradient is a function of porosity of the

envelope and its initial void ratio.

Envelope Material Types

There are quite a wide variety of types of envelope materials
currently marketed. They can, however, be broadly classified into
three main categories: organic material; sand and gravel; and
synthetic envelope materials. They have all been used in various

localities with varying degrees of success.

Organic Material.--The most common organic material types used

are straw and sawdust; others include peat litter, corn cobs, wood

chips, reeds, heather, and grass sod (12). Reports of drain
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installations in Tulelake Basin in northeastern California using

15 c¢m of wheat straw (Triticum spp) as envelope material by Baghott and
Houston, reviewed by Willardscn (41) indicated that after six years
the drains were still controlling the water table effectively. The
major drawback with some organic material envelcopes after some years
of use is decay.

Brownscombe (4) inspected field installations where straw and
wood chips had been used as envelopes. He reported that the straw
was effective in excluding sediment and showed a moderate decay
after 11 years. The wood chips decayed slightly after nine years.
There is therefore, the need to investigate and establish the wide
range of conditions under which organic material envelopes can be

used.

Sand and Gravel.--The most common and widely used envelaope

materials are the naturally graded coarse sand and fine gravels.
Such materials are widely available. Envelope materials used are
primarily pit-run sand with a minimum of fines {41). Experiments
by Lembke and Bucks (19) and the American Society of Agricultural
Engineers (1) have shown that a graded fine gravel or sand envelope
placed around a subsurface drain helps protect it from sediment

and improves its performance.

Synthetic.--Synthetic envelope materials from manufacturing
pracesses have greatly alleviated the problems of depleting sources
of natural sand and gravel envelope materials. It has, to a large

extent, cut down installation and handling costs associated with
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other material types. The synthetic material that has received the
most attention is fiberglass. Fiberglass made of Yime-borosilicate
glass is recommended because the glass does not dissolve in soil.
In a sand tank experiment, Overholt {27) reported that drains
protected with fiberglass over 75 percent of their circumference
had a flow rate 1.7 times that of the unprotected lines; with
complete wrap, the water was essentially silt-free and discharge

rate was 2.26 times the unprotected.

Synthetic Envelope

Use.--Synthetic envelopes are increasingly gaining use because
of the additional advantage over the conventional sand and gravel of
handling and wanufacturing.  In the construction industry where these
materials are referred to as filters they have been found to render
three basic functions, namely: separation, filtering, and reinforce-
ments {31). Some of these envelope materials have aiready found
acceptance in the agricultural land drainage applications.

Whether synthetic envelope materials will be & wore economic
solution compared to sand and gravel depends upon the life and cost
of the former, and availability and costs, includina haulage within
the proximity of the site of the latter. Seemel (31) indicated costs
of filter fabrics as ranging from $0.10 to $1.10 per 12 ($1.08 to
$11.80 per m2) and installation costs from $0.02 to $0.25 per ft2
($0.22 teo $2.70 per mz) depending on site conditions.

Nelson (25} reports that the cost of using fiberglass as an
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envelope ranged from 10 to 20 percent of the cost of using a sand

and gravel envelope.

Current Knowledge.--The most common materials used in the

manufacture of synthetic envelope materials are: (a) nylon, (b)
polyproplene, {c) polyvinylchloride, {d) polyethylene, {e) nylon/
polypropelene combination and {f) polyester fibers. Manufacturing
processes used include: (a) weaving--producing a window screen type
of material, (b) knitting--resylting in an elastic sock like material
and {(c] bonded random filter--the density and openina size being
contralled by fiber diameter and number of Jayers (38).

Seemel {(31) reported a manufacturing process where the fiber
is mechanically bonded by "needle-punching."

Availability of synthetic envelope material augmented interest
in seepage contral by subsurface drainage systems. The U.S. Army
Corps of Engineers, through the Waterways Experiment Station,
conducted an investigation to develop design criteria and acceptance
specifications for fabric filter materials (5). Filtration tests
and clogging tests were conducted to determine head 1o0sses across
the fabric during filtration and soil loss through the fabric. A
- ¢logging ratio based on the hydraulic gradients measured across
the fabric and across the system was used as a basis of comparison
of performance.

The Corps of Engineers developed a design criteria for
synthetic envelope materials for use with sgils which have no less

than 15 percent of soil particies larger than 0.075 mm {38).
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Rosern and Marks (42} in their study of behavior of a nonwoven
fabric filter--Mirafi 140--in subdrainage applications concluded
that permeability and hydraulic gradient are directly related to
the formation of an internal soil/fabric filtration system.

In hydraulic resistance measurements without soil-envelope
interface Ogink {25), Hermsmeier (10} and Broughton, et al.

(3) all showed that the resistance to water flow through the fabric
was not significant compared to the other head losses in the
subsurface drainage system. Hermsmeier (13) further reported that
field installations using synthetic envelope materials had flow
rates of about 50 to 67 percent of the flow rates from the systems

using gravel envelopes.

Designs of Sand and Gravel Envelope

In order to achieve the desired objectives for which an envelope
is required in drainage installations it must be properly designed.
With the designs of envelopes, as opposed to filters, it is
expected that some fine materials will be carried in suspension
with the water through drain openings; it is not desired that the
drained water will be sediment-free.

The general design procedure is first to make a particle size
analysis of both the soil and the proposed envelope material. The
two distribution curves from the analysis are compared, and by
some predetermined set of criteria a decision is made as to the
adequacy of the envelope material. One such criterion was that

proposed by Terzaghi which pertained to his earlier work with filters.
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In their investigations of envelope requirements for under-
drains, the U.S. Corps of Engineers (37) arrived at similar
conclusions to those of Terzaghi. The criteria is as summarized
in Table 1. 1In addition to size specification, (&1} it is
desirable that the grain size curves for both filter and base
material be approximately parallel in order to minimize washing of
the fine base material particles into the drain.

Juusela (12) reported that in Finland the specification for
graded envelope material requires that the 15 percent size of the
envelaope to be at Teast four times the 15 percent size of the soil
material to ensure adequate permeability. To prevent movement of
fines into the drains, the specification further requires that the
15 percent size of the envelope materials be no more than three
times the 85 percent size of the base materials.

Bertram (2) using natural and crushed sand and quartz materials
determined the critical ratios of the 15, 85, and 50 percent sizes of
envelope to base materials as 6 for 15 percent size of envelope to
the 85 percent size of the base material; 26 for 15 percent size of
the envelope materials to the 15 percent size of the base material.

Design criteria for protective filters for hydraulic
structures used by United States Bureau of Reclamation (13) is
summarized in Table 1. The criteria reguires, in addition, that
gradation for the filter and base material be approximately
parallel in the range of finer sizes in order to achieve stability
and proper functioning of the filter. It also requires that the

filter material adjacent to drainpipe be sufficiently coarse
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TABLE 1.--Summary of the Design Criteria Used by the U.S. Army Corps
of Engineers, the USBR and the SCS for the Design of Sand and Gravel

Envelopes

Grading Requirements

Other Requirements

(1) (2)
U.S. Army Corps of Engineers
(Terzaghi)
015 enve lope
Graded env. 015 o7 > 4
[]15 envelope
Graded env. D85 S0 <4
USBR
D., envelope
Uniform env. 050 =TT =5 to 10 10.16 mm minimum
{natural) 50 envelope thickness
D_., envelope
Graded env. DSU 5071 = 12 to 50 fines less than 0.07 mm
{natural) 50 should not exceed 5
D50 envelope percent.
Graded env. D 5571 = 9 to0 30
(crushed 50
rock) 015 envelope
" . =6 to 18
015 soil
SCS
D,- envelope
; 15 0. envelope should not
Uniform env. Bgs 5011 <3 68°Tess than half the
drain opening.
D_. envelope .
Graded env. oo~ = 12 to 58 zﬁﬁzkﬂgs’:‘"""“m envelope
50 )
D, envelope
15 N na more than 10 percent
Graded env. D,5 soil =12 to 40 of the envelope smaller

than 0.25 mm
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to prevent movement of the finer filter material into the drain
openings.

Kruse (18) reported on gravel pack designs for wells where the
criteria used were based on pack-aquifer ratio of the 50 percent
sizes; depending on uniformity of the aquifer, the permissible
pack-aqui fer ratio range from 9.5 to 17.5.

The Soil Conservation Service (34, p. 4.93ff) specification
for evaluating pit-run and artificially graded granular materials
as drain envelope sets an upper and lower limit curve for deter-
mining drain envelope suitability. The criteria sets the suitable
50 percent size limits for envelope material as 12 and 58 times the
50 percent size of the base materials. Similarly, the 15 percent
size of envelope material limits are set at 12 and 40 times the 15
percent size of base material. Where both base and envelope
materials are uniformly graded, an envelope stability ratio of less
than 5 is given, see Table 1. For envelope material to be placed
around drain pipes, its 85 percent size should be no smaller than

one-half the perforation diameter.

Permeability and Hydraulic Gradient

The second most important function of a drain envelope is to
improve the hydraulic conductivity, i.e., permeability, of the
system in the immediate vicinity of the drainpipe. This is
achieved by wrapping or placing around the drain pipe an envelope
material which is several times more permeable than the base

material. By virtue of this physical advantage, the envelope
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material is able tc conduct the same amount of flow but with less
head 1oss. Hence, the hydraulic gradient across the envelope
remains comparatively lower than the base material.

In a sand tank study, Luthin and Haigh (21), drain pipes
completely wrapped with fiberglass and drainpipes encased completely
in gravel envelope were investigated. In both cases the relative
envelope permeability to that of the base material was much
greater. The drainpipe was thought to be completely permeable,
and flow rate increased about 234 percent.

Kirkham (15) in a theoretical treatment of flow into drain
tubes indicated a 180 percent increase in flow with & one-foot pipe
segment embedded in gravel envelope.

As flow converges in the vicinity of the drain, considerable
energy is lost, with a significant loss occurring at the soil-
envelope interface. If the high gradient associated with high head
loss becomes excessive, soil particles are susceptible to being
washed into the drainpipe. Fine sands and silts are most likely
to be washed into the drainpipe because they are noncohesive and
sufficiently small to pass through the drain openings. Also where
the cohesive force is not Targe enough to keep the soil particles
aggregated, colloidal size particles, silts and fine sands are
carried into the drain even when the saoil at the drain entry is
subjected to low exit gradients (40)}. Most of the siit and fine
sand particles settle in the drain pipe while the colloid size

particles are carried away in suspension. In contrast,soils high
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in clay and organic matter content have sufficient cohesiveness
to resist dispersion of individual particies {20).

The use of envelope material around drainpipe not only increases
the effective radius of the drain but decreases the hydraulic
gradient at the soil/drain interface and sediment entry into the
drain is curtailed. With properly designed envelopes, Tow hydraulic

gradient assures a low exit velocity which helps keep sediments out.



21

MATERIALS AND METHQDS

The aim of the experiment is to determine magnitudes of
relative pressure head loss across different envelope materials; and
to identify the relationship that exists between permeability and
pressure head loss across the envelopes. Tests were therefore made
on four envelope material types. Three of these materials were
synthetic and the other was graded sand and gravel, i.e., a
natural envelope material. Deaerated tap water at rgom temperature

at the typical flow rates encountered in the field was used.

Description of the Physical Model

The model used consists essentially of a wooden open-topped
box with 1.27 cm thick transparent plastic front panel held by
screws. The main external dimensions of the box, which is made of
1.27 cm thick treated plywood, are 76.20 cm Tong, 33.02 cm wide,
and 50.80 cm high. Two split "¥" oriented wood panels are set
inside the box at an angle of 75 degrees to each other, i.e. 37.5
degrees to the vertical for each panel. Sectors of pipe sizes 5.08,
10.16, and 20.32 cm in diameter cut at an angle of 75° to their
centers fit snugly in between the two v-panels. The system models
two-dimensional radial flow to a drain through a 75 degree sector.

Piezometers in three batteries are distributed radially in

the soil and envelope at selected locations. A plastic piezometer
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block is used to hold all the piezometers together and to maintain
constant their individual lengths above the pipe sector. The tight
fit of the piezometers to the block ensures that no leakage of water
occurs. Fig. 1 shows Tocation of piezometers in the model before
the soil is placed in position.

The Tower ends of the piezometers are linked to manometers
made of 0.24 c¢cm ID nylon tubing by 6.0 cm long flexible vinyl
tubing 0.32 cm ID. Height of water rise in the manometers gives
pressure head distribution at the locations of the piezometers.
Fig. 2 shows the dimensions and distribution of the piezometers on

the block. Table 2 shows the piezometer heights above the block.

TABLE 2.--Piezometer Heights Above Block to the Nearest 0.05cm.

T S e e S A 5= Ea P s = B =Sy 2 gy

Piezometer Number * Length of Piezometer (cm)
(1) (2)
P R 2.10
2, 8, 14 5.85
3,9, 18 9.70
4, 10, 16 12.25
B 1y IF 16.10
6, 12, 18 19.90

R — — — = RO S ] = = = T -z rETTEs=s=——s2TI o= s ==z R s —— ——

* Counting left co right in Fig. 2.



FIG. 1.--The Model Components
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FIG. 2.--Relative Dimensions and Distribution of Piezometers

Description of Synthetic Envelope Materials

Three different types of synthetic envelope materials were
used in the experiment. All three materials are nonwoven; their
fibers are randomly bonded together to the desired thickness with
no definite pattern. The materials are commercially available in
varying dimensions, and cover the normal range of maximum opening
sizes. The physical properties of these materials are summarized
in Table 3; a pictorial view of all the envelope materials used is
shown in Fig. 3. Permeability tests were conducted on the

envelopes and are included in Appendix I1. Unit weights of syntheti



25

TABLE 3.~-Physical Properties of the Synthetic Envelope Materials
Used in the Experiment

z s TF oo = TSRS e e FS SR EITT T o3 S TR ITRNT EIT-TT ST ES T ST T TS S N = s T T

Enve lope Fiber Max imum
Material Type? Opening Thickness  Unit Weight
(mm) (mm) (gm/cme )
(1) (2) (3) (4) (5)
Drainguard N 0.30 0.08 0.016
Mirafi 140 PP, N/PP 0.15 0.51 0.054
Typar PP -~ 0.36 0.060

aPP-—Polypropylene; N--nylon; N/PP--nylon sheath over polypropylene
core

envelope materials are included in Table 3 for comparison purposes,
this is because to a large extent, handling cost is a function of

the unit weight of the material.

Physical Properties of the Sand and Gravel Envelope

The sand and gravel envelope material used was a naturally
developed material obtained from a Logan gravel pit. It was
analyzed for particle size distribution using dry sieving technique
in the laboratory; results are shown in Table 4. The gradation
curve from these tabulated values is shown in Fig. 4 with that of
the soil. From the curve, coefficients of uniformity and gradation
were determined at 4.71 and 0.60 for the envelope, respectively. The

latter is lower than the SCS recommended value of 1.0 to 3.0.
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FIG. 3.--Envelope Material Types Used in the Experiment
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Description of the Base Material--501l

One soil type was used in the experiment. The sample of the
s0il was obtained from Benson, in the Cache Valley, Utah. The soil,
identified as Kidman fine sandy loam was collected at a depth 150 cm
below ground surface. Tables 5 and 6 give details of particle size
analysis for the soil. These values are shown plotted as gradation
curve in Fig. 4.

The soil particle sizes are so fine that the envelope material
used in the test did not come within the Timits set by the design
criteria of USBR, SCS, or Corps of Engineers.

The following steps were followed in the preparation of the
soil before placement in the model:

a. The soil was air-dried.

b. The air dried soil was then crushed from its aggregated
farm.

c. Using a sieve with 4.75 mm openings, the soil was screened
to remove clods for further crushing and any rocks that were
present in the soil.

d. The screened soil was stored in covered plastic buckets
at greater than air-dry moisture content.

e. After use, soil removed from the model was in wet
condition, hence it had to be air-dried, crushed, screened, and

stored away moist before reuse.
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Drain Size Selection

Typically, field drain sizes range from 5.08 cu Jdiameter
to about 20.32 cm or more diameter. The latter being the
size is more commonly used as lateral or collector drains. The drains
selected for this research were of 5.08, 10.16, and 20.32 cn diameter.
extruded corrugated plastic pipes. The pipes have slot perforations
measuring about 20 mm by 1.5 mm circumferentially, with perforations
spaced every other groove.

A sector forming an angle 75° to the center was cut from each
of the three sizes of drain to a length of 80 em. Holes
3.5 mm diameter were drilled through the pipe sectors to provide

passage for piezometlers.

Apparatus

Piezometers and Manometers.--The piezometers used are made from

2.5 mm ID and 3.5 mm OD staintess steel tubing. The length of each
of the piezometers varied according to the radial distance from

the drain center to the point in the soil or envelope at which the
pressure head was measured.

For the convenience of location and the numbering system
followed, the piezometers are all mounted on a block as shown in
Fig. 2. The block is made of plastic, measuring 30 c¢cm x 2.5 omn x
1.3 cm. The piezometers extend about 12.0 mm below the block to
make room for the connection of manometers to the piezometers.

Piezometric heads monitored in the soil and envelope were

read directly from a manometer panel as shown in Fig. 5. To
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FIG. 5.--Piezometric Heads in Soil and Envelope as Registered on a
Manometer Panel.
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eliminate differing amounts of capillary rise due to variations

in manometer diameters, approximately 20 cm of water with a mild
Tiquid detergent {Xodak photoflow) was placed on top of each water
column. The effectiveness of this practice was verified by checking
the manometer readings at zero flow; which showed all readings at
equal Tevel. Under this condition of no flow, the pressure heads

at all locations are equal.

Pump and Ancillary Equipment for Water Supply.--Water at room

temperature, averaging 22°C, was used for the entire test. Continuous
suppiy was maintained through the use of a reservoir, punp and other
ancillary components. The relative positions of these are shown in
the schematic diagram, Fig. 6. The system components ére:

a. Reservoir.--It is made from haif cut o1l drum, with a
capacity of 75 liters. It is placed at fiocor level and operates with
sufficient freeboard tu allow for discharge of the water in other
components in case of emergency.

b. Deaerator.--Water is drawn through the deaerator to the
pump with the former placed about 3.70G meters above floor level.

Its chief function is to remove air contained in the water. It is
connected te the suction side of the pump.

¢. Pump.--The pump is a centrifugal pump with a rated dis-
charge of 20 liters per minute driven by a 1/12 BHP electric motor

at 3000 rpm.
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FIG. 6.--Schematic Diagram of Pump and Ancillary Equipment for Water
Supply.
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d. Filter.--Deaerated water is pumped through an in-line
filter, with replaceable cartridge, capable of removing particles
of size 0.03 mm from the water.

e. Overflow weir.--This is a circular weir about 19 cm
diameter to maintain a constant head of water on the flow control
valve. Any excess flow which might result in higher head flows
over the weir and is bypassed to the reservoir.

f. Modified needle valves.--Two brass modified needle valves
are used to set the desired flow rate for the system. Each of the
valves serves a fTlowmeter.

g. Flowmeters.--Two parallel flowmeters are placed in line to
monitor the flowrates in the system. With both flowmeters discharge
in the range 0.01 to 1000.87 m] per minute can be measured.

h. Pipelines.--A network of plastic and copper pipeline is
used to convey water from one component to the other. Water is
delivered to and from the model by short lengths of flexible vinyl

hose.

Test Set-up Procedure

The preliminary steps followed in the setting up of equipment
for data collection include:

a. Piezometers are securely fixed onto the piezometer block
and pipe sector. The three-inch long jumper ieads for manometer
connections to the piezometers are connected at its ends; noting the

numbering system adopted.



FIG.

FIG.

7.--Synthetic Envelope Material Test in the Model

8.--Sand and Gravel Envelope Material Test in the Model



FIG. 9.--Typical Profile Through Sand and Gravel Envelope and Soil
Showing Locations of Piezometers
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b. Where a synthetic envelope material is to be used, the
required size is cut and wrapped around the pipe size sector to
be used with it. The edges of the envelope are firmly secured by
sewing them with needle and thread. This prevents the overlapping
edges from being an obstruction.

c. The "T" junctions with clamps are then fit on the manometer
line, these facilities provide means by which both the manometers
and piezometers can be flushed of any blockage. In addition, they
provide means of putting water in the manometer for pressure measure-
ments.

d. Some glue is sTightly smeared along the sitting edge of the
envelope before putting it between the “V' panel to prevent leakage
of water along the edge, thereby concentrating all the flow across
the envelope. A nonpermanent set glue (tub and tile caulk) was used
for ease of removal of the envelope at the end of each test.

e. Piezometer apenings are stuffed with fiberglass to prevent
entry of small soil particles which could cause clogging and mal-
functioning of the device.

f. The prepared soi)l is then carefully placed on top of the
envelope-wrapped pipe sector to the desired thickness through a
large stem diameter plastic funnel. The use of the funnel reduces
soil particle separation. Compactness of the soil material is
achieved with this practice. It also enhances the attainment of
equal permeability of the soil at every point.

g. Water is pushed through the piezometers with a syringe to

displace the air contained therein. Detergent mixed with water is also



used to displace the air in the manometers up to a column about 90
cm above the centerline of pipe sector.

h. Warm water is then introduced into the model from below
so that as it rises it displaces entrapped air in the soil and
envelope. After the soil is totally wetted, the water on the dis-
charge side is then lowered to a desired head difference and de-
aerated water is pumped through the flowmeter from above the soil
surface for the test.

j. Return flow discharge from the model to the reservoir is
set at about equilibrium inflow and outflow, using the screw clamp

on the discharge hose.

40
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PROCEDURE

Data Collection Procedure

The necessary data required from the experiment are: piezometric
heads, flow rate in the system and water temperature. Water through
the flowmeter is continuously applied on the soil surface, which
then passes through the soil, the envelope, the pipe perforations,
into the pipe and finally out at the discharge.

The initial total head, Ah,causing flow to occur across the
whole system is recorded. At regular intervals of 30 to 60 minutes
readings are monitored; final readings are taken when the equilibrium
conditions are established. Under such condition, the flow is said
to be at steady-state; no additional storage occurs in the soil or
reservoir, and whatever flow is entering the system is also coming
out, hence no change occurs in the head established. At this state,
piezometric heads in the system are recorded to show energy decadence
in the system. In addition, the flow rate and water temperature
are also recorded. The latter is recorded because any significant
fluctuation in its normal value affects permeability of the soil.

The flow is then adjusted to a new setting, higher or lower
flow rate, and the head allowed to vary until it reaches an equilibrium
head when new set of recordings are made. The usual elapsed time
for this process where the variation is small is about 8 to 10 hours;

during this interval the total Ah is regularly monitored. The
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variation in flow settings adopted in this experiment is from 0-40
mi/minute in steps of bml/minute. Recordings were made at both
incrementing and decrementing flow settings., as shown in data sheet

in Appendix IV.

Analysis of Data

The data obtained for the four different envelope materials are
included in the appendix. Drain center axis was referenced to as
the datum for the experiment and all pressure head readings have
been transformed in such a way as to give a pressure head equal to
zero inside the pipe. The merits of such a transformation is that
calculations become easier since all the figures involved are small.
By this transformation, all the available energy is used up in the
so0il and envelope; resulting in zero relative energy in the pipe,
since no head is Tost at pipe perforations, see Appendix III. The
drawdown obtained for a Mirafi 140 test using a transformed data is
shown plotted in Fig. 10. This figure is representative of the rest
of the data, showing the same trend of energy decay for flow toward
the pipe.

To determine head loss across the envelope, the data at each of
the flow settings was fitted to a natural log curve using the
measured pressure heads, P/y and the radial distances, r, from the
drain pipe center at which the heads were measured. The best-fit
curve was of the form: y = a + b.In x; where a and b are the
intercept and the slope of the curve respectively. MWhen the data

2

were fitted to this relationship, R® values ranging from 0.72 to
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1.00 were obtained with 0.90 being the most frequent. An R2 usually
referred to as "correlation coefficient” is a statistical function
used to indicate how close a fit sets of data are to a least square
line generated from the data. The closer to unity (1.00) the R2
value is, the better the fit of the data to the relationship. The
high R2 obtained with these data is indicative of the log relationship
that exists between pressure head and radius of measurement. For all
envelopes therefore, their data were fitted to the log relationship
and then by interpolation pressure heads at envelope radii evaluated.
An envelope radius is made up of the sum of half the drain outside
diameter, 0D, and the envelope thickness.

Another parameter of interest which was also evaluated is the
permeability of the envelope and the soil. Permeability of a
material is largely a function of the structural arrangement of
particles or fibers in the material. The confined well equation
which can be used to define a well drawdown, provides a relationship
in terms of head and permeability and radii; from which the
permeability of either the 5011 or envelope may be calculated.

Expanding Equation (10), already discussed, Flow Q is expressed as:

2rkm(h_ - h )
" e W (11)

Q=

In (re/rw)
Rearranging,
= .
he = h, t T In (re/rw) . . . . . . (12)

This equation is of the same form as the best-fit curve obtained

for the experimental data. The two equations when combined give a
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relationship for permeability, K thus:

L 4 K

all terms as previously defined.

Alternatively, since head loss across the material, soil or
envelope, is known or can be determined from the best-fit curve, that
value can be substituted into the confined well equation together with

the other known parameters to determine K as:

k=(Xyeq . . . . L L L (8
where

i 1n(re/rw)

C_W)— . . . . . . . . (15)

c is permeability constant having the dimension of I/LZ.

The latter relationship was used for determining K values shown
in Tables12A to 15D in Appendix IV. Some slight discrepancies exist
for K values determined using the two relationships which in the
case of the former are Targely due to the slight imperfections of
the fit of the data points to a best-fit line while for the latter
due to inherent inadequacy of the formula to account for hiyh
convergence losses close to the drain. For this reason, K values
of envelopes may be subject to error, especially with the thin
envelope materials. Table 7 shows sample data obtained for Mirafi
140 on a 10.16 cm ID pipe. The pressure head loss across the
envelope and K values were determined from the collected data using

the analysis procedure outlined above. Table 8 gives a summary of
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tnhe pressure head loss for the four enveleope materials at various
flow rates.

Similar analyses were used for the second part of the
experiment which investigated envelope thickness influence on pressure
head loss for granular sand and gravel envelopes. For ease of
interpretation of the results, permeabilities of envelopes were
adjusted from their estimated values to an average value to
determine an equivalent head loss if that average permeability value
envelope were used. The adjusted K values were obtained from an
arithmetic average of the Kenv values for the same @ at different

envelope thicknesses.
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RESULTS AND DISCUSSION

The piezometric head readings at selected radial distances in
the so0il and envelope are contained in Tables 12A to 15D in the
appendix IV. The holes are arranged in the order the tests were
conducted for each of the drain pipe sizes used. The data in the
tables show the range of flow rates used and water temperature at
the time of the tests. The total head required to cause a given
flow rate to occur across the so¢il and envelope are estimated from
difference between the equilibrium static head readings of the inflow
and outflow piezometers. Head 1loss across pipe perforation is
very small, hence is neglected in the analysis. The total head loss
is the entire driving force for water through the soii and envelope
around the drain. Piezometers located in the s0il and envelope
measure the pressure heads at those locations. A plot of such values
gives the typical drawdown shown in Fig. 10; Mirafi 140 synthetic
envelope was used on a 10.16 cm ID pipe for this test. The results
show that very little, usually less than 10 percent of the total head
loss, occurred between the soil surface and about three-quarters
way down the soil profile. Indeed, about 80 percent of the total
head 10ss occurred just a little above the pipe in between piezometer
Tocations r , and rp. The trend is similar in other tests.

High head loss near the drain pipe is largely caused by the
excess convergence losses in the vicinity of the drain and is the
power source for the drag of small and unstable soil particles that

enter and clog drains. The presence of the 0.051 cm thick permeable
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synthetic envelope material around the drain pipe improves

this permeability so much as to cause a considerable decay of the
energy of the flowing water before it entered into the drain.
Pressure heads measured about 0.5 cm in the soil above the envelope
showed 1ittTe differance from that measured in the soil next to the
envelope which in effect means that the effective radius of the
drain had been increased by the presence of the relatively thin
synthetic envelope. This effect is more dramatic with the sand and
gravel envelope; the plot in Fig. 11 shows the comparatively low head
loss in the envelope relative to the amount of head loss in the
spil. 1In this instance, the effective radius of the drain has

been eniarged due to the additional radius of permeable material

offered by the thickness of the envelope.

Permeability Effects

Piezometer readings were taken and drawdown to the pipe
obtained, the latter was used to estimate the proportion of the total
head that was lost in the envelope. \Under all situations, it was
found that the pressure head 1oss across the envelope per se varied
with the flow rate in the system. There appears to be a linear
relationship between head loss across envelope and the established
flow rate. Table 8 is a summary of the results of head loss with
varying flow, Q, for the materials that were tested. These values
are also plotted in Fig. 12. The results showed that at low flow

rates and up to about 25 ml/min, there are no significant differences
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between head loss in the different synthetic materials; beyond this
threshold flow rate, the differences in the magnitudes became more
apparent. Higher head losses occurred in Typar with much less in
sand and gravel. Drainguard and Mirafi 140 had values in between
the other two. Between flow rates 25 and 40 ml/min, the head loss
in Typar at nearly all flow rates is about twice that which occurred
in the other materials. This result is consistent with what is
expected considering that Typar is the Teast permeable of the four
materials, see appendix Il for preliminary test of permeability of
materials. Typar being less permeable offered the highest resistance
to flow, thus causing high head loss across it compared to the other
materials with the same flow.

When the same tests were repeated with decrementing heads,
estimates of the head loss across the envelopes differed with values
previously obtained. 1In most cases there was an increase in the head
loss. MWith both sets of data plotted in Fig. 12, the curve for each
material formed a loop similar to "hysterisis curve" encountered with
wetting and drying curves in scils. Two possible explanations to this
may be: at higher heads small s0il particles might have been dragged
into the envelope pores causing it to plug which then reguires
additional head to pass the same flow; where there was decrease, this
may be due to continued release of air bubbles trapped in the
materials. Air bubbles cause additional head loss to occur.

Though there are measurable differences in head losses among the
materials tested, these are not as significant as the difference
between the total head loss and the amount that occurred in the

envelope. For all tests it was found that at any one flow rate, the
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percent of the total head loss that occurred in the envelopes is
iess than 25 percent. Unless some serious plugging of the envelope
occurs with time, the materials can be expected to function well.
These findings of low head losses in the materials tested support

an earlier finding by Benz et al. reported by Walker (38)which
showed that synthetic envelope materials have comparable performance
to the granular sand and gravel envelope materials under the

conditions for which they were all tested.

Envelope Thickness

Granular sand and gravel envelope thicknesses were investigated
to determine its effect on pressure head Joss. Four thicknesses
5.5, 8.30, 10.50 and 14.60 cm of gravel on drain pie 10.16 cm ID
were tested. A summary of the data collected given in Table 15A-D
are given in Table 9 with the resuits plotted in Fig. 13. The
results essentially show that there is an accompanying increase in
head l1oss in the envelope as it is made thicker; however the rate of
increase is small as evidenced by slope of the curves. It is inter-
esting to note that as the ratio of permeabilities of the gravel envelope
to the overlying soil material Kenv/Ks increases, the steepness of
the curves increase showing that even though a more permeable
envelope is used, any additional thickness of the material will
result in a slightly higher head loss. Despite the additional head
loss, the use of thick envelope material around the drain pipe
offers a technically feasible method of increasing drain effective

radius not to mention improvement of permeability and curtailment
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TABLE 9.--Summary of Data on the Effect of Granular Envelope Thick-
ness on Pressure Head Loss

AT s S S Ty S e == = o = o o S e o T

Ren/Rd Regression Line
2.24 2.80 3.23 4.04 *R2 2 b
(1) (2) (3) (4)  (5) (6) (7) (8)
Estimated 0.53 0.63 0.46 0.70
Adjusted for a
(Ke/KS = 4.5) 0.42 0.54 0.61 0.73 0.99 0.05 0.17
Estimated 1.10 0.99 1.00 1.42
Adjusted for a
(Ke/KS = 5.5) 0.82 1.05 1.19 1.42 0.99 0.11 0.33
Estimated 1.41 V.25 1.3 1.88
Adjusted for a
(Ke/Ks = 6.2) 1.08 1.05 1.57 1.87 0.99 0.14 0.43
Estimated 1.80 1.49 1.8 2.30
Adjusted for a
(KEIKS = 7.5) 1.36 1.73 1.97 2.25 0.97 0.31 0.49

*
Correlation factor

L r s e s ST R RS s Ea T s BNy e s s o ama o g r-s TEEIE ST
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of sediment entry into the pipe. However, increasing effective
radius per se by additional thicker gravel envelope is not generally
economic. The practical limitation to increasing gravel envelope
thickness is the associated costs involved. Increased thickness
increases volumetric requirement of the material and its costs, and
costs associated with haulage and placement of the material.

The curves in Fig. 13 have been expanded and included in
Appendix V as Fig. 14 with an illustration of how it can be used to
determine an optimum size sand and gravel envelope for placement
argund drain considering both the permeabilities of the soil and

envelope and permissible head loss in the envelope itself.
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SUMMARY AND CONCLUSIONS
Summar

The main objectives of this research are twofold. The first is
to determine quantitatively the magnitude of pressure head Toss
across four drain envelope materials. Three of these materials are
syathetic, the fourth is a naturally graded pit run sand and gravel
envelope. The second objective is to determine envelope thickness
relationship to head loss on granular envelope material.

To achieve these objectives, a physical model illustrated in
Fig. 1 was used for the investigation and collection of the
necessary data, including piezometric head readings. Flow of water
used in the model were in the laminar range and rates were varied
from 5 to 40 mi/min. The same soil type was used throughout the
entire tests; its preparation and piacement in the model was main-
tained uniform to minimize variability in the soil permeability.

Within the limitations of this investigation the following
findings were made from the data obtained:

1. Pressure head loss across envelopes responded linearly
to increase in flow through them.

2. The magnitude of head loss is inversely proportional to
the permeability of the envelope material.

3. For the same permeability, the thicker a gravel envelope

is, the higher the possible head 1oss across it.
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4, Pressure head loss occurs at soil/envelope interface.
5. The exact nature of drawdown at soil/envelope interface

is unclear.
Conclusions

Envelope materials tested showed that they could perform their
functions quite satisfactorily with 1ow energy loss. Head loss
across all the materials, except perhaps Typar, are relatively low
compared to the total head loss.

The main Timitation to use of very thick granular envelope
materials around drain is economic. The additional head losses

resulting from use of thicker materials are not generally excessive.
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RE COMMENDAT IONS

As a result of this research it is recommended for future study
that some investigations be made into behavior of flow at the
soil/envelope interface with a view to clearly delineating drawdown
at that location. It is presumed that the head loss that occurs at
the interface is due to sudden change of materials at the interface;
this needs to be investigated further.

Research should also be continued on gravel envelope thickness
s0 as to expand and update sources of information as suggested in
the use of chart in Fig. 14 in Appendix V to determine optimum

thickness of granular envelope for placement around drain pipe.



61

LITERATURE CITED

1.  American Society of Agricultural Engineers, "Report on
Drainage Materials,"” Scil and Water Division, St. Joseph,
Michigan, 1967, p. 48.

2. Bertram, G. E., "An Cxperimental Investigation of Protective
Filters,” Pierce Hall, Harvard University, Harvard Soil
Mechanics Series No. 7, 1940, p. 21.

3. Broughton, R. S., et al., "Tests of Filter Materials for
Plastic Drain Tubes," Proceedings of the Third Rational
Drainage Symposium, American Society of Agricultural Engineers,
ASAE Publication No. 1-77, 1976, pp. 34-39.

4, Brownscombe, Ralph H., “Field Evaluation of Tile Drains Laid
with Organic Blinding Materials," American Society of
Agricultural Engineers, Transactions, Vol. 5, No. 1, 1962,
pp. 61-63, 67.

5. Calhoun, C. C., Jr., "Development of Design Criteria and
Acceptance Specifications for Plastic Filter Cloth," U.S.
Army Engineers, Water Experiment Station, Technical Report
No. S-72-7, 1972.

6. Engelund, Frank, Mathematical Discussion of Drainage Problems,
Transactions of Danich Acad. Techn. Science, No. 3, 19h3,
61 p.

7.  Fancher, G. H., Lewis, J. A., and Barnes, K. B., “Some
Physical Characteristics of Qi1 Sands," Mining Industries
Experiment Station, Pennsylvania State College Bulletin No. 12,
1933.

8. Fireman, M., "Permeability Measurements on Disturbed Soil
Samples," Soil Science, Vol. 58, 1944, pp. 337-353.

9. Hart, R. A., The Drainage of Irrigated Farm, Bulletin No. 805,
U.S. Department of Agriculture, Washington, D.C., 1917, 31 p.

13. Hermsmeier, L. F., "Economical Envelopas for Subsurface Drains
in Irrigated Lands," Proceedings, Third Annual Drainage
Sympesium, American Society of Agricultural Engineers, ASAE
Publication No. 1-77, 1976, pp. 18-21.

11. Hubbert, M. K., "Darcys Law and Field Equations of the Flow of
Underground Fluids," J. Petrol. Technol., ¥ol. 8, 1956,
pp. 222-239.




}&.

¥3.

14.

18,

16.

1§

18.

19.

20.

21.

22.

23.

24.

62

Juusela, T., "On Methods of Protecting Drainpipes and on the
Use of Gravel as a Protective Material," Acta Agr. Scand.,
Vol. VIII:I, 1958, pp. 62-87.

Karpoff, K. P., "The Use of Laboratory Test to Develop Design
Criteria for Protective Filters," American Society Test Material,
No. 55, 1955, pp. 1185-1198.

Kirkham, Don, "Flow of Ponded Water into Drain Tubes in Soil
Overlying an Impervious Layer," Transactions American
Geophysical Union, No. 30, 1949, pp. 369-385.

Kirkham, Don and Schwab, G. 0., "Potential Flow into
Circumferential Opening in Drain Tubes," Journal of Applied
Physics, Vol. 21, 1950, pp. 655-660.

Kirkham, Don and Schwab, G. 0., "The Effect of Circular
Perforations on Flow into Subsurface Drain Tubes," Agri-
cultural Engineering, 1951, pp. 24-214.

Kirkham, Don, "Theory of Land Drainage," Drainage of
Agricultural Lands, American Society of Agronomy, Nomograph
No. 7, 1957, pp. 139-181.

Kruse, E. Gordon, "Design of Gravel Packs for Wells," American
Society of Agricultural Engineering, Transactions, Vol. 5,
NU- 29 19629 pp- Ig?-.lgg-

Lembke, D. W. and Bucks, D. A., "A Model Study of Drain
Envelopes in a Coarse Silt Base Material," Transactions of
the American Society of Agricultural Engineers, 1970, pp.
669-675.

Luthin, J. N., G. S. Taylor, and C. Prieto., "Exit Gradients into
Subsurface Drains," Hilgardia, Vol. 39, No. 15, 1968, pp. 419-428.

Luthin, J. N., and Haigh, A., "Some Factors Affecting Flow
into Drain-pipes, Hilgardia, Vol. 41, No. 10, 1972,
pp. 235-245.

Luthin, J. N., Drainage Engineering, University of California
Davis, 1973, p. 123.

Luthin, J. N., "Drainage Analogue," Drainage for Agriculture,
American Society of Agronomy Publication, Nomograph Wo. 17,
1974, pp. 515-535.

Lyons, T., Werenfels, L., and Houston, C., "Filter Envelopes
and Tile Drainage in Sacramento--San Jacquin Delta Tests,"
California Agriculture Vol. 18, No. 3, 1964, pp. 14-16.



25.

26.

27,

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

63

Nelson, R. W., "Fiberglass as a Filter for Closed Tile Drains,”
Agricultural Engineering, Vol. 41, No. 10, 1960, pp. 690-693,
700.

Ogink, H. J., “Investigation on the Hydraulic Characteristics
of Synthetic Fabrics," Netherlands, Publication No. 146,
Deft Hydraulics Laboratory, 1975, 17 p.

Overholt, Virgil, "Fiberglass Filter for Tile Drains,” Agri-
cuyltural Engineering, No. 40, 1959, pp. ©604-607.

Peterson, Dean F., Jr., Luthin, ed., Theory of Land Drainage,
Drainage of Agricultural Lands, American Society of Agronomy
Publication, Madison, Wisconsin, 1957, pp. 181-215.

Prieto, C. K., "Study of Factors Influencing a Quick Condition
on Foundation Sand," Thesis presented to the University of
California, Davis, in 1967, in partial fulfillment of the
requirements for the degree of Master of Engineering.

Richards, L. A., "Report of the Subcommittee on Permeability
and Infiltration," Committee on Terminology, Soil Science
Society of America, Proceedings, No. 16, 1952, pp. 85-88.

Seemel, R. N., "Plastic Filter Fabrics Challenging the
Conventional Granular Filter," Civil Engineering, American
Society of Civil Engineers, Vol. 46, No. 3, 1976, pp. 57-59.

Shill, Hollis, "Soil Fiitering Properties of Glass Fiber
Material," American Society of Agricultural Engineering,
Transactions, VYol. 10, No. 5, 1967, pp. 655-657.

Sisson, D. R., and Jones, B. A., Jdr., "Filter Materials for
Tile Drains in a Medium Sand," Transactions, American
Society of Agricultural Engin-ers, 1962, pp. 54-67.

Sisson, D. R., "Envelope Materials-~Their Use in Drainage,"
Proceedings, Drainage for Efficiency Crop Production Conference,
American Society of Agricultural Engineers, 1965, pp. 51-54.

S0il Conservation Service, U.S. Department of Agriculture,
Drainage of Agricultural Lands, 18971, p. 249.

Tolman, C. F., Groundwater, McGraw-Hi1l Book Company, New
York, 1937, p. 593.

U.S. Army Engineers, "Investigation of Filter Requirements far
Underdrains," Waterway Experiment Station, Technical Memo No.
183-1, 1941, p. 35.



38.

39.

40.

41.

42.

64

Walker, R. E., "The Interaction of Synthetic Envelope

Materials with Soil," thesis presented to Utah State University
Logan, Utah, in 1978, in partial fulfillment of the requirements
for the degree of Master of Science.

Ward, J. C., "Turbulent Flow in Porous Media," Proceedings,
American Society of Civil Engineers, Vol. 90, No. HY5,
1964, pp. 1-12.

Willardson, L. S., Fouss, J. L., Reeves, R. C., and Fausey,
N. R., "Entry Velocity Control Limits Drain Sedimentation,"
Journal of the American Society of Civil Engineers, IR 4,
1968, pp. 455-463.

Willardson, L. S., "Envelope Material," Drainage for Agriculture
Jan van Schilfgaarde, Editor, American Society of Agronomy
Publication, Nomograph 17, 1974, pp. 179-196.

William, J. Rosen and Marks, B. Dan, "Investigation of
Filtration Characteristics of a Nonwoven Fabric Filter,"
Transportation Research Record, No. 532, 1975, pp. B7-93.




APPENDICES

65



66

Appendix I.--Calculations for Model Size Determination

In order to come up with an appropriate size model, the drainage
coefficient for agricultural drains in Cache Valley was used since
the soil used in the experiment was collected locally. The value
used for most subsurface drainage installations is 0.0051 m/day
(0.20 in/day). The SCS (34) in its studies of yields of drains in
arid and semi-arid irrigated areas indicated average flow from areas
above one square mile to be in the range of 2 to 4 cfs per square
mile (0.15 to 0.30 in/day or 0.0038 to 0.0076 m/day). The actual
value depends on individual farm situation, since such a value is a
function of the size of watershed, type of crop grown, soil type,
land slope, leaching requirement, surface runoff, etc.

With a 0.0051 m/day drainage coefficient, a 30.48 cm length of
pipe, 10.16 cm maximum well radius, radius of influence equal to
30.48 cm maximum, and a predetermined composite K value of 0.18

m/day, the available drawdown was estimated using the equation:

2nkmD
Q= TFTFETF;T . . . . . . . . (16)
where () is equal to the discharge which equals drainage coefficient
spacing, assuming a drain spacing of 20 m, or O = 0.1016 m3/day;

K is equal to 0.18 m/day; T equals 0.1016 m (4 in); Yo equals
0.3048 m (12 in); m equals Tength of pipe, 0.3048 m and D equals

drawdown or maximum available head.
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Rearranging the equation and substituting known values,

Q In{ry/r,)

D= 2mkm
_ 0.1016 x In{0.3048/0.1016)
2 xmx 0.18 x 0.3048
= 0.3238 m
i.e.,
0= 32.38 ¢m

The 32 cm drawdown or total available head obtained above will
satisfy all conditions of head requirement for the tests. The
split V panels have however, been made 35 cm deep.

The other critical dimension is that of angling of the split "V"
panels. They have been set at an angle of 75 degrees to each other
so that the tangent angle to the soil and the horizontal does not
exceed angle of repose of dry soil. The tangent angle is about 37.5
degrees. At this angle, soil particles do not roll down during
placement, thereby permitting maintenance of the curvature on the
surface throughout the entire tests. The rest of the dimensions are
secondary and not as critical and are made to provide sufficient

room for working convenience, see Fig. 1.
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Appendix 11.--Preliminary Tests of Permeability, K

Envelopes.--Al1 four envelope material types, three synthetic
and one sand and gravel were tested for permeability. Though the

actual value is not expected to remain constant. the values ohtained

served as indicators of the typical values in real test situation,
The test value also provided data for the model design.

The tests were conducted in constant-head permeameters. The
sand and gravel envelope was tested in the conventional glass type
constant head permeameter. The synthetic envelopes were tested in
a constant head 10 cm diameter plastic permeameter. Flow rates
ranging from 151.90 to 956.71 ml/min were used for the investiga-
tion. Piezometric heads were measured on both sides of the envelopes,
representing inflow and outflow heads: the resultant difference
being head loss across the material. Each of the synthetic materials
was tested single layered, then the test was repeated for double and
triple layers. Under each of the conditions, relevant data were
collected. Six tests were conducted on each material.

Using Darcy's equation for fiow in porous media, the average
vermeability, K, of the materials were evaluated from the data

obtained. The average K values are as summarized in the table below.
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TABLE 10.--Preliminary Test Values for Permeability of Envelope
Materials )

R L SRS E L S i = AT =

Envelope Material Average Permeability, K
(cn/min)
(1) (2}
Mirafi 140 1.69
Typar .08
Drainguard 1.09
Sand and Gravel (.98

Soil.--The scil sample used in the entire tests was also
tested for permeability using the conventional glass type constant
head permeameter. Varying lengths of columns of soil were used
for the six different tests made. Salty water at specific gravity
1.003 at room temperature of 20°C was also used to check for
presence of salts in the soil which could affect its permeabitity.
No salt presence was evident.

Average permeability of the soil was found to be 8.93 cm/day,
i.e., 0.0062 cm/min. At the end of the tests in the model, the
soil was retested for permeability. A K-value of 0.0070 c¢m/min was
obtained from an average of eight readings. Compared to the sand
and gravel envelope, the sand and gravel envelope is about 158 times
more permeabie than the soil used. Except for Typar, similar
comparisons with the other envelcope material types showed that the
envelopes are significantly much more permeable than the soil. This

is a desirable characteristic, as far as drainage is concerned.



70

pppendix I1I.--Velocity Head lLoss at the Perforations

As water passes from the s0il, across the envelope, then through
the pipe perforations, some head 1oss due to velocity occurs at such
a constriction, The magnitude of such a head Toss is a function of
the flow velocity, v; where v = Q/A.

Treating the perforations as rectangular orifices, the system
can be analyzed using discharge through rectangular orifice
relationship given below as:

Q - 0.61A(2gn) /2 N 47 2
where Q equals the discharge through the perforations in ml/s
(cc/s); A equals the cross-sectional area of flow in cmz; g is the
acceleration due to gravity, 981 cm/secz; and h equals the velocity
head loss in cm of water rise. For a 10.16 c¢m diameter corrugated
plastic pipe:

Total cross-sectional area of perforations per foot length of
the pipe (8 perforations per foot) = 8 x 20 mm x 1.5 mm = 2.4 cmz.
Discharge through the perforations per foot length are given in the
tabie below:

Rearranging the formula above:

1/2
- Q .
h - ( 0.6] X 60 X A ) X I/zg cm . . v (18)

Estimated velocity head loss at tne orifice for various
discharges are tabulated below. From the table, it can be seen that
even at high discharges the velocity head loss, less than 0.01, is
insignificant. Therefore, for all practical purposes, it can be

neglected. Similar determinations for the 5.08 and 20.32 cm diameter



n

TABLE 11.--Velocity Head Loss Across the Perforations Per Foot Length
at various Discharges.

= R =Tomss o ——r— s == = s - 1 RASIEEEA IS

Head Loss, h

Discharge Velocity
Aml /ny (1075 ¢nm)
(1) (2)
5.0 1.65
10.0 6.61
15.0 14.86
20.0 26.42
25.0 41.29
30.0 59.45
3.0 80.92
4G.0 105.69

i
|

I

showed that the component is much too small compared to pressure

and elevation components.
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Appendix V.--0Optimum Granular Envelope Thickness, OGET

Cost of subsurface drain installations where drain envelopes
are used include usually no less than 15 percent of the total cost
which goes to the procurement, haulage and placement of the sand
and gravel material. Generally, large volumes of the material are
involved and at very high costs. The material is becoming scarce
and its price is inevitably on the increase. Conservation measures
which will moderate volumetric requirement without undermining the
engineering requirement of the instaliation will result in some
cost savings.

For this reason, a chart is devised in Fig. 14 to provide a
means by which an optimum envelope thickness can be estimated. The
chart is not meant to replace valid judgment and experience, but
rather to supplement them in such an exercise. The use of the chart

is illustrated with an example.

Example: Suppose a sand and gravel envelope is required around a
10.16 cm (4.0 in) 1.D. plastic corrugated drain pipe. The proposed
sand and gravel envelope material had been found to have satisfied
the requirement of grain size analysis for the base haterial.

Assuming a permeability ratio for the envelope to soil, K

env/ ks Of

6.0. Determine optimum envelope thickness which will ensure no more

than a permissible pressure head loss of 1.5 ¢m across the envelope.

Solution:

Locate from Fig. 14 the K&nv/Ks = 6.0 curve.
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From vertical axis at 1.5 follow dotted line to the point
where it strikes the Kenv/Ks = 6.0 curve.
Then follow dotted line vertically down.

Read on the horizontal axis Rew/Rd = 3,31

Estimate Renv 3.31 Rd (where Rd is the inside radius of the

pipe = 5.08 cm}, i.e., R gy = 3-31 x 5.08 = 16.81 cm

e
drain outside radius plus envelope thickness .

i

But aiso Renv

Renv - drain outside radius = 16.81 - 5.90 =

envelope thickness
10.91 cm.
Use 11 cm (about 4.5 inches).

In practice one may find that perhaps the K /KS is much higher than

env
the value given in this example and so the optimum thickness may still
be even thinner than 11.0 cm, The approach to the estimation is

exactly the same.
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Appendix VI.--Pressure Head Loss at Interface

At the start of the research, it was anticipated that head loss
in the system occurred only in the envelope and soil. However, it
was tater found that some head 1oss also occurred in the soil/envelope
interface. To confirm this, and determine its relative magnitude,
two additional tests were conducted.

In one of the tests titled "interface head loss verification,"
one piezometer was located at about 0.50 om above the interface.

Soil and envelope thicknesses of 9.50 ¢m and 10.80 cm respectively
were used. Test results are given in Table 16A. The results are
also plotted in Fig. 15. For a particular flow rate, the estimated
head loss at the interface was found from the arithmetic difference
between values shown in the column under head Toss across envelope
in Table 16A. Pressure head loss at the interface appears to
increase with increase in flow rate. The semi-Tog plot of pressure
head, P/y, versus radial distance, e in Fig. 15 shows the line at
the interface as a straight line. This is misleading because it
infers that the hydraulic gradient at the interface is infinite.
The 1ine is so shown because at this stage the precise nature of
drawdown in the vicinity of the interface is unknowé.

In the second test which was also aimed at quantifying pressure
head loss at interface, a 5.0 c¢m Jayer of granular envelaope was
sandwiched in between soil 7.50 cm thick below and above it. Typar
envelope was placed between the drain pipe and the lower soil layer.
Piezometric heads measured at various radial distances are given in

Table 16B.



93

SPEaY 2UNSSIAd PUE 34 "SIOUEISLP |eiped

W3 pp gL pue WY ppf| = Snipes adoyaaul
w3 08 ([ = 00 @did
Bup3e1as 9aany Ho| |BANIBU 31 3590 AL|EDLIS}IEIS WO, PIULEIqO 2

wojjoq pue do} ‘wd 0§y = SSAUNILYF {LGg
Loneal wy g5

J4edf) W 9g0 p = SSaUND LYY 3do|aAul 19108
%%'9 G6'9 €69 E6'9 BB'9 [r'% GETL 0070 §6°9 a2 1 ]
0 ¢l 0S°vL 8P WL £¢ bl ObTBL ZL°ZL BL'S  Q0°O 057kl 0°1e 070
G8°0Z #8802 0B'0¢ €££°02 99702 €%/l E6'f 0070 58°02 0°le 0°0t
£9°0¢ LS°OE S¥OF LETOE 2E70f 82762 £5°(L 00°0Q £5°0E 0°1e o o¥
06722 05°2¢ <Zv'¢d G872 0OE°¢Z SG°LL (0% 00°0 05°22 0°Le LA
0L°FL OL°pL S9°¢L 8P°SL SS7FL L0°0L B2z 0070 0L°¢lL §-02 002
&y &Ll Zity 99T, £9°L DD Q2°L 0070 &L L 0l 0ol
(91) {51} (v} (et} (e} {u) fod (e) (8} (&) A9 (s} (¥ () (2) ()
P {mo) oLley (ula/ws) ¥6°G2 vR'be OIZ Ll2Til 09TRE RO PETY 80°G (w3) {3z} (uru/ )
ado)aau] .mz\:zmx Sy Audy s, 58, 3, v3, £9, 3, 1y, P, UV “ssol aunje b
55042y peal leiol -43dwd] Iley MO|4
507 pesH AL Lgraun g FER
(W2} 433uaY uLEAQ
Y} WOJJ SIOUBISLG |BLPRY SNDLAPA 3B PEIY 3UNSS3dY

Wy 91°pf :°0°] 3did
payd tMpues

1591 Y2 LMpURS 3dC(BAUT [DARUY
|9AeJy pue aedA]  :adA) adoaAul ‘waysAS 2doaAul/L0S JYJ Ul uOLIBULULIAYBQ PEIY BJnSSddgd--+ggj 378YL



