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SUMMARY

Chapter I - General Considerations

This Chapter is devoted to a general discussion of the advefse effects
of subsurface water, the types and sources of subsurface Water and i%s
movements, and the types of subsurface drainage installations that can
be used either singly or in combination, to control this water.

(Pages 1-40)

Chapter II - Data Required for Analysis and Desian

Lists the data requirements for analysis and design and présents recom-
mended procedures for assembling these data.| (Pages 41-58)

Chapter III - Pavement Drainage

Presents methods and recommended critéhia for the control of groundwater
and infiltration in_pavemept Strictural Sections. (Pages 60-113)

Chapter IV - Control of Groundwater

Deals with the mofe general €ontrol of groundwater away from the pavement.
(Pages 114-140)

Chapter V. - Construction ahd Maintenance

Presents a“discussion of the construction and maintenance aspects of
subdrainage Systems. Recommendations are presented for construction
techmigues designed to insure that the subsurface drainage systems will
actually function in the manner in which they were designed to function.
Chapter V alsopresents recormendations for maintenance procedures designed
£o dnsure that subsurface drainage systems continue to perform satisfact-
orily for the life of the facility. In addition, the utilization of
subsurface drainage for remedial purposes or in connection with pavement
rehabilitation is discussed. (Pages 141-153)
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Chapter I - GENERAL CONSIDERATIONS

1.1 - Introduction

It would be difficult, if not impossible, to select the date when
the early road builders first became aware of the need for adequate
subsurface drainage. However, there is some evidence that thd® need was
recognized almost as soon as formal road building began (1,2)1. Certain-
ly, by the middle of the 18th Century, it was understood that appro-
priate subsurface drainage was absolutely necessary for the\satisfactoly
long term performance of roadways. The subsequent intreductionof
"french drains" and the pavement systems of Tresaguét and MacAdam Ehows
not only an understanding of the problem, but an dtffempt £0 incorporate
into the roadway design formal measures for the satisfa€tory(removal
of water from the pavement structure and subgfade (243). In/the years
that have followed these early beginnings, the numbér of published
accounts of research dealing with highway subsunface“drainage has
undergone a substantial growth (4,5). JIn additien, there has been a
steady growth in the knowledge and availability ‘©f solutions to pro-
blems of fluid flow through porousgiedia (6,7,8,9.,10,11,12). Conse-
quently, we now recognize and undersfamd many of the problems that can
be created by excessive subsurface moil§ture, and we have the means
available to provide flor thedsatisfactory eontrol of this moisture.

It is the purpose of this méanual te provide the designer with the tools
to analyze subdrainage ptoblems and tohdesign subsurface drainage
facilities to adequately solve these ptoblems.

It is difficudt to separate)the design of subsurface drainage from
the design of othér elementsgof @ highway. In fact, it cannot, in the
final analysis, be eliminated from consideration with respect to the
stability offslopes, design of pavements, etc. However, as far as-
the assembly of data on highway geometry and material properties is
concerned, we . do needa starting point. Thus, it is recommended that
the normal highway and pavement design practice be followed to develop
géneral cross—-sebtions, whether this involves individual detailed
analysispand desigh or the utilization of design standards. This will
vield a highway geometry and material properties that can then be sub-
Jeécteddto analysis and design for subsurface drainage. This procedure
may fesult in some changes in the design in order to provide adequate
drainage as recommended in this manual, but it is felt that this
approach tends to be less confusing than attempting to incorporate
detailed consideration of subsurface drainage into the design from
the outset. It will also permit’ the use of specialized personnel for
the analysis and design of subsurface drainage, if this is considered
to be desirable. s

[

lNumbers in parenthesis refer to the reference list, which begins
on page 154.



The remainder of Chapter I is devoted to a general discussion of
the adverse effects of subsurface water, the types and sources of
subsurface water and its movements, and the types of subsurface drain-
age installations that can be used either singly or in combination,
to control this water. Chapter II lists the data requiremefits)for
analysis and design and presents recommended procedures for asseémbling
these data. Chapter III presents methods and recommended criterianfor
the control of groundwater and infiltration in pavement struCtural
sections. Chapter IV deals with the more general control of ground-
water away from the pavement, and Chapter V presents a discussion of
the construction and maintenance aspects of subdrainage systems. Re-
commendations are presented for construction technigu@&idesigned, to
insure that the subsurface drainage system will ac¢tually function in
the manner in which it was designed to function. Chabter &/ also
presents recommendations for maintenance procedures désigned to in-
sure that subsurface drainage systems contindie to'peérform satisfac-
torily for the life of the facility. In addition, thewmtili@ation of
subsurface drainage for remedial purposes or in connection with pave-
ment rehabilitation is discussed.

Many of the techniques for thé€ amalysis“and design of subdrainage
systems have been simplified for inclusion in thie manual, and con-
siderable use is made of solutdoms in ¢hart form. Examples are pre-
sented to illustrate {the redommended analysis and design procedures
and the use of the various [Charts.

Although it is felt that, the treatment of highway subsurface
drainage in this publicabion is)a comprehensive one, the infinite
variety of seepagg and drainage problems that can occur in nature is
such that absolute coveragegis impossible. The methods of analysis
and design presented here are considered to be tools to aid in solving
subsurface drainage problemg - there are no standard solutions. The
subdrainagé problems efeoufitered on each highway, or section of highway,
will commonly \be different and will require individual consideration
and treatment. ZThis manual can help in this regard, but it cannot
substitute for the efforts of a well trained and experienced designer
working with reliable field and laboratory data and exercising good
engineering judgment.

1.2 -~ Adverse Effects of Subsurface Water

Excessive and uncontrolled subsurface water is known or suspected
to have been responsible for a very large amount of unsatisfactory
highway performance and many outright failures (5). In general, these
adverse effects of subsurface water can be placed in two general cate-
gories: (a) slope instability, including the sloughing and sliding of
cut slopes and sidehill fills; and (b) unsatisfactory pavement perfor-



mance as manifested in premature rutting, cracking, faulting, incre-
asing roughness, and a relatively rapid decrease in the level of
serviceability. '

1.2.1 Stability of Slopes. Slope instability resultsd¢when the
applied shear stresses exceed the strength of the soil or rock mass
along a potential sliding surface. Subsurface water can contributfe to
this instability by increasing the stress level and decreasifig the
shear strength. Seepage forces, resulting from the viscoug drag that
is created by the flow of water through a porous medium, can add sub=
stantially to the level of the stresses that must be resisted. At
the same time, the porewater pressures within the slepepreducenthe
level of effective normal stresses, thus reducinggthe effebtive
shear strength (11,13). The result could be mindr slope sloughing or
a complete slope failure. Figure 1 shows schemafically the\development
of one type of subsurface flow that can lead(to cutdslope instability.
Figure 2 shows a typical cut slope failure foF whi¢h ) the wdcontrolled
flow of groundwater was, at least partially, Yesponsible. The manner
in which a sidehill fill can fufictiongio dam the natural flow of
groundwater is illustrated in Figure 3. This trapping of the ground-
water can result in a loss of strefigth of the matural soil and/or the
fill and lead to its ultimate collapsé, as shown in Figure 4.

1.2.2 PavementdPerfomfiance. ) Excessive moisture in the pavement
structure (surface, bage and subbageé) and the underlying subgrade can
cause a wide variety of problems, leading to early pavement distress
and ultimately to complete destruction Of the pavement, if remedial
measures are not upd€ifaken,

If the pavement structdral“gection and subgrade can become satu-
rated, by groundyater, and/or infiltration, its ability to transmit
the dynamicf loading)imposed by traffic can be greatly impaired (5,14,
15,16).

In asphaltic concrete pavement systems, this impairment is pri-
matily the result of the temporary development of very high pore water
pressurés, and the sonsequent loss of strength in unbound base, sub-
base and sub@rade under dynamic loading (5,16). This action is
illusfrated schematically in Figure 5. In some instances, the pre-
ssutes induced in the free water may be sufficient to cause it to be
ejected through cracks in the pavement surface along with suspended
fines (5). A similar ejection of water and fines, or pumping, can
occur\at the joints or edges of Portland cement concrete pavements,
although the mechanism is different.

Shortly after a Portland cement concrete pavement has been com-
pleted, it is possible that small spaces can exist under the joints
because of the thermally induced upward curl of the pavement slabs
(see Figure 6a). These spaces can become enlarged under the action
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of traffic because of the localized compaction or permanent deformation
of the underlying materials caused by slab deflection. When the base
and subgrade are saturated and free water exists beneath the joint, an
approaching wheel load causes the trailing edge of the slab to deflect
downward (see Figure 6b), sending a fluid pressure wave or water jet

in a forward direction. As the wheel passes over the joifit, the trail-
ing slab rebounds upward as the leading edge of the next slab ¥is de-
flected downward (see Figure 6¢). This results in erosion of material
from under the leading edges, ejection of water and fines from the
joints, and the deposition of some material under the trafiling edges
(17). Should this pumping continue for any extended period of time)
faulting may occur and the pavement slabs may crack becausé,of the

lack of adequate support (5,16,18). Distress in pawement slabs can
also be caused by pumping along the edges of thefpavements These phe-
nomena have been studied extensively and, althotigh a nfimberqof remedial
measures have been suggested, it appears that the moét effective ap-
proach to the problem is to prevent the acgumulatién of water beneath
the pavement slabs by means of a combination of effectivef joint seals
and subsurface drainage (5,16).

Another adverse effect that uncontrdlbled moisture can have on
pavement systems results from thé Several phénomena which are collec-
tively referred to as frost action (19,20). Frest action requires the
presence of a readily availabde supplyhof subsurface moisture, frost
susceptible soils, énd a slistained period, of subfreezing temperatures.
If all these requisites are satisfided, then moisture will migrate
through the capillary fringe (Sec. 123) toward the freezing front to
feed the growth of ice lenses, as illustrated in Figure 7. During the
active freezing pefiody the growth of ice lenses can result in sub-
stantial heave of the overlying, pavement structure. This can cause
significant damage to a pa¥ement, particularly if differential frost
heaving is experienced. However, the most potentially destructive
effect of ffrost action is jassociated with the loss of support during
spring thaw. The thawing Of the ice lenses leaves the subgrade soil
saturated, or possibly supersaturated, resulting in a substantial re-
duction in“its strength. Moreover, since the thawing generally takes
place from the top down, the only way the excess moisture can drain
from the,subgradeysoil is by flowing into any available voids that
may exist ifipthe pavement structural section, as shown in Figure 8.

If the pavement structure (base, subbase) is not adequately drained,
it'may become saturated with the water being squeezed from the subgrade
and the destructive mechanisms previously discussed (Figure 5 and 6)
may \become operative. The resulting pavement deterioration is gen—
erally referred to asspring breakup (19,20).

The frequent or sustained presence of excess moisture in pavement
components and intermittent exposure to cycles of freezing and thawing
can result in the loss of structural integrity. In Portland cement
concrete pavements containing certain aggregates, this may appear as
D-cracking (21,22), and as stripping or accelerated weathering in bit-
uminous mixtures (23). In either case there is evidence that excluding

10
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excess moisture or providing for its rapid removal with appropriate
drainage can be beneficial in minimizing damage from these causes (5).

1.2.3 Economic Considerations. In the preceding paragraphs,
many of the adverse effects of excessive and uncontrolled subsuxface
water on highway performance have been discussed. However, in‘wmany
instances, the economic considerations can overshadow the physical
aspects of unsatisfactory highway performance. For example, ingseveral
areas of the United States, very large annual expenditures areg required
for remedial construction and maintenance connected with landslides
(13,24). In many cases, it has been found that uncontrolled Subsur-
face waters have played an important role in causing the failutes. In
most instances, the corrective measures have includedgthe installatbion
of some type of subsurface drainage (13,24). Although definitive
records are rarely available, it is very likely thaf the dack ¢f ade-
quate subsurface drainage also leads to large apnual expenditures for
pavements, in the form of shortened life and ingreased mainten@ice
and rehabilitation costs (5,16,25). The economig \comparisemé and
cost~benefit analyses that are available have demomnstrated that there
can be a very substantial long te¥m ’econ@mie, advantage in providing for
adequate subsurface drainage where needed as pant of\ the orlglnal de—-
sign and construction (5,16).

1.3 - Occurrence and Movément of Subsurface Water

1.3.1 Types of Subsurface Water. Subsurface water can exist in
a variety of forms, including (&) water wapor, (b) bound moisture (c)
capillary moisture, andgfé) gravitational or free water (6,7,10,12).

Water vapor is/generally presenk in the pores above the zone of
saturation. Although water movement in the vapor phase has been
studied extensively, fer our purposes the total amount of water trans-
mitted in the Vapor phase canfbe considered negligible, and it will
not be givenfunther consideration.

Bound moisturéyis generally considered to be of two types: (a)
hygroscopie, (absorbed) moisture and (b) oriented (pellicular) water.
Hygroscopic modsture is so tightly bound to the surface of the soil
particles  that it Is considered to be immobile, and it can only be
removed arter being transformed into the vapor phase by some means,
such'as drying at elevated temperatures. The oriented moisture is
not considered to be as tightly bound as hygroscopic moisture. Al-
though| it can be moved under the action of an attraction gradient, it
will not flow under the force of gravity and, therefore, will not be
given further consideration.

Capillary moisture is water held in the pores of a soil above the
level of saturation (water table, free water surface, or phreatic
line) under the action of surface tension forces, as shown in Figure 9a.
The height of the capillary fringe and the shape of the moisture-tension

13
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curve is a function of the pore size distribution in the soil, which

is related to its grain size distribution and density (26,27). Figure
9b shows that the degree of saturation resulting from capillarity is
also a function of the history of the position of the water table (28).
Direct consideration of this phenomenon in seepage analysis is difficult,
but it can be considered indirectly by modifying the concept of porosity
(see Sec. 2.3). It is important to recognize that since capillaxy
moisture is held in the pores of the soil above the free water surface,
against the force of gravity, it cannot be removed by gravity4 Thus,
the only means available for the control of capillary moisture are
through lowering the water table with appropriate subdrainage or pro-
viding for a positive barrier (27) against capillary rise.

Gravitational or free moisture is water in liquid form that is
free, as its name implies, to move under the force Bf grafity afd/or
hydraulically induced pressure gradients. It will,|thefefore, obey the
laws of fluid mechanics and hydraulics. The control of free water will
be our primary concern hereafter, and it will be for thisypufpose that
the subsurface drainage will be degigned.

1.3.2 Sources of Subsurface Watexr. The analysis and design of
highway subsurface drainage systems involves the“consideration of sub-
surface water from a wide variety of sources. However, it is conven-
ient to consider these spurces @f dfainable subsurface water in two
broad general categories: ) (a) groundwater, which is defined as the
water existing in the naturall ground in the zone of saturation below
the water table and (b) infiltration, which is defined (for the pur-
poses of this publication) as ‘@urface water that gets into the pave-
ment structural sectidgn by seepinghdown through joints or cracks in
the pavement surfacel through void& in the pavement itself, or from
ditches along the side of the Toad. -

The main, §ource of \groundiwater is precipitation, which may pene-
trate the soil directly or Way enter streams, lakes or ponds and per-
colate from these, temporary storage areas to become groundwater. This
sbufee may be supplemented by artificial recharge in the form of
irrigation, The occurrence of groundwater from these sources is
illustrated s€hematically in Figure 10. The groundwater shown in
Figure 104is part of a "gravity-flow system'" in that one of the
boundari®s defining the flow domain is a free water surface. Another
common occurrence of groundwater is in the "artesian system" as illus-
trated in Figure 11. Under these circumstances, a ''perched" water
table may exist and the water in the confined or partially confined
aquifer\may be under substantial fluid pressure.

Although the free water from melting ice lenses commonly exists
above the water table, as shown in Figure 8, it is generally considered
that this is groundwater. The water that feeds the growth of ice
lenses originates at the base of the capillary fringe (i.e. at the

water table), and no frost action could take place without water from
this source.

15
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The main source of water that infiltrates into the pavement
structural section is also precipitation. Water that falls on the
surface of the pavement shoulders or median can get into the pave-
ment surface, base and subbase through a variety of entrance points
as illustrated in Figure 12. 1In the case of concrete pavements,)the
greatest amount of infiltration would be expected to occur along
longitudinal and transverse construction joints and at the joints
between the concrete slabs and the shoulders. However, as tifme goes
on, additional infiltration may take place through cracks in the con-
crete slabs and shoulders (5,16,29). For bituminous pavements, the
primary initial sources of infiltration may be along the longitudinal
joints at the shoulders and the construction joints bEtweennstrips
of paving. Additional longitudinal and transverse /eracking may occur
after a time, even in well designed and constructed bituwiiinous pave-
ments, providing additional sources of infiltration (5416,29)/ More~-
over, some water may seep downward through voids in the pavemé€nt sur-
face itself, although this is not commonly thought of“as Be&ing one
of the major sources of infiltration (29).

The infiltration of water into the pavement, sttuctural section
would appear, on the face of it, to be & simple phenomenon. However,
the interaction between the type and frédquency of openings permitting
infiltration, the rate of watexr supply, and)the permeability and
ambient moisture conditions of the underlying ymaterials is most complex.
Thus, the estimation of the)amount of infiltration that must be con-
trolled by subsurface drainage requires careful consideration. This
is discussed in greatergdetaill #n Section 3,2.1.

1.3.3 Seepage (Movement),of Stbsurface Water. Generally, seepage
is defined as the movement, or flow, of a fluid through a permeable
porous medium.f In particular, the fluid with which we are concerned
is water, and |the permeable pOrous media are soils, rock and the
structural elements of ‘pavements. The porosity is defined as the
ratio of the volume of the pore spaces to the total volume of the
matépial. The extent to which porous media will permit fluid flow,
i.e., dt&ypermeability, is dependent upon the extent to which the
pore spaces afe,interconnected and the size and shape of the inter-
connections (10,30).

Based on his classic experiments on the flow of water through
sand \filter beds, Darcy (31) concluded in 1856 that the flow of water
through porous media is governed by a simple linear law (Darcy's Law),
which i1s’generally stated in the form

v = ki, (D
where v is the discharge velocity; k is a constant of proportionality,
called the coefficient of permeability; and i is the hydraulic gradient,

i.e., the ratio of change of total head, h, with respect to distance, s,

18
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in the direction of flow. In its most general form, the hydraulic
gradient can be expressed as

_&
9s

although, quite commonly, the total derivative dh/ds, or the finite
difference form Ah/As, is employed. Equation (1) can be put in a
more useful form by multiplying by the cross—-sectional area, A g0f the
flow domain. This yields an expression for the flow rate, q, An the
form '

(2)

i

q = kiA (3)

The validity of Darcy's Law is known to be contingefit uponsthe
existence of laminar flow (10,27,30,32,33). For most natural ¢goils
and low permeability granular materials, this gonditiod will be
satisfied over a wide range of hydraulic gradients. | However,/for
more open graded granular materials the flow may become néfilaminar,
even at relatively low hydraulic gradients (27,32,34). Under these
circumstances, it is still possible to 4se WMarcy"s Law for practical
seepage analysis if appropriate consifleration has Beéen given to this
phenomenon in evaluating the coefficlent of permeability. This is
explained in greater detail in Section 2.3.2.

It should be noted, at this stage, that the coefficient of per-
meability, upon which equations (1) and(3) depend, varies over a
very wide range, depending ‘on the nature of the porous media (see
Sec. 2.3.2) through whieh flow is taking place. In natural deposits,
and even in some compacted soils, )it may be much greater in one
direction than in gnother (6,7,8,10912). This phenomenon should be
considered, whenever possible, in arriving at practical solutions
to highway subdrainage problems.

The movement of groundwater in the vicinity of a highway may be
governed entirely by natural phenomena and hydraulic gradients that
are the direct outgrowth of the controlling topographic, hydrologic
and geological, features as shown in Figures 10 and 11. More often
than notd lowever ) the highway construction causes some kind of
disrupfion in the natural pattern of flow. For example, a highway
cut \may intersect the existing water table as shown in Figure 1, or
a fill may serve to dam the natural flow of groundwater as shown in
Figuré 3. The installation of subsurface drainage to control this
groundwater results in a further alteration of the flow pattern. The
final configuration of the flow domain is dependent upon both the

20



initial groundwater flow conditions and the characteristics of the
subsurface drainage system that is installed.

On the other hand, the movement of infiltration in the pavement
structural section is governed largely by the permeability©f the com-
ponents of the pavement system, the longitudinal grade of the roadway
and the pavement cross (transverse) slope. The general patterns, of
surface and subsurface flow associated with infiltration are shown
for a Portland cement concrete pavement in Figure 13. Although, the
joint and crack patterns (points of inflow) are different| for a bits
uminous concrete pavement, the geometry of the surface and subsurfacge
flow is essentially the 'same as that shown in Figure, 13,

1.4 - Types and Uses of Highway Subdrainage

1.4.1 Classifications of Highway Subdrainage. , Systems of high-
ways subsurface drainage can be classified i a varigty of ways accord-
ing to; (a) the source of the gubsurface watet they are designed to
control, (b) the function they perform, @amd (c) their location and
geometry. It is important, at this point, that these classifications
be put in perspective and that the associated teérminology be understood
in order to avoid confusion in_later séctions of this manual.

A groundwater control system, :as the fame implies, refers to sub-
surface drainage specifi@ally designéd to remove and/or control the flow
of groundwater. Similarly,,an infilt¥ation control system is designed
to remove water thasmseeps dnto the pavement structural section. Often,
however, subdrainfge may be required to control water from both sources.
Although some of the physical features of the two subdrainage systems
may be different, quite commonly they are very much alike (see Chapters
IITI and IV)A

A subsurface drainage system may perform one or more of the fol-
lowing functibns: (a) interception or cutoff of the seepage above an
ifprevious boundary; (b) draw-down or lowering of the water table; and
(c) coblection @fhthe flow from other drainage systems. These func-
tions are Iblustrated in Figures 14, 15 and 16 respectively. Although
a subflrainage system may be designed to serve one particular function,
comflonly it will be expected to serve more than one function. For ex-
ample, the interceptor drain shown in Figure 14 not only cuts off the
flow from the left, but it draws down the water table so that it does
not break out through the cut slope.

The most common way of identifying subdrainage systems is in terms
of their location and geometry. Familiar classifications of this type
include; (a) longitudinal drains, (b) transverse and horizontal drains,
(c) drainage blankets, and (d) well systems. These will be discussed
in detail in Sectioms 1.4.2, 1.4.3, 1.4.4 and 1.4.5, respectively.

It should be noted that these types of subdrainage may be designed to
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control both groundwater and infiltration and/or to perform any of the
functions outlined above.

1.4.2 Longitudinal Drains. As the name implies, a longitudinal
drain is located essentially parallel to the roadway centerline both
in horizontal and vertical alignment. It may involve a tredeh of sub-
stantial depth, a collector pipe and a protective filter of ‘€ome kind,
as shown in Figure 14 and 15; or it may be less elaborate, as &hbown
in Figure 16. The degree of sophistication employed in the d@&8ign
of longitudinal drains will depend upon the source of the fiater that
is to be drained and the manner in which the drain is expéeted to
function (see Chapters III and IV).

Sometimes, systems of longitudinal drains ofdifferent typespdan
be employed effectively. An example of such an Application is pre-
sented in Figure 17, which shows a multiple drainm insg@llatdon in a
superelevated section of an expressway cut in a Wethillside. In order
to intercept the flow and draw down the water,table below the left cut
slope, it was necessary to use two lines of Yelativelydéep longitu-
dinal drains. As shown in Figure 17, the colléctor drain (beneath
the left shoulder) serves to d¢ain afiy Wwater that may get into the
base or subbase of the left lanes_é&s a resulp,of dnfiltration or frost
action. A similar function is performed by the shallow collector
drain along the left edge of the right)lanes.

The combination of groundwaten conditions and highway cross-
sections shown in Figuwresl'l4, 15, ‘and 17 were such that the ground-
water could be intercepted and/or drawn, down well below the pavement
sections with no more,than two lines of longitudinal underdrains. How-
ever, this is notdalways possible, particularly when the water table
is very high andl the roadway sechbion is very wide, as shown in Figure
18, 1In this case, the floWw of groundwater might have saturated the
subgrade and the pavement structural section over at least a part of
its width if the €third lopgitudinal drain had not been installed be-
neath th@ median. Eyen more complicated roadway geometries are pos-
sible, and mOre elaborate subdrainage configurations may be required
for modern highways, particularly in the wvicinity of interchanges.

1.4.3y Transverse and Horizontal Drains. Subsurface drains that
run laterally beneath the roadway are classified as transverse drains.
Theg® are commonly located at right angles to the roadway centerline,
although in some instances, they may be skewed in the so-~called
"erringbone' pattern.

Transverse drains may be used at pavement joints to drain infil-
tration and groundwater in bases and subbases. This is particularly
desirable where the relationship between the transverse and longitu-
dinal grades is such that flow tends to take place more in the longi-
tudinal direction than in the transverse direction. An example of
this type of installation is shown in Figure 19. 1In this illustration,
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the transverse drains have been used in conjunction with a horizontal
drainage blanket and longitudinal collector drain system. This can
provide a very effective means for rapid removal of water from the
pavement section.

Transverse drains may involve a trench, collector pipe and pro-
tective filter, as shown in Figure 19, or they can consist of &imple
"french drains" (i.e. shallow trenches filled with open gzfided aggre-
gate), although this is not generally recommended. As fyith longdtu-
dinal drains, the degree of sophistication employed depends on the
source of the subsurface water and the function of the d¥ain,

When the general direction of the groundwafer flow tends to be
parallel to the roadway (this occurs commonly When thé roadway is cut
more or less perpendicular to the existing contours), trangverse drains
can be more effective than longitudinal dy@ins indintercepfing and/or
drawing down the water table. This application is, illuétrated in
Figure 20.

Some caution should be eXercised ifpthe use of transverse drains
in areas of seasonal frost, sinde)there hag bheen some experience with
pavements undergoing a general frost heaving exXcept where transverse
drains were installed, thusleading te, poor riding quality during win-
ter months.

Horizontal drains €onsist of mearly horizontal pipes drilled into
cut slopes or sidehill Tills to tap Springs and relieve porewater pres—
sures (See Sec. 4@87 . 135). In ordinary installations, the ends of
the perforated Small diameter drain pipes are simply left projecting
from the slope and the fléw is picked up in drainage ditches. However,
in more elaborate installations, drainage galleries or tunnels may be
required [to carty)large fllows, and some type of pipe collector system
may be Mised to dispbse df the water outside of the roadway limits (11).
An example \of a drainage installation of this type, used in connection
with a landslide stabilization project (11,35), is shown in Figures
2ka and 21b.

1.4.%p Drainage Blankets. Generally speaking, the term drainage
bladket is‘applied to a very permeable layer whose width and length
(in the direction of flow) is large relative to its thickness. Pro-
perly designed drainage blankets can be used for effective control of
both groundwater and infiltration.

The horizontal drainage blanket can be used beneath or as an inte-
gral part of the pavement structure to remove water from infiltration
or to remove groundwater from both gravity and artesian sources. Al-
though relatively pervious granular materials are often utilized for
base and subbase courses, these layers will not function as drainage
blankets unless they are specifically designed and constructed to do
s0. This requires an adequate thickness of material with a very high
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coefficient of permeability, a positive outlet for the water collected,
and, in some instances, the use of one or more protective filter lay-
ers (5,16).

Two types of horizontal drainage blanket systems are shown in
Figure 22. 1In Figure 22a, a horizontal blanket drain is uséd ¥n con-
nection with shallow longitudinal collector drains to control B@th in-
filtration and the flow of groundwater from an artesian source, Nete
that a protective filter layer has been used to prevent thedSubgrade
soil from being washed into and, thus clogging the drainagé layer. “Ia
Figure 22b, a horizontal blanket drain is used to remove water that has
seeped into the pavement by infiltration alone. In this case) the
outlet has been provided by "daylighting" the drainag@Blanket open
graded base course). However, it is not uncommongfor this type of
outlet to become clogged and cease to function effectivély. A more
positive means of outletting the drainage blanket woudld have Been
through the use of the longitudinal drain shbwn dashled in Figure 22b.
In any event, the subbase has also been designed as anfiltér in this
instance to prevent intrusion of the subgrade'seil inteo the base
course under the action of trafific (2720w When the longitudinal grade
is large enough to control the direction ofmflow, \transverse drains may
be required to outlet the drainagelblanket as shown in Figure 19.

Drainage blankets can beguwsed effechively to control the flow of
groundwater from cut¢Slopesfand beneath §idehill fills. Examples of
these uses are illustrated in Figures, 23 and 24, respectively. As
shown in Figure 23, the drainage blanket used in connection with a
longitudinal drain, can help to improve the surface stability (relieve
sloughing) of cut gdopesyby preventing the development of a surface
of seepage (see Figure 1) and by its buttress action. The blanket
drain shown in Figure 24 prguents the trapping of wet weather flow be-
neath the fild and minimizes the buildup of high porewater pressures
that can ledd to slope instability (see Figures 3 and 4).

1.4.57 Well Systems. Systems of vertical wells can be used to
control the flow of groundwater and relieve porewater pressures in
poténtially troublesome highway slopes. In this application, they may
be pumpedpfor temporary lowering of the water table during construction
or simpdy lefbpto overflow for the relief of artesian pressures. More
oftend however, they are provided with some sort of collection system
so that they are freely drained at their bottoms. This may be accom—
plished by the use of tunnels, drilled-in pipe outlets (11), or hori-
zongal drains. Typical well drainage systems that were used to help
in the stabilization of wet slopes are shown in Figures 2la and 21b
(35) \and Figure 25 (36).

Sand filled wertical wells (sand drains) can be used to promote
accelerated drainage of soft and compressible foundation materials
which are undergoing consolidation (the squeezing out of water) as a
result of the application of a surface loading such as that produced
by a highway embankment (11,37,38,39,40). An installation of this type
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is illustrated schematically in Figure 26. The design and construc-
tion of sand drains for foundation stabilization is a rather special-
ized undertaking requiring detailed consideration and understanding of
the three dimensional consolidation process (38,40). Thus, this aspect
of highway subdrainage is considered to be outside the scope ©f)this
publication and it will not be given further considerationm.

1.4,6 Miscellaneous Drainage. Frequently, during the cdurse of
highway construction and maintenance operations, local seepage con-
ditions are encountered which require subsurface drainage to remove
the excess moisture or relieve porewater pressures. These conditions
may require small drainage blankets with pipe outletsgmlongitudinal
or transverse drains, or some combination of these drainage systems
(11). Although subdrainage of this type is highly/ individualized,
its importance should not be minimized and its design should be approach-
ed with the same care as the design of more elaboratelsubdrainage
systems.
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Chapter I1II - DATA REQUIRED FOR ANALYSIS AND DESIGN

2.1 - General

The validity of the analysis and design procedures presented in
the following chapters is dependent, to a large degree, upon the
accuracy and completeness of the data upon which the computationstane
based. Unfortunately, the nature of the seepage phenomena andfia=
terials involved is such that the determination of exact inpuf data
is impractical, if not impossible. However, every effort should be
made to develop input data that is as realistic as possible while
preserving an appropriate measure of conservatism.

The data required for analysis and design of subsurfacde drainage
can be placed in four general categories: (a) the geomet®y off{ the
flow domain; (b) the properties of the materialé; (¢) \the climatological
data; and (d) miscellaneous considerations.

The geometry of the flow domadn involves both \the geometric de-
sign of the highway and the prevalling subsubface ‘conditions. It
helps to define the various subsurfacé)drainage psoblems and provides
the boundary conditions that govern theiln solutiomn.

The fundamental matérial properties aredan important aid to
classifying materials and helping to ptedict how they will perform,
particularly with respect to ‘their ability to transmit the flow of
water (i.e. their permeability).

The climatologigal data provide an important insight into the
fundamental source d¢f all subsurface water (i.e. precipitation) and
the potentially adverse effects of frost action.

There ape|a number of other considerations that may have an
influence on the design of sSubdrainage systems. These include
the impact of theé),subdrainage system on the existing groundwater
fegimépand other ‘@spects of design; the influence of a subdrainage
system, ornlack of ity on the sequence of construction operations;
and the economie,considerations related to the use of subsurface
drainageg«

2,2 -\Ceometry of the Flow Domain

2.2.)1 Highway Geometry. Almost all of the geometric design
features of a highway can exert some influence upon the analysis
and design of subsurface drainage. Therefore, before attempting
to undertake this work, the designer should be armed with as much
information as possible on these features. Included should be suf-
ficiently detailed profiles and cross—-sections to permit assembly
of the following data for each section of roadway under comnsideration:
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(a2) longitudinal grades; (b) transverse grades (including super-
elevation); (c) widths of pavement and shoulder surface, base and sub-
base; (d) required thickness of pavement elements based on normal
structural design practice for the particular area under consideration;
(e) depths of cuts and fills; (f) recommended cut and fill slOpes;

and (g) details of ditches and other surface drainage facilitiesy

Much of this information might be obtained from a detailed set of
"typical cross-sections'. However, a set of roadway cross-sedtions
showing original ground and at least the gross features (i.d. cut

and fill slopes, ditches, etc.) of the proposed construction is con-
sidered to be a necessity.

In addition, it is considered desirable to havé a topographic
map of the highway corridor upon which the final highway_@lignment
has been superimposed. This map should be prepared to&uch 4 scale
(100 or 200 scale) that features pertinent todboth| sufface and sub-~
surface drainage can be clearly identified. Fokt example, st¥eams,
lakes, and seasonally wet areas above the highway may constitute
known boundaries to the flow doméin. There is also some evidence
that landslide potential, and thus, the ‘poténtial need for subsur-
face drainage, can be predicted by dareful evaltation of selected
topographic features (24).

As indicated in Séation A4 .3.30 hand shown qualitatively in Fig-
ure 13, the flow of water)in the pavement structural section (drain-
age layer) may be largely controlled G¥hthe longitudinal grade of
the roadway, g and its cross slope, S .. This is shown in a more
quantitative fashion dfWFigure 27. 1If can be demonstrated (12)
that the length of fthe flow path,)L, can be expressed as

L = W\/l + (g/SC)2, (4)

where W is ghe width oftheddrainage layer, as shown in Figure 27.
The slope of the flow path, S, is given by the expression (12)

2, 2
s =qfs e (5

The values ofnthe various combinations of longitudinal and transverse
grades £0 be encountered on the project should be tabulated in a form
convefiient for the calculation of L and S for possible use in analysis
and design (see Section 3.3). However, there are two anomalies
assogiated with this work that may be encountered. First, it is
clear that whenever the transverse grade approaches zero, the length
of the flow path given by Equation (4) approaches infinity. 1In
practice, this particular relationship between longitudinal and
transverse grades will be a local one, and the length of the flow
path will be governed by the grades of adjacent sections of roadway
and/or the distance to the nearest transverse drain. Second, it

is obvious that, if either the cross slope or the longitudinal grade
is varying with the stationing along the roadway, the flow path
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cannot be linear as shown in Figure 27, but will be curved, as shown
in Figure 19. Under these circumstances, some approximation will have
to be introduced (see Example 16 in Section 3.3). In any event, this
type of data constitutes an important input to analysis and design of
subdrainage to control some types of groundwater and water from infil-
tration. Therefore, particular care should be taken in asgémbling
this information.

2.2.2 Subsurface Geometry. The nature and limits of th@¥f low do—
main, i.e., its subsurface boundaries, should be accuratelyl established.
In general, this will require a thorough program of subsurface explor—
ation and geologic evaluation. This work should be sufficiently de-
tailed to permit the development of soil and rock profiles andito de-
fine the prevailing groundwater conditions. In man$ part&yof the
nation, agricultural and/or geological maps are afailable that can be
very useful in planning the subsurface exploration program. ¢ It should
be noted, at this point, that good subsurfacegexplorations are a vital
part of the basic design procedure for highways (41), and véry little
additional work of a special nature is required for Chélafialysis and
design of subsurface drainage systems.

The various methods of subsurface explompation and sampling have
been described in detail in numerols publications (41,42,43), and no
attempt will be made tc repeat this infermation here. However, some
helpful suggestions and recomm@filations will be presented.

Often, a great deal wif valuablg winformation pertaining to existing
subsurface drainage condifions can be @btained by careful examination
of the site in the field. “Ihis can be“especially true if the visitation
can be made during,g®r jst Toblowing, a wet period. It may be pos-
sible to observe wWet-weather springs or other evidence of intermittent
seepage that might not showgdlp during some dryer period. In addition,
the type and eendifion of the vegetation in the area may give some
clue to the (011 andygroundwater conditions. Lush green foliage and
the presep@e of speciespafiplants and trees that are known to require
a high water Bable can be significant indicators of potential ground-
water problems.

Durimg the subsurface explorations, special attention should be
directed at Obtaining all possible data that might relate in any way
to \subsurface drainage. Any evidence of artesian pressures or loss
of wash water during drilling should be noted, and any unusual strati-
fication (e.g. granular layers or lenses within a more cohesive stra-
tum) should be recorded. The sampling should be coordinated so that
représentative samples are obtained for laboratory testing from all
strata that may be involved in the seepage phenomenon. This includes
cut materials that will later bé placed in fills. When it is known
or suspected that there may be significant seasonal fluctuations in the
water table, it is considered to be good practice to install plastic
tubing in the bore holes so that the water table level can be monitored
over some period of time. Such installations are not expensive and
can provide much valuable information.
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Under some circumstances, it may become desirable to conduct
special tests to evaluate the in-situ permeability of materials
during the subsurface explorations (see Section 2.3.2). This need
should be anticipated in advance, if possible, so that the subx
surface explorations can be properly programmed to provide the most
information for the lowest possible cost.

2.3 - Properties of Materials

2.3.1 1Index Properties. The index properties of materials are
considered to be those which help to identify and clagsify the ma-
terial. They may also be an important indicator offmaterial perfor-
mance. In assembling pertinent data for the analysis and(design of
subsurface drainage, we are primarily concernedqwith \thOGse properties
which exert an influence on seepage phenomena.| Included in this
category are: (a) grain size characteristics, (b)) plastieify char-
acteristics (Atterberg limits), and (c¢) soil classification (see
Section 2.3.2).

For natural soils which may exis€ within the flow domain, either
in cuts or fills, representative sampleg should be subjected to grain
size analysis using standard te€t methods' (44). This is particularly
important where it is anticipAted that protective filters may be
required to prevent finer g0il particles from being washed or "pumped"
into drainage layers. For granular materials to be used in base,
subbase, drainage blankets, filters, etc., it is considered highly
desirable that repregéntative samples of the actual construction ma-
terials be subjected Co grain size a@malysis. However, it is recognized
that this may not always be pfaetical, and it may be necessary to
work from the gPecified gradation limits for these materials. In some
instances, the subdraimage andlysis and design procedures may lead
to the modification of “existing gradation specifications or the de-
velopment of new)criteria for establishing gradation limits.

ThevAtterberg Limits (45,46) of natural soils along with their grain
size distribubions permit the soils to be classified in a meaningful
way with #espect to their behavioral characteristics. Although a
varietyfof soil classifications are in use (47,48,49), there appears
to have been more work done in relating the permeability, capillarity
and frost susceptibility of soils with their Unified Soil Classification
(20,48,50) than with any other system. Thus, it is recommended that
sufficient laboratory data be developed for representative soil samples
to permit their classification by this system.

2.3.2 Performance Characteristics. While there are a wide range
of engineering properties of materials with which we must be concerned
in highway design, for the purposes of this publication, we will con-
sider only those properties that control the flow of subsurface water.
Thus, included in the data required for analysis and design are (a) the
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coefficient of permeability, k, (b) the effective porosity (yield
capacity), n', and (c) the frost susceptibility of the material. In
addition, it may be necessary to assemble data on other performance
characteristics which govern these parameters.

Among the material properties which may influence the gdefficient
of permeability are (a) the grain size distribution, (b) the packing
(dry density, void ratio, porosity), (c) the mineralogical eemposition,
(d) the nature of the permeant, and (e) the degree of satyration (28).
Moreover, it would appear that most of the properties infiluencing the
coefficient of permeability also influence capillarity and the yield
capacity. This will be given further consideration later in this
section.

The coefficient of permeability can be detérmined by (&) in-situ
measurement, (b) laboratory testing, (c) theoreticad analysis, and
(d) empirical methods.

Ideally, the coefficient of permeability should be determined by
in-situ measurements, and it 4§ recofménded that this practice be fol-
lowed whenever possible. There ape a variébny of reliable techniques
that have been developed for making \determinations of this type in
natural soils and rock (51,52). In addition, procedures have been
developed for evaluating thefin®situ coéfficient of permeability in
bases, subbases, and drainage layexs (52,53). However, obtaining
the coefficient of permeability of @empacted drainage layers after they
are in place cannot be considered a“deésign function. It is rather, an
inspection or control funcfien designed to assure that the coefficient
of permeability fdalls within Limits established by some other means as
being desirable ffor the particular subsurface drainage system under
consideration.

When field evaluation/ 0f the coefficient of permeability is not
feasible{ thien the usewdf Ilaboratory determinations is highly recom-
mended, particularly for fill materials, bases, subbases and other
drainage layers. The laboratory methods are well known and are con-
sidéped to be rekiable (27,28,34,54,55). Commonly, the materials are
compactednto the anticipated field moisture and density conditions for
testing. There,is, however, a problem associated with determining the
coefficient of permeability for coarse granular materials. As noted
in Section 1.3.3, the flow in these materials may become nonlaminar,
even at low hydraulic gradients, invalidating Darcy's Law. Under
these circumstances, there are two procedures that can be used to
allow) for the reduced efficiency caused by turbulence. One procedure
is to estimate the range of hydraulic gradients to be experienced in
the field and to perform the laboratory tests at these hydraulic gra-
dients. When this is done, errors from turbulence are largely eli-
minated because the measured coefficient, although not a true Darcy
coefficient, should have the correct magnitude for estimating the
seepage quantities and velocity at the test gradient. An alterna-
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tive procedure is to establish the true Darcy permeability by per-
forming the laboratory tests under small hydraulic gradients that
ensure laminar flow and then to apply a correction factor to account.
for the reduced efficiency caused by turbulence at greater hydraulic
gradients than used in the tests. The details of this procedure and
typical correction factors have been presented by Cedergren (See
Reference 11, pp. 139-145 and pp. 195-196).

Throughout the years, many theoretical and empirical equations
have been devised for estimating the coefficient of permeabidlity of
porous media (28,56,57). The most reliable of these, however, seem
to have been developed by empirical modification of purely \theoretical
equations (57). For the most part, these equations are not ‘guitable
for use in the practical analysis and design of highwWay subdrainage
and, therefore, they will not be given further con&ideration.

Although field or laboratory evaluation of the cdefficient of per-
meability is considered desirable, in practide it 18 often nécessary
for the designer to estimate the coefficient of \permeabilidfy empirical-
ly without the benefit of these refinements. S8eéyeral appraoches are
available for doing this, but thep allddepend upon some kind of correla-
tion between the coefficient of permeability dand|such properties as
grain size characteristics, dry density, and porosity or void ratio.
One method that reportedly has been used,with some success utilizes a
relationship between permeabild®¥y, specific surface and porosity (58).

One typical set of“walues of the woefficient of permeability and
a general indication of the degree of pérmeability is given in Table 1

Table 1. Typical values of soil permeability

Soil Description Coefficient of Permeability Degree of
k{ft./day)]l Permeability

Medium and Coarse
Gravel >30.0 High

Fine gkavel; coarse,
medium and,fine
sand; dunelsand, 30.0 to 3.0 Medium

Very\dine sand; silty
sand; loose silt;
loess; rock flour. 3.0 to 0.03 Low

Dense| gilt; dense
loess; clayey silt; :
silty clay. 0.03 to 0.0003 Very Low

Homogeneous clays <0.0003 Impervious

lNote that 1 ft./day is equivalent to 3.529 x 10-4 cm/sec.
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as a function of the grain size characteristics of the material. 1In
Table 2, ranges of values of coefficient of permeability are given as
e function of the Unified Soil Classification and the relative degree
of permeability (59). In Table 3, average values of the coefficient

Table 2. Approximate correlation between permeabiliky
and Unified Soil Classification (59)1

Unified Soil Relative Coefficient of Fermeabilbity
Classification Permeability k(ft./day)
GW ~ Pervious 2.7 to\ 274
GP Pervious to Very Pervious 13.7 to 27,400
GM Semipervious 2;7x10—4 to €7
GC Impervious 2.7x10_5 to 2.7X10_2
Sw Permious 1.4 to 137
sp Semipervious tofPervious 0.14 to 1.4
SM Impervious to_ Semiperwious 2.7}1210“4 to 1.4
sC | o e s 2.7x107° to 0.14
ML Impervious 2.7x10"5 to 0.14
CL Impenvious 2.7x10“5 to 2.7}{10—3
.OL Impervious’ 2.7}{10_5 to 2.7){10—-2
MH Véry Impervious 2.7xlO'-6 to 2.7x10_4
CH Very Impervious 2.7xlO—7 to 2.7x10m5

of Permeability are given as a function of the Unified Soil Classifi-
cation void ratie 'and dry density (50).

In using Table 1,2 and 3, the general manner in which the coeffi-~
¢ieht of permeability varies with the controlling soil properties should
be understood. With respect to grain size, finer soils can, in general
be expected to have lower permeabilities, and well graded soils can be
expected to be less permeable than more uniform soils. With respect
to density, a decrease in permeability should be expected with in-
creased dry density. Furthermore, it should also be recognized that
the permeabilities given in Tables 1,2 and 3 are typical values for
homogeneous and isotropic soil or aggregate masses, and that aniso-

lWhen placed as well-constructed rolled-earth embankment with

moisture-density control.
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6%

Unified Soil
Classification

oW
e
oM
6C
SW

sp
SM
SM-SC
sc -
.
ML-CL

CL-

Table 3. Average values of soil permeabilities (

Dry Density Void Ratio* meability
1bs/cu.ft. e

119 -
110 -
114 ~4
115 ~4
119 +
110 + -2
114 + +1.315 x 1072
119 + x 107°
115 + x 1074
103 + x 1073
0.54 + 0.03 3.561 + 1.917 x 107
0.56 + 0.01 2.191 + 0.821 x 1074
1.15 + 0.12 4.343 + 2.739 x 107
0.80 + 0.04 1.369 + 1.369 x 10

from more than 1500 soil samples compacted to the Standard Proctor
The + entry indicates 90 percent confidence limits for the average values.



tropy, stratification, naturally occuring cracks and fissues, etc.,
can-have a dramatic effect on the in-situ permeability.

It is of particular importance in the analysis of subsurface drain-
age systems to be able to estimate the coefficient of permefiBility of
granular drainage and filter materials. Figure 28 has been prepared
to help in this regard. It was developed by correlating statistigally
the measured coefficients of permeability for a large numbex of sanples
(26,27,34,60,61) with those properties known to exert an ififluence on
permeability. The results showed that the most significant proper-
ties were the effective grain size, Djp, the porosity, n, and the pen—
cent passing the No. 200 sieve, ppypp. These three pamameters explaifi-
ed over 91 percent of the variation in the coeffidient of permeability.
For convenience, a conversion has been made, so that drf density is
used in the chart instead of porosity. It is particudarly Wmportant
to note that the amount of fines (P2gqg) exepfs a'marked influence on
the coefficient of permeability for granular materiabs. THus, a small
increase in the amount of fines can cause a large decrease in the
coefficient of permeability (546,27) .4, Since Figure 28 was developed
from data on granular bases and'subbases,Wits applicability is neces-
sarily limited to these types of mlAberials." Am additional aid to
estimating the coefficient of permeabdlity is giwen in Figure 29,
which shows typical gradationg_and perméabilities of open graded
bases and filter matefials (5,16).

Although the effectiy® porosity, or yield capacity, n', commonly
appears in the literature in the solufiens to problems involving time-
dependent drainage, criteria Mor estimating numerical values of this
parameter are not generally given (5,6,7,10,12). However, as noted
earlier, there do&s appear to De some evidence (26,27,62) to support
the belief that gome kind of welationship should exist between the
effective pom@sity, n', and|the coefficient of permeability, k. On
this basis, | Figure 30 was déveloped by correlating statistically the
measured @¥alues of effé@five porosity with the measured coefficient of
permeability for soils of varying gradations and densities (27,32).
While Figure 30hdoes provide the designer with a simple and reasonably
reliable way to estimate effective porosity, it should be used with
caution, pacrticularly at the extremities where data were lacking
(high v@les) ofpwere quite scattered (low values).

A knowledge of the frost susceptibility of subgrade soils and the
depth of frost penetration (see Section 2.4.2) can provide the de-
signér with some insight into the extent of the subsurface drainage
required to control frost action and the amount of water that must be
removied by suitable drainage layers during periods of thawing in order
to prevent the saturaticn of the pavement structural section. Rapid
removal of the melt water from thawing ice masses (19,20) is considered
to be an essential factor in limiting both the duration and magnitude
of the reduction in supporting power of the subgrade, base and subbase
during periods of spring thaw (5,16,20,63). Although many different
test methods and criteria for evaluating frost susceptibility have
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been considered (19,20), there does not appear to be, as yet, a single
proven, simple and reliable test or criterion for frost susceptibility
adaptable to general highway design use (20). However, some relative
indication of frost susceptibility can be obtained from Figure 31,
which summarizes the results of standard laboratory freezing tests
made by the Corps of Engineers from 1950 to 1970 (64). The FI te F4
frost design classification groups (65), used by the Corps of Engis
neers for pavement design purposes, are also shown in Figure 31.

2.4 —\Climatological Data

2.4.1 Precipitation. Although a precise understanding of the
frequency, intensity and duration of precipitation ing@n dmea 1is het
generally necessary for the detailed design of highyay subsurface“drain-
age, it can be helpful in defining the seriousness [0f thedproblem and
in devising solutions. Generally, groundwater, problemé occur more
frequently and are more serious in areas of high rainfall. Under
these circumstances fluctuations in groundwater level may cofrelate
reasonably well with amount of precipitation. On\the other hand, there
is some evidence that the infilty¥@tion egfprainfall into pavement
sections is dependent more upon duration of Fainfall than intensity
or frequency (29). Thus, there may ©®ejareas in thée United States
where there are no signifieant problemg with respeeil to groundwater.
However, this does not necessaridy, mean that no water will ever in-
filtrate into the pavenént stifuctural section (see Section 3.2.1).

The United States Nafienal Weather \Service publishes records of
precipitation in a variety of forms. Of particular interest and value
are the maps which showgrainfall intensity as a function of frequency
and duration (66). A typical mapyof this type, giving the 1 hour/l year
frequency precipitdtion rates,, is shown in Figure 32. The rainfall
rates shown on this map were Weécommended by Cedergren (5,16) as the
basis for comp@iting infiltratlon rates into pavement structural sec-
tions. This Will be discussed in greater detail in Section 3.2.1.

2.4.2 Depth of Frost Penetration. Some indication of the depth
topwhich freezing), temperatures may penetrate into the pavement or
underlying subgrade), can be helpful in assessing the seriousness of
possible frost action, A number of theoretical relationships have
been developed Ower the years which permit a reasonably reliable
prediction of frost depth based upon air or pavement freezing in-
dices! and the thermal properties of the pavement elements and
the \subgrade (19,20,67,68). The most reliable of these formulas
appears to be the modified Berggren equation (67,68). While maps
giving average or maximum depths of frost penetration (69,70,71,

72) may be very helpful (e.g. see Figure 33,) they should be used
with caution, because of the extreme variations in frost depth

that can occur as a function of elevation and latitude (68). Ideally,
well kept records of accurately measured depths of frost penetration
would provide the best source of frost depth data. However, the
availability of accurate weather records and the use of the digital
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computer permit reliable individual predictions of local frost pene-
tration to be made relatively easily and. quickly (68).

2.5 - Miscellaneous Considerations

In addition to assembling the rather detailed data outlined “in
the preceding sections, the designer should give some attentionto
a number of considerations that may have either a direct or ifdirect
influence on the design of subsurface drainage. These considérations
include (a) the impact of the proposed subdrainage system on \the
existing regime and other aspects of design; (b) the seguence ‘9f)con-
struction operations; and (c) the economic factors adsociated with
design and construction of highway subsurface drainfige.

The designer should consider what effect the propésed subsurface
drainage might have on the beneficial uses of groundwater and(the
consequences of redirecting the surface and subsurface flow of water.
For example, in the process of lowering the watertable by means of
highway subdrainage, the water level in neatby wells could be lowered
or the wells could be dried {ip altogdther. AltHough it might not
be possible to avoid suchoccurrences, these possibilities should be
explored and given consideration_in right-ef-way negotiations. It
is also possible that oitlets f£rom subsurface drainage systems may
direct water away from existing watercourses, ecausing minor flooding
and/or erosion, if appropridte consideration is not given to this
matter.

Frequently, it 48 desirable te control the sequence of construction
operations so that [Subsurface dralnage is installed as an early opera-
tion, or as the work progressesy in order that subsequent construction
operations canfbe conducted "in-the-dry'". On the other hand, under
some circumstances, 1t may bel better to control the timing of the in-
stallation of subsurface'drainage until all work, that could result
in contaminatiom)of drainage materials, has been completed (see Chapter 5).
In any event, unless the need for a special sequence of construction
Qperations,is anticipated and provided for in the specifications, the
completed subsSurface drainage may not adequately perform the function
for which it was désigned.

Data should be assembled on the cost and availability of materials
that Wiy be used in the various subsurface drainage systems. Economic
comparisons based on these data may be particularly important with
respect to the design of drainage for pavement structural sections.
This is because both strength and permeability will influence the
design. In some instances, the permeability required for drainage may
be achieved with cheap, readily available, granular materials that
are also satisfactory from a structural standpoint. More commonly,
however, it will be necessary to effect an economic trade-off between
permeability and structural integrity. The comparison of the cost of
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alternate designs should include some consideration of the possible
cost of maintenance and/or pavement rehabilitation, if less than
adequate pavement drainage is provided (5,16,25). In addition, the
designer should not overlook the possiblity that a subsurface drain-
age problem, and the resultant drainage system costs, can sometimes
be avoided by appropriate changes in roadway alignment and grade.
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Chapter III - PAVEMENT DRAINAGE

3.1 - Generalk

The recommended procedure for the analysis and design of drainage
for pavement structural sections involves the following steps:

(1) Assemble all available data on highway and subsurface/geo-
metry, index properties and performance characteristi¢s of
soils and materials, precipitation and frost penetration,
and miscellaneous considerations, as outlined imChapter IL.

(2) Determine the net inflow, or quantity of water, that must be
removed by the pavement drainage system. The greSs inflow
would consist of water from all sources(that might contri-
bute to the possible saturation of the pavement sectiehn under
consideration, including groundwater, infiltration and melt
water from thawing ice lep®es (where frost action is present)
in the subgrade soil. In c¢omputing Ehe net inflow, an
allowance should be made for @ny natural eutflow that can
take place by vertical seepage into the soil beneath the
pavement.

(3) Analyze and/or design/pavementhdrainage layer(s) to provide
for the rapid removal of the net)inflow determined in Step 2.
This should include™an \evaluation of the need for filter layers
or special treatment o0f the subgrade (see Section 3.3).

(4) Analyze and/or design colleckion system(s) to provide for the
disposal of water remdved by the pavement drainage layers.
This ip€ludes \the location and sizing of longitudinal and
transverse collector drains, selection of filter material,
and{determination Of outlet spacing.

(5) Conduct @ eritical evaluation of the results of Steps 3 and
4 with respect to potential long—term performance, construc—
tiomymaintendnce and economics of the proposed pavement
dralnage 'system.

It @hould be understood that Steps 3, 4 and 5 are interdependent,
and it \may be necessary to pursue certain aspects of all three steps
simultaneously or in some order other than that in which they were pre-
sented. |For example, the thickness of the required drainage layers is
governed, 1n part, by the distance the water has to flow to reach an
outlet. This distance is controlled by the type and geometry of the
selected collection system, which in turn may be governed by the eco-
nomics associated with the cost and availability of granular drainage
materials and pipe.
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3.2 - Quantity of Water to be Removed

3.2.1 Infiltration. It was noted in Section 1.3.2 that the in-
filtration of water into pavement structural sections is a most complex
phenomenon. Indeed, it depends upon an intricate interaction between
the size and frequency of openings permitting infiltration, the“fate at
which water is applied to the pavement surface, and the ambient moisSture
conditions, permeability and overall drainage capabilities of the undér-
lying layers. Unfortunately, we do not yet have a valid practigal
analytical solution to this problem. Theoretical studies of uniformly
porous pavements, using transient flow analysis, have provided|Some
insight into the problem (73), but they have not given us a realistic
basis for estimating infiltration rates for the general (@8ien of High-
way pavement drainage. A qualitative evaluation of tHe mechanisms
associated with infiltration (29) has shown that, given an ddequate
supply of water, the amount of infiltration will be a diréet function
of the ability of the base course to remove thisfwater.( Thus, yithin
limits, the better the drainage capabilities of the base eourse, the
higher will be the rate of infiltration. Conversely, if we select a
high infiltration rate for design plixposesg,we automatically require
that the base course be quite thickVand have awwery high coefficient
of permeability in order to carry this(water laterally, at a low
hydraulic gradient, to a suitable outlet. ) Such a practice would cer-
tainly lead to conservative results, but it might prove to be unreal-
istic and uneconomical in‘many ifistances.

As one approach to this problem, Cedérgren (5,16) has suggested
that estimates of the amount of dnfiltration to be removed by the
drainage layers be basedgompydesign precipitation rates. He recommends
that the design infiltration rate be obtained by multiplying the
1 hour/l year frequepcy precipitatiom)rate (Figure 32) by a coefficient
between 0.50 and 0.6/ for portland cement concrete pavements and 0.33
to 0.50 for bitulminous concrete)pavements. However, the results of
infiltration tests performed or pavements in Connecticut (29) suggested
that the duration of rainfall is a more critical factor than the in-
tensity. Moreover, it was found that the amount of infiltration could
b€ rélated directlynto cracking, and it was recommended that, for
design pubposes, the Winfiltration rate be taken as 2.4 cubic foot/day/
foot of crack.

Obvdously, more research is needed to clarify this matter. How-
ever, until more information becomes available, it will be necessary
to adopt some realistically conservative method for estimating in-
filtration rates. Although both of the above criteria are empirical,
it appears that the latter is more rational, and, since it is based
upon field measurements, it has been adopted as a partial basis for
estimating infiltration rates. Therefore, it is recommended that a
uniform design infiltration rate, qi, be estimated using the following
expression:
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qi=1c{ﬁ- +ﬁ5j + ks (6)

where q, is the design infiltration rate (cubic feet/day/square foot of
drainagé layer), I. is the crack infiltration rate (cubic feet/day/foot
of crack), N. is the number of contributing longitudinal cracks, W, is
the length of contributing transverse cracks or joints (feet)gll is, the
width of granular base or subbase subjected to infiltration (feet), Oy
is the spacing of transverse cracks or joints (feet), and kp is the
rate of infiltration (numerically equal to the coefficient|0f permea-
bility) through the uncracked pavement surface (cubic_feet/dag/square
foot).

For Portland cement concrete pavements and most dénse graded, well
compacted, bituminous concrete pavements, k_4is probdbly relatively in-
significant and can be ignored. However, tﬁere is_seome evidlence that
the initial permeability of some bituminous c@nicrete pavéments may be
quite significant until they hawe been subjected to the sealing action
of traffic for a few months. Moreovel, for '"porous pavements" (73),
the value of kp may be very signifieant. “No general criteria have been
established or adopted for selecting design values of kp under these
circumstances. Instead, it is recomménded that each case be considered
individually, with design vadues of kP being developed on the basis of
carefully controlled laboratory or field ‘tests.

It is recommended that a value @f \I, of 2.4 cfd/f be used for most
design applications. Howeven, where it can be demonstrated that the
frequency, intensit®y and duration of local precipitation are such that
the recommended désign infiltration rate cannot be supplied except in-
frequently, then| it may be @ossible to use lower values of I.. Con-
versely, it méy be \necessary to adopt higher values of I. if local ob-
servations ©f infilfration @and pavement performance indicate that this
additional \degree of comsérvatism is warrented.

For "noxmal' cracking or joints on new pavements, it is recommend-
ed what the value of N. be taken as

NC = (N + 1) (7)

wheredN is the number of traffic lanes. This may be conservative on
supérelevated sections, where the uppermost crack or joint may not
intercept very much flow. Where the pavement drainage is to be de-
signed for other than "normal" cracking, N. should be taken as the
equivalent number of continuous contributing longitudinal cracks.

It is recommended that the ''mormal" values of Cg be taken as the
regular transverse joint spacing for new Portland cement concrete pave-
ments and as the anticipated average transverse crack spacing for new
continuously reinforced Portland cement concrete and bituminous concrete
pavements. A value of C_ of 40 feet has been suggested for new bitu-
minous concrete pavements (29). However, '"mormal" transverse cracking
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as a result of thermal and moisture changes can be extremely variable,
especially in continuously reinforced concrete pavements, where such
factors as slab thickness and percentage of reinforcement may exert

an important influence (74). Therefore, it is recommended that "normal"
design values of C; be developed on the basis of local obsery@tions of
regular transverse cracking for the type of pavement under comgiderationm.
If, however, the pavement drainage is to be designed for other than
"normal' cracking, then an average crack spacing consistant wifh the
degree of assumed structural damage should be selected.

Example No. 1 - Infiltration Into a Rigid Pavement Sectton.
Consider a new Portland cement concrete pavemenf consisting of
two 12' traffic lanes with 10' dense graded bifuminoué concrete
shoulders, as shown in Figure 34. The transvérse padvemeint joints
are to be placed at 20' intervals. It widll be asSumed in this
case that infiltration through the uncracked pavement sutface
will be insignificant, i.e, kp = 0. Using Equation (6), with
I. = 2.4 cfd/f; N, = (N + 1)9= 3; Cg = Tranéverse Joint Spacing = 20';
We = 44'; and W= 24"; gives

_ SEOL U N
qq = 24057 + 24(20)] = 0.52 Say 0.5 cfd/sf.

In Example 1, the ‘comns@rvative assumption has been made that the
bituminous concrete shouldérs will have)transverse thermally induced
cracks developing at the same\interval ‘@s the pavement joints. In
addition, it has beefi assumed, for the purpose of computing qji, that the
width of the granular layer, W, réceiving infiltration is only 24°'.
However, in desigfing the dnéinage layer, it will be assumed that q; is
applied uniformly e the full width of the granular material (see
Example 13).

Exomple Ne. 2 - Infiltration Into a Flexible Pavement Sectionm.
Consider a new,bituminous concrete pavement for two lanes of a 4
lane diwided expressway. The traffic lanes are 12' wide, with a
4' imside 8houlder and a 10' outside shoulder, as shown in Figure 35.
Fof "normal®™ cracking; N, = 3; Cg = Say 40"; W, = 38'; and W = 24'.
Thus, with I, = 2.4, and assuming kp = 0, Equation (6) gives

- _3 38 . _
4y = 2.4[24 + 24(40)] 0.395 Say 0.4 cfd/sf.

3.2.2 Groundwater. Frequently, it is possible to intercept the
flow of groundwater and/or draw down the free water surface (see Fig-
ures 14, 15, 17, and 18) so that little or no water gets into the pave-
ment section from this source. However, under some circumstances, it
may not be possible to control the flow of groundwater in this way, and
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it will be necessary to include seepage from this source in designing
pavement drainage. Two possible sources of groundwater should be con-
sidered: (a) gravity drainage, as shown in Figure 15; and, (b) artesian
flow, as illustrated in Figure 22a.

For the case of gravity drainage, the average inflow rate, dg» can
be estimated by means of a flow net analysis (11), or by the use of
Figure 36, which was prepared to facilitate approximate compfitations
of this type (12,75). 1In either case, the first step will be the deters
mination of the "radius of influence" or drawdown influence'distance,
which can be estimated, for practical purposes, by means of the) expres;
sion (75)

Li = 3.8 (H ~ Ho)’ (8

where L; is the influence distance (feet) and (H -"H o). is thé amount of
drawdown (feet). See Figure 36.

Once the value of Lj has béen detérmined, Figure 36 can be used
to determine the total quantity of upward £loW, d9, into the drainage
blanket. The average inflow rate can ‘then be computed from the relation-
ship

9

qg=m, (9)

where q, is the design inflow\rate from gravity drainage (cubic feet/
day/square foot of draimage layer), q., is the total upward flow into

one half of the draglinage blanket cubIc feet/day/linear foot of road-
way), and W is the width of the drdinage layer (feet). Although the
solution given _in|Figure 36 is based upon a symmetrical configuration

of gravity fllowy very little/error is introduced if the flow conditions
are not exactly symmethicaldbecause of roadway cross slope, variation in
depth of the impervious boundary, etc. Under these conditions, the use
of average values of H, Ho and L, in Figure 36 will be satisfactory.

Bxample Noon3 ~ The Gravity Flow of Groundwater Into a Pavement
Drainagénlayer. Considar the flow situation shown in Figure 34.
Th€ native s6il is a silty sand with a measured coefficient of
permeability, k, of 0.34 fpd. The average drawdown, determined
from Figure 34, is (H - Hg) = (25.0 - 20.0) = 5.0'. Thus, the
influence distance can be determined from Equation (8) as Lji =
3.8(5) = 19.0'. Entering Figure 36 with (Lj + 0.5W)/H, = (19.0 +
22)/20 = 2.05, and W/H, = 44/20 = 2.2, it is found that k(H - Hy)/
299 = 0.74. Therefore, 4o = 0.34(5)/2(0.74) = 1.15 cfd/f.
Finally, the average inflow rate from the gravity flow of ground-
water can be calculated from Equation (9) as qg = 92/0.5W = 1.15/22 =
0.052 cfd/sf.
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In the actual design of a drainage system, such as that shown
in Figure 34, some gravity seepage in addition to dg would have to
be considered. This flow is designated as gy in Figure 36, and
its magnitude would be q; = k(H - H y2/2L, =0.346(5)2/2(19.0) =
0.224 cfd/f. The qy flow from the ieft side would only h&)considered
in the design of the collector drain. However, in this casej the
q; flow from the right side would have to be carried over to the
left side to the collector drain and, thus, would have todie
considered in the design of the drainage blanket (See Exémple 13).

For the case of artesian flow, the average inflow rate ‘€an be
estimated by the use of flow nets (5,11) or, very simply, by ‘the use of
Darcy's Law, i.e. Equation (3), in the form

q = k= (10)

where q, is the design inflow rate from artesian flow (cubic feet/day/
square foot of drainage layer), AH is the excess artesian head (feet),
and.HO is the thickness of subgrade soll Bétween| the artesian aquifer
and the drainage layer, as shown indBigure 37.

Example No. 4 4The Axfestan, Flow of, Groundwater Into a Pavement
Drainage Layer. Ceonsiddr the £low situabion shown in Figure 37.
The subgrade soil above the artesian aquifer is a clayey silt with
a coefficient of permeability, k, 0f)0.07 fpd. A piezometer in-
stalled during thepecurse of the subsurface exploration program
at this site sh@wed that the)piezometric head of the water in

~ 'the artesian layer was about 8 )feet above the bottom of the pro-
posed pavement drainage layer, as shown in Figure 37. Using Equ-
‘ation (100, wifh AH = 8.0%, H = 15.0', and k = 0.07 fpd, gives

~0.,07(8.0) _
9, “ 159~ = 0.037 cfd/sf.

It ghould be notedyat this point that the quantity of groundwater that
flows intopavement drainage layers is often relatively small when
compared to thedguantity of infiltration. This shows up very clearly
when ghe computed inflow rates of Examples 1 and 2 are compared with
those of Examples 3 and 4. However, it should not be automatically
concbuded that inflow from groundwater sources can be neglected. The
designer should estimate the inflow from all sources, since the cumu-
lative \effect of small inflows from several sources may be quite
significant.

3.2.3 Melt Water From Ice Lenses. The amount of water, in the form
of ice, that accumulates in a highway subgrade as a result of frost
action is a function of the frost susceptibility of the subgrade soil,
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the availability of groundwater to feed the growth of ice lenses,

and the severity and duration of subfreezing temperatures. The rate

at which this water seeps from the soil upon thawing is dependent upon
the rate of thawing, the permeability of the thawed soil, the effective-
ness of the pavement drainage system, and the stresses imposed by the
overlying pavement structure and vehicular traffic. Obviously,) the
problem is very complex, and an exact solution for the rate of “inflow

to a granular drainage layer from a thawing subgrade soil is not pre-—
sently available. However, a reasonable estimate of the design Inflow
rate can be made by appropriate use of Figure 38.

Figure 38 was developed by assuming that the drainage of a thawed
subgrade soil can be represented by the one-dimensionalmeensolidation
model that forms the basis of the Terzaghi consolidétion theery (76).
A similar approach was suggested by Moulton and Schaub (74) asqa means
for predicting the duration of the period of reduced subgrade| support
following thawing. '

The rate of seepage from the consolidating soil is'a maximum
immediately following thawing, afid it déereases \quite rapidly as
time goes on. Since the maximum Yate of ‘drainage exists for only
a short period of time, the design dnflow rate, 8. presented in
Figure 38, was taken as the average oc¢curring during the first day
(24 hours) following thawing. _Adthough it is felt that this is quite
conservative, it is pofsible that pavement drainage layers designed
on this basis might become, saturated for as much as 6 hours following
thawing. If this condition cannot be tolerated, then it may be
necessary to design for more rapid drainage as described in Section 3,3.1.

The determination of q, from Figure 38 involves the use of a
value of laboratory heave raté) or the frost susceptibility classification
shown in Figure, 31. \ Since the results of laboratory freezing tests
on specific €0ils are,rarely/available, the selection of a heave rate
or frost sugceptibilityneladsification, for use in Figure 38, must
depend at present upon the exercise of experience and judgment, pre-
ferably based“upen observations of frost action in local soils. In
iieunef this experience and judgment, the conservative guidelines pre-
sented imnTable 4 are recommended. These guidelines are based on the
data presentedpin Figure 31.

Ihe determination of q from Figure 38 also involves the use of
O, the stress imposed on the subgrade soil by the pavement structure
above it. The value of 0, (in pounds/square foot) can be determined
simply by calculating the weight of a one foot square column of the
pavement structure above the subgrade.

Example No. & - The Flow Into a Pavement Drainage Layer From a
Thawing Subgrade Soil. Consider the case of a 9" thick concrete
pavement with a 6" thick granular subbase, designed as a drainage
layer, overlying a silty subgrade soil. The soil has 39 percent of
its particles finer than 0.02 mm and classifies as an ML soil under
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Table 4. Guidelines for selection of heave rate or frost
susceptibility classification for use in Figure 38,

Unified Classification

Soil e Symbol
yp ym

Percent Heave Rate

Gravels and Sandy GP
Gravels

< 0,02 mm mm/day
0.4 3.0
GW 0.7-1.0 0.3-1.0
1.0-1.5 1.0-3.5
1.5-4.0 3.5-2.0

Silty and Sandy GP-GM
Gravels GW-GM
GM

Clayey and Silty GW-GC
Gravels
GM-GC
GC
Sands and Gravely

Sands

Silty and Gravely
Sands

Clayey and Silt
Sands

CL-OL

Fat Clays CH

High
Medium to High
Very Low

Medium
Neg. to Low

Low to High
High to Very High

Lo OoOwWwm

5.0-7.0 High
23,0-33.0 1.1-14.0 Low to Very High
33.0-45.0 14.0-25.0 Very High
45.0-65.0 25.0 Very BHigh
60.0-75.0 13.0 Very High
38.0-65.0 7.0-10.0 High to Very High
65.0 5.0 High
30.0-70.0 4.0 High
60.0 0.8 Very Low
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the Unified Soil Classification system. The groundwater and
temperature conditions at the pavement site are both conducive

to frost action. It is assumed that the coefficient of permeability,
k, of the thawed subgrade soil is 0.05 feet per day.

Based upon assumed unit weights of 150 pcf and 125 pef for the
pavement and subbase, respectively, the value of 0, = 150(9/12)
+ 125(6/12) = 175 psf. The heave rate for this soll can be egtimated
from Table 4 by interpolation as 14+(6/12)11 = 19.5 say 20 f/m/day.
Enteriag Figure 38 with a heave rate of 20 mm/day, and 0 & 175 psf,
yields q./vk = 1.32. Therefore, q; = 1.32 v0.05 = 0.205 say
0.3 cfé

It should . noted that the subgrade soil in ExBmple 5. had a very
high potential frost susceptibility. This, coupled/with 4 relafively
high coefficient of permeability for the given goill(sed Tables 2 and 3)
led to a rather high value of q_ . In general, {i& would be expected
that the design inflow rate from this source would be Subsbafitially lower
than the value obtained in Example,5. However, Example 5 does serve
as a reminder that sources of inflow oth@r whan infiltration can be
quite important and should not be negliected.

3.2.4 Vertical Outflow. Under certain conditions, some of the
water that may infiltrate and dccumulate in 2 pavement structural section
may seep vertically out “@f)thé pavemenkt layers)through the underlying
soil strata. Since this veritical seepage tends to decrease the amount
of water that must be carried by the pavement drainage system, it should
be given very careful cemsideration.

There are a wide variety of subsurface conditions under which vertical
seepage may take pliace. However, for the purpose of discussion, these
can be placed jf ‘three broad gemeral categories: (1) the flow is directed
toward a watertable, ‘€ibther hérizontal or sloping, existing at some depth
below the pavement sectiom (Figure 39); (2) the subgrade soil or embankment
is underlain at some depth by a stratum whose permeability is very high
relabpive to that of the subgrade or embankment material, thus promoting
very nearby verticalhflow (Figure 40); and (3) the flow is directed
vertically andplaterally through the underlying embankment and its foun-
dation tg exit thrdugh a surface of seepage on the embankment slope and/
or ‘through the foundation (Figure 41).

When the existing watertable is horizontal, or very nearly horizontal,
some vertical flow out of the pavement structural section can take place.
However, steady-state flow cannot be achieved under these conditions,
as illustrated in Figure 39a. Theoretically, as soon as a sufficient
amount of infiltration takes place, vertical outflow, qv(cfd/sf), will
be initiated under a unit hydraulic gradient (i.e. qy/k = 1). However,
if the infiltration is sustained for any significant period of time,
the flow domain will expand as the time dependent position of free water
surface (saturation line) moves outward and upward (see Figure 39a). As

73



¢ Original Ground
Cut Slope L- q{///f_

|
Infiltration

7 X N ENCT77 AN TN AR

Impervious

Orlglnal Ground

Phreatlc Line

AN e

T N
Impervious IS AN

(b)

Figure 39. Vertical Outflow Toward An Underlying
Watertable

74



Original Ground~\§> ¢ ////éf—lnfiltration
Cut Slope = “':éézﬁi/////////~‘*‘

"«‘c._9§s g"(—.g
K

Lod
~ N
ts
-
o0
-0
v
<
"
°
-
e

High Permeability Stratum

(a)

¢
Infiltration
deilirl

Earth Fill
Original
Ground

e e o G e " v <, TN e WP e e 0 €, 0 P
Elig 6 cra 10,0 #o ] At:".:;-°\"' sTe TR e S e S (’--2‘- ~ ‘__9; ‘s <: L teg. 6Vt o f PR AP BN
P - ] n’-Q‘u A NPT Lo, a, SN TR T O R e ) .iic’cr.. o, 86 8 e%u.wl
High Permeability Natural Ground
(b)

¢ Infiltration
LK /

{
{ { Earth Fill

<
.
.
° 0
.
°
-a
a
-
o

Original
Ground

QOOQO 20, cog\sbt"‘b

© ey "chg,LrQ() ct>‘_ @
ST S Eh.0a o‘“"
Rock Fill or Other Free Draining Materia
(c)

Figure 40. Vertical Outflow Toward An Underlying
Layer of Very High Permeability

75



Roadway
¢ 21 41°

bt v 444 fT— Infiltration

SRS,

Median
¢

\
1N AN AN \- A O NN NN NN

Impervious
()

Figure 41. Vertical And Lateral Outflow Through
Embankment And Its Foundation

76



this occurs, the average hydraulic gradient and, therefore, g, will
decrease until the rainfall induced infiltration ceases or the water-
table rises to the bottom of the pavement section. Of course, in the
latter case the vertical flow rate would reduce to zero. Unsteady
flow problems, such as this, can be solved by means of a series of
transient flow nets as described by Cedergren (11). One such flow
net is shown in Figure 42. For situations such as this, the totad
quantity of outflow can be calculated by means of the well knowfi
éxpression

q = khh =, 011)

where q is the rate of flow in cfd/f, Ah is the total head J0ss through
the flow domain in feet, k is the coefficient of permeabillity in feet/
day, Nf¢ is the number of flow paths contained by the flow net, and Ng
is the number of potential drops indicated by the flow neb.

Example No. 6 ~ Transient Hléw Frofima Pavemegnt Structural Section
Toward An Underlying Horizontal Watertablen Consider the transient
flow situation shown in Figure 42¢ »At the parbicular instant for
which this flow net can be considered walid, the'total flow, q,
from the half of the pavementgsection Shown, can be estimated by
means of Equation (M), Uging Ah = 8.8%, W¢ = 5, and Ny = 6.5,
Equation (11) gives q/k)=8.8(5)/6.5,= 6.76 sf/f. The average out-
flow rate, qy, is then @btained by dividing the total outflow by
the width of the pavement géction invelved, i.e. 0.5W = 16' in this
case. Thus,

Y [ q _6.9
0" Uswk 16

Example f0shows that. ywhidle the average hydraulic gradient can be
expected to decrease considerably from its initial value of unity, it
cafsometimes remaim at a relatively high value for some time following
the inithation of flow. However, it should be recognized that in
Example 6 thépeffect @b infiltration, other than that introduced through
the | pavemeni, hashbeen ignored. In reality, rainfall of long duration,
which toudld be expected to produce infiltration through the pavement
for a pfolonged period of time, would also produce downward percolation
through the surrounding soil, thus tending to raise the general level
of the Watertable and further reduce the outflow from the pavement
section. Consequently, it is recommended that caution be exercised in
applying 'the above method to estimate vertical outflow toward an under-
lying horizontal watertable. If it can be demonstrated with reliability
that the watertable will remain well below the level of the pavement even
during prolonged wet weather, then vertical outflow of this type should
be considered in design. However, in the absence of such data, it is
probably advisable for design purposes to consider vertical outflow
toward a horizontal watertable to be mnegligible.

= 0.42 sf/sf
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When the existing watertable below the pavement section is-sloping,
as shown in Figure 39b, steady state vertical outflow can take place,
providing the infiltration is maintained for a sufficiently long period
of time. As indicated above for the horizontal watertable, as soon
as sufficient infiltration takes place, vertical outflow would be
initiated under a unit hydraulic gradient. This hydraulic gradient would
gradually decrease and finally become constant when steady state flowwas
achieved. At this point, the minimum vertical outflow rate wouldE&ist.
This outflow rate can be estimated by means of flow net analysis| using
a steady state flow net, as described by Cedergren (1l1l), or by using the
approximate solution (12) given in Figure 43.

Example No. 7 - Steady Flow From a Pavement Struciiral Section
Toward a Sloping Watertable. Consider the flow sitiiation ghown in
Figure 39b, and in the upper portion of Figure 43, for tlie cage
where the depth of the approach flow, H, is 10/4 the dépth from
the bottom of pavement section to the impervious) boundary, D.,4is
50', the width of the pavement section, W, is 36", and th&'slope
of the watertable and underlying impervipus layer, S, is 0.1.
Entering Figure 43 with W/D,. = 36/50 = 0.72p.and §/Dy = 10/50 =
0.2, it is found that qy/Sk = 1.1. JTherefore, @/k = 1.15 = 1.1(0.1)
0.11 sf/sf. If the subgrade soil in this case were a relatively
well graded sand, with a coefficient of peérmeability, k, of 2.0 fpd,
the vertical outflow would be 4 = 2(0.11) = 0.22 cfd/sf. (Com-
pare with the infiltratiom, gy, in Examples I jand 2.) On the other
hand, if the subgrade soil Had been a gdlty fine sand, with a coeffi-
cient of permeability of 0.1 £pd, then the outflow rate would only
have been qy = 0.1 (0.1ddp= 0.011 cfd/sf.

If the watertablé were to rise during a period of wet weather to
a point where it was only 10''\below the pavement section, i.e. to
the point wherd i ="40', then léntering Figure 43 with H/D,. = 40/50 =
0.80, and W/B, = 0.72; Wit isdfound that q,/Sk = 0.28, and qy/k =
0.028 sf/sf. Under these conditions, the vertical outflow through
the well graded sand would be reduced from 0.22 cfd/sf to qQy =
2(0.028) = 0.056 cfd/sf.

Example / shows that the vertical outflow toward a sloping water-
table| can vary consideérably, depending upon the geometry of the problem
and the pérmeability of the subgrade soil. Consequently, when using
Figure 43 for estimates of outflow rate, the designer should select the
input parameters with realistic conservatism, recognizing the possibility
of seasonal, variations in the watertable.

When the subgrade soil or embankment, upon which the pavement is
supported, is underlain by a high permeability (free draining) stratum,
as shown in Figure 40, the vertical outflow can be quite significant,
depending upon the magnitude of the permeability of the soil between
the pavement and the free draining layer. In the situation shown in
Figure 40a, the average hydraulic gradient of the vertical outflow,
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i.e. qv/k, is a function of the width of the pavement section, W, the
depth, D,, to the underlying high permeabilty stratum, and the piezo-
metric head H,, along its upper boundary. This functional relation-
ship is shown graphically in Figure 44, which was developed (12) to
facilitate the estimation of qv/k. It is obvious from Figure 44 that

if the value of H; = 0, i.e. the watertable is at or below the €op of

the high permeability stratum, the average hydraulic gradient of “the
vertical outflow is unity. For other values of H,, the average hydraulic
gradient, qv/k, can be determined directly from Figure 44.

Example No. 8 - Vertical Outflow From A Pavement Structurgl Section
Through The Subgrade To An Underlying High Permeability Layérs, Con-
sider the flow situation shown in Figure 40a, and id £he wuppet PortiOn
of Figure 44, for the case where the depth to theffree draining
layer, D,, is 50", the head along its upper boundary, H{,isd0’,
and the width of the pavement section, W, is 36'. \Emfering Figure 44
with H,/D, = 10/50 = 0.20 and W/D, = 36/50 = 0,72, it is found
that q,/k = 0.96 sf/sf,

If the piezometric head alorig the dpper boundary of the free
draining layer were to. increase to 40', thendenteting Figure 44
with Hy/D, = 40/50 = 0.80, and W/Dy #30.72, it Qs found that qy/k
would decrease to qy/k = 0.385 sf/sf.

Example 8 shows that wertdeal drainage @fhthe type shown in Figure 40a
can be remarkably effective &ven under relatively adverse conditions,
being limited in effectivenesgs more by thehcoefficient of permeability
of the subgrade soil than by the)ceometry of flow region. This is also
true of the flow situaftions shown in Figures 40b and 40c¢c, where the
average hydraulic gradient of the Vebtical outflow is always unity.

Based upongfhe telatively high effectiveness of the potential
vertical draipnage introduced by flow situations such as that shown in
Figure 40c, 4€f)is recommend@d that designers give serious consideration
to the selective placement of available rock fill or other free draining
maténial at the base of highway embankments. Actually, this high
permeability layer gan be placed at any level in the fill. However,
great care musg,be taken to assure that this high permeability layer
is properld drainedsy Experience in Kansas (/8) has indicated that
layers, of porous rock fill encased in less permeable £ill may ccllect
water, from above until they approach saturation and precipitate serious
slope \8bability problems.

Vertical outflows for situations, such as those shown in Figure 41,
can be estimated by constructing flow nets, similar to those shown, and
using Equation (11), or by the appropriate use of Figure 45, which was
prepared (12) to simplify this type of computation. Although the
relationship shown in Figure 45 is approximate, it does produce reason-
ably reliable estimates of vertical outflow very quickly and easily.
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Example No. 9 - Symmetrical Outflow From a Pavement Structural
Section Through An Embankment and Its Foundatton. Consider the
flow situation shown in Figure 4la. Using flow net analysis and
Equation (11), with N¢ = 3.6, Np = 9, and Ah = 14', it is found
that q/k = 14(3.6)/9 = 5.6 sf/f. The average flow rate, g,, can
then be obtained by dividing the total flow, q, by the width of
the pavement contributing to the flow, i.e. 21'. Thus, q,/k =
q/0.5W = 5.6/21 = 0.267 sf/sf. Now, for comparison, enterimg
Figure 45 with Hg¢/W = 14/42 = 0.333, and Lg/He = 41/14 =£2.93,
gives qv/de = 0.38 sf/sf. Since the dimensionless deptfh correction
factor, Cq =1 - 0.75 Hf/Dr =1 - 0.75(14)/37.5 = 0.72, ay/k =
0.72(0.38) = 0.274 sf/st.

The vertical outflow through an embankment afid its fouhdation is
not always symmetrical as in Figure 4la and Example 9. £ Ofter the
flow is asymmetrical as shown in Figure 41b. , Inloxdef to use Figure 45

to estimate the outflow for this condition, { it i§ necessary to take the

value of the contributing pavement width, W, ‘as belng wwice its actual
value. For example, if the actual pavement width was 40", a value of
W = 80' would be used in Figuré€ 45.

Example No. 10 - Asymmetrical Outflow Fwgm @\ Pavement Structural
Section Through An Embankment ana lbs Foundation. Consider the
situation shown in Figure 4lBs, Entering Figure 45 with Hg/W =
13/2(36) = 0.18, &nd L¢ /8y = 39/13 = 5.0, it is found that q,/kCy =
0.25 sf/sf. Since Cgi=/1 - 0.75(13)/38"= 0.743, qy/k = 0.743(0.25) =
0.186 sf/sf. With respect to the flow net solution, it is noted
that, in Figure 41b, only two of the flow paths involve seepage
from the pavemesrt section. Therefore, using Equation (11) with
Ng = 2, Np = 6.2, and Ah = 13%, we get q/k = 13(2)/6.2 = 4.9 sf/f,
and qy/k = 4.9/36 = 0.136 \sf/st.

It is elear from the preceding paragraphs and Examples 6 through
10 that the amount of E&he vertical outflow can vary considerably with
the geometry of the flow domain. However, it is also evident that the
poefficient Of permeability of the underlying soil exerts an extremely
Lmpoetant and, ‘Perhaps, predominant influence on the magnitude of q.
Thus, ‘theldesigner 'should be careful to select a realistic, but con-
servatiVe (Low)y, value of the coefficient of permeability of use in
design.

3.2.5 Net Inflow. The net inflow, q,> for which the pavement
drainage system is to be designed should include inflow from all
possible sources, with an appropriate allowance being made for any
vertical outflow that might take place. In Sections 3.2.1 through
3.2.3, the major sources of inflow were discussed and methods of
computing design inflow rates were presented. These include inflows
from infiltration, qj, from the gravity drainage of groundwater, dgs
from an artesian source below the pavement, dy, and from melt water
from thawing ice lenses, q,. In Section 3.2.4, vertical outflow
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was discussed and methods of computing the design vertical outflow
rate, ¢y, were explained. In selecting the appropriate combination
of these flow rates for design, it should be recognized that the
mechanisms which lead to these flows are not always operative at the
same time. For example, consider the situation shown in Figure 34
and the inflow rate computations of Examples 1 and 3. In this, case,
inflows from infiltration, ¢;, and the gravity flow of groundwater,
4y, would have to be considered. In addition, since the subgiade s
in all likelihood frost susceptible, the inflow from meltwatfer from
thawing ice lenses, q;, should also be considerad. lowevep, siace
frozen fine grained soils are very nearly impermeable, it @8 unlikely
that flow from both groundwater and meltwater sources would Oecur

at the same time (see Figure 8). Consequently, it i@ féeommended
that the combination of q; and q,, or q; and qj, #hat gives the
maximum flow be used for design of this particular pavefient drainage
system. Obviously, there could be no vertical outflow in this case.
In fact, downward vertical outflow can never{ take place while upward
inflow from any other source is occurring.

Consideration of all the importamthwprobable\combinations of
inflows and outflow leads to the following 8et of \relationships for
computing net design inflow, q,.

S XCH (12)
. a3
9 = 9; v, (14)
9. Wt (15)
40 = 94 T 9 (16)

As implied by Equationam(d2) through (16), it is recommended that inflow
from infilt¥ation, q4, always be included in the design of the pavement
drainage systems The recommended use of Equations (12) through (16)

1s sUmmarized im Fable 5. 1In using Table 5, it should be recalled

that the Probability that frost action will be experienced is depen-
dent upén the Presence of a frost susceptible soil (Table 4), an
availdable groundwater source to feed the growth of ice lenses, and

the ‘everity and duration of subfreezing temperatures (20).

Example No. 1l - Net Inflow To A Rigid Pavement Section in Cut.
Consider the situation shown in Figure 34 and the data of Examples 1
and 3. In addition, it is known that the subgrade soil, a silty
sand with a coefficient of permeability, k, of 0.34 fpd (Example 3),
has 3 percent of its particles less than 0.02 mm in diameter and
classifies as an SM soil by the Unified System. Assuming that
the roadway is located in a climate with temperatures conducive
to frost action, we find from Table 4 by interpolation that the
subgrade soil has a medium heave rate of about 3.0 mm/day. Assuming
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Table 5. Guidelines for using Equations (12)
through (16) to compute net inflow,
q, for design of pavement drainage

Highway Groundwater Visual Frost Net Inflow Rate, 4.,
Cross—Section Inflow Reference Action Recommended For Design
Cut Gravity Fig. 34 Yeé Max. of Eq. (13) and (15)
: No Equation (13)
Cut Artesian Fig. 37 Yes Max. ofgla. (14)hand (15)
No Equatien (14)
Cut None Figs. 14, Yes Egliation (15)
15, 17, No Equation (12)
18 and 23 ‘
Cut None Figsé 39 Yes Equation (15)
and 40a No Equation (16)
Fill None Figs. 40b, Yes Equation (15)
40c.and 417 Ne Equation (16)

unit weights of 150 pef and 125 pef)for pavement and subbase,
respectively, we find that op = 150 (9/12) + 125(9/12) = 206.3 psf.
Entering Figure 38W@ith & heave rate of 3.0 mm/day and «
206.3 psf, it i6 found that dp/vk = 0.39. Therefore, qp
0.39v0.34 = 0/23 cfd/sf. 4Tt Was found in Example 1 that ¢ =

0.52 cfd/sf and in Example 3 that 4g = 0.052 cfd/sf. From Table 5
and the dbove results, it is clear that Equation (15) will pro-
duce the|maximum net inflow, and the pavement drainage system
should Be designed for q, = q; + q, = 0.52 + 0.23 = 0.75 cfd/sf.
However, ‘ifnthe roadway were located in a warmer climate, where
frost actiom Wwas not a problem,then Equation (13) would govern, and
the @rxainage §ystem should be designed for 9, = 94 + qg = 0.52 +
0.052 = 0W572 say 0.57 cfd/sf.

Example No. 12-Net Inflow To Flexible Pavement Section in Fill.
Consider the situation shown in Figure 35 and the data of Example 2.
In addition, it is known that the embankment material is a relatively
coarse glacial till with a coefficient;of permeability, k, of 0.08 fpd.
The foundation soil is a glacial lake deposit of very permeable
sand and gravel with the watertable located at substantial depth.
Since this situation is similar to that shown in Figure 40b, we
can take qy/k = 1.0. Therefore, gy, = 0.08(1.0) = 0.08 cfd/sf.

Since the likelihood of frost action in this case is small,
Equation (16) governs the computation of the net inflow rate
(see Table 5), and, taking q; from Example 2 as 0.395 cfd/sf, we
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get q =g, = q = 0.395 ~ 0.08 = 0.315 say 0.32 cfd/sf.
3.3 - Analysis and Design of‘Drainage Layers

3.3.1 Thickness and Permeability. Once the design inflow rate,
qp has been computed, it is a simple matter to determine the €hickness,
Hy, and permeability, kg, of the drainage layer required to transhit
this inflow to a suitable outlet. In fact, the ability of the drainage
layer to transmit water when flowing full (or at constant depfh) Is
directly related to the product of the layer thickness (or dépth of
flow) and its permeability. This quantity (Hg + kgq) is referred to as
the "coefficient of transmissibility" and has been used in the)analysig
and design of drainage layers (5,16). However, for th@ Purposesef
this manual the solution presented graphically in Edgure 46 has been
adopted and is recommended.

The use of Figure 46 permits the determip@ition of the maximum depth
of flow, Hy, in a drainage layer when values of \the design idflow rate,
qn, the permeability of the drainage layer, kg, the length o©f the flow
path, L, and the slope of the drafiinage lavers, S, \along the flow path
are known. Conversely, it is possible to détermine the required coef-
ficient of permeability, kg, of theddbainage layer, if the maximum
depth of flow, Hp, and the other parameters are Known.

Figure 46 was developed {I2) 6n the basis of the assumption of
steady inflow uniformly disti#ibuted dcross thie surface of the pave-
ment section. Although“Ehis conditieom) does not really exist in prac-
tice, it can be demonstrated that the use),of the recommended procedures
for determining qp, andgthe use of Figure 46, leads to conservative re-
sults.

In order to aveid saturaftion ©f the drainage layer by the inflow,
dps it should be ptoperly outlétted (see Section 3.4), and its thickness,
Hy, should bé selected so that it exceeds the maximum theoretical depth
of flow, Hg\' However, dt.méy not always be economically feasible to
provide a drainage layer with a thickness and permeability such that it
%ill never become saturated. Under these circumstances it may be more
practieal to desigh a drainage layer that will limit the time period
during whieh saturation occurs to a relatively short duration, say a few
hours. Figurént7 was developed (27,79) to permit analysis of the time
dependént drainage of a saturated layer and to facilitate design of
drainage layers on this basis.

Example lNo. 13 - Analysis of a Drainage Layer Beneath a Rigid
Pavement in Cut. Consider the case shown in Figure 34 and analyz-
ed in Examples 1, 3 and 11. In addition, it is proposed to use a
locally available material for subbase, whose specified gradation
band is such that it has a minimum Djg of 2.3 mm and a maxi-
mum Popgg of 3 percent. No laboratory or field permeability test
results are available for the material. Therefore, as an
approximation, entering Figure 28 with Pjygg = 3.0%, Djp = 2.3 mm,
and an assumed Yq = 120 pcf, it is found that kg * 300 fdp. Now,
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it was noted in Example 3 that the quantity of groundwater flow,
q1 = 0.224 cfd/f, would have to be carried across the roadway from
the right side to the collector pipe along the left edgéyof the
pavement section. Using Equation (3) (Darcy's Law) with ih= S =
0.02, the thickness of the subbase to be allocated to the ‘qy\flow
becomes 0,224 /300(0.02) = 0.0373" or say 0.5 inches. Tha&) the
depth of subbase available to carry q, = 6.0" - 0.5" s(5.5",
Letting Hy = 5.5" = 5.5/12 = 0.458", and entering Figure 46 with

S = 0.02 and L/Hy = 44/0.458 = 96, it is found that the required
inflow-permeability ratio, p = 3.8 x 10~4. Now, recalling from
Example 11 that q, = 0.78 cfd/sf, the rezuired coefficient of per-
meability is kg = q,/p = 0.78/(3.8 x 10™%) =£2053 fpd. Since the
required coefficient of permeability is more thandthe eftimated
actual permeability, it appears that the4proposel subbage will not
provide adequate drainage and will become) saturated.

Let us now determine the time required fo obtain 50 percent
drainage of the subbase ofice it Haspbecome Saturated and the inflow
ceases. Entering Figure 47 with U =0.5pand S = LS/Hq = 44(0.02)/
0.5 = 1.76, the time factor is found to be t/m = 0.17. From

Figure 30, with k = kg = 300 fpd, Wit is found that n' = 0.102. Thus,

m = n'LZ/kgHy = 0.102(4492#800(0.5) = 1.316, and t = 0.17 m = 0.17
(1.316) = 0.2244days of 5.4 hours. This might be considered as

an adequate drainage, time for a lightly traveled rural roadway.
However, for a heavily loaded urban highway, it would probably be
considered inadequate @nd some redesign would be indicated.

In Examplef(13, it was found that a locally available subbase
material did not have a high enough coefficient of permeability to
prevent theg subbase from becoming saturated by infiltration and melt
water frof ice lenses and/that it would require over five hours to
obtain 50| percent drainage once the inflow had ceased. When sit-
uations such as this develop in practice, and it is decided that some
modification)in the design is necessary, then four possible courses
O0f action are available. One approach would be to adjust the
specified gradation band for the base or subbase to provide for the
required coefficient of permeability, while holding the base or
subb@se thickness constant. A second approach might be to increase
the thickness of the available base or subbase material to provide
the required coefficient of transmissibility. A third approach
might be to replace a portion of the base or subbase with an open
graded drainage layer of very high permeability. A fourth approach
might embody some practical and economical combination of the first
three methods.

Example No. 14 - Modification of the Design of Drainage Layer
Beneath a Rigid Pavement in Cut. Consider the case shown in
Figure 34 and analyzed in Example 13. Let us assume that the
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drainage of the subbase, as designed, is interpreted as being
inadequate and some redesign is considered to be desirable. The
simplest approach, from the design standpoint, would simply be to
adjust the specified gradation band to achieve the required coef-
ficient of permeability. Based on the analysis of Exampld 18, let
us assume that a value uf kg = 2000 fpd will be adequate. Entering
Figure 28 with kg = 2000 fpd, yq = 120 pcf and pogg = 3.0%, it is
found that the required minimum Djg size must be changed té 8.5 mm,
Although this would represent a substantial shift in the [Specified
gradation band, it could probably be achieved with a simple and
economical screening operation. Figure 28 shows that the desired
result (i.e. kg = 2000 fpd) could also be achievedggwithout apmajor
shift in the subbase gradation band, simply by speciiying) that the
subbase material be substantially free of partikles paésing, the No.
200 sieve (i.e. P200 = 0). This could be achieved b# washing the
fines from the avalgable subbase material,falthough, under Some
circumstances, this might not be economically feasible, afid it could
have an adverse effect on the stability of the matexrial.

The apparent alternative to providingpa high) permeability
subbase, in this case, would be X0, increase wshe thickness of the
available subbase material to provide for adequate drainage.
Remembering that q, was determined im)Example 11 to be 0.78 cfd/sf,
and entering Figureqs6 with' p “han/kq =00.78/300 = 3.6 x 10~3 and
S = 0.02, it is foundhthat L/Hp =326. Thas, Hy = L/26 = 44/26 =
1.69' or 20.3". If thejadditional bhickness required to transmit
the 41 flow across the toadway (Example 13) is added, then Hy =
say 21" should be used. "The cost of 'this rather excessive thick-
ness of subbase ghould be compared with the cost of processing that
might be requived to provide '@ subbase material with a substantially
higher coefficient of perfueability than presently available. Pos-
sibly someg@ompromise can be achieved that will result in the most
economicall adjustment in gubbase gradation and thickness that will
satisfyl the drainage ¥efuirements at this site.

Example Won, 15 - Analysis of Drainage Layers Beneath a Flexible
Pdvement Sectiow in Fill. Consider the situation shown in Figure
35 and analyzed in Examples 2 and 12. In addition, as de-
signet, the apgregate subbase must meet the specified
graflation requirements shown in Figure 50. Since the
water must drain out through the daylighted subbase course,
the minimuml length of the flow path is found, from Figure 35,
to be L = 44 feet. Taking the maximum depth of flow in the

lIn accordance with Equation (4) the actual length of the
flow path, L, would be governed by the cross-slope S, and the
longitudinal grade, g. The minimum length of the flow path
would thus correspond to the case where g = 0,
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subbase equal to its thickness (i.e. Hy, = 1.0") and entering
Figure 46 with L/Hy = 44/1.0 = 44 and S = 0.04 (superelevated
section), it is found that p = q,/k; = 1.7 x 10-3. Since it
was found in Example 12 that qp = 0.32 cfd/sf, the required

kq = qn/(1.7 x 10-3) = 0.32/(1.7 x 10-3) = 188 fpd. Now, fiflem
Figure 50, it is determined that Djp for the subbase is 0.11 mm
and P00 = 7. Assuming Yg = 125 pcf, it is estimated from
Figure 28 that kg for the specified subbase material is 0.84fpd.
Since the actual coefficient of permeability is much less /han
that required (i.e. kg = 0.8 fpd << 188 fpd), the pavement
structural section as designed will undoubtedly become satubated.

In order to check the time required to obtain S0 percent
drainage of the saturated subbase after the inflow ceases, we
enter Figure 47 with U = 0.5 and Sy = LS/Hg = 44(0.04)/L.0¢ 1.76
and find that t/m = 0.17. Entering Figure 30 with I = kg =
0.8 fpd, it is found that n' = 0.026. Thus, m ='0'LZ/kgHy/=
0.026(44)2/0.8(1.0) = 62.9, and t = 0.17 m = 0.17(62.9)s= 10.7 days
required to achieve 50 percent drainage. Obviously, these drainage
conditions are not satisfacto%y for € Heavily traveled 4 lane
highway, and more effective subsunface drainage must be provided.

In situations, such as that describéd in Example 15, a sat-
isfactory modification of the pé¥Ement drainage might be accomplished
by any of the four methods previously discussed (see Example 14).

In addition, the drainage &an be greatly improved by shortening

the length of the flow path and providing, a positive outlet for the
water collected, This can be accomplished by the use of suitable
collector drains, asg&howst in Figures 16, 19, 22b, and 49. The
design of such collector systems is discussed in detail in Section
3.4.

Bxample WNo. 16 & Design of Pavement Drainage Layers Beneath
a Flexible Pavemert Seetion in Fill. Figure 48 shows the plan
and profile of a portion of the northbound lanes of an inter-
state highwayyon fill. The pavement and subsurface conditions
£0r, this portion of the roadway are as described in Examples
2 and 2. The original design of the pavement structural section
was as showipin Figure 35. However, it was demonstrated in
Example 15 that the pavement system drainage provided by this
original design was entirely inadequate. Thus, it is considered
desirable to effect a redesign that will provide for adequate
drainage of the pavement structural section. To this end, a
subsurface drainage system, consisting of a permeable drainage
blanket and appropriate collector drains, is proposed, as shown
in Figure 49,

A locally available crushed stone, satisfying the gradation

band shown in Figure 50, is proposed for use in the drainage blanket.
From Figure 50, Djg = 4.8 mm, Pygp = O percent, and assuming
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Yq = 125 pef, it is estimated, with the help of Figure 28, that
the minimum ky = 2500 fpd.

In designing the proposed drainage system, it is desirable to
have some idea of the direction in which water will flowain the
drainage blanket. Often this can be determined by inspection,
but, in some cases, the preparation of flow diagrams such ‘@s)that
shown in Figure 51 can be helpful. This diagram was constructed
by drawing a series of smooth curves, representing the flow paths,
perpendicular to the pavement contours. Since the required thick—
ness of the drainage blanket will be a function of thellength
of the flow path, it is also desirable to decide upon the \location
and spacing of collector drains as a first stepd With reference
to Figures 48, 49 and 51, it appears that thelfollowing system
of collector drains will limit the length of [the fl&w path in
the drainage blanket to a reasonable value (i.e.from about 39'
to about 55')1.

Station(s) Type of Collector
Sta. 27+00 Transverse ‘@t gradepoint
Sta. 27400 to 28+80, Rt. Longitudinal
Sta. 28480 ITransverse ~ QOutlet Right
Sta. 29+20 Transverse -~ Outlet Left
Sta. 29+20 teo 38+80, Lt. Longitudinal - Outlet Sta. 34+00, Lt.
Sta. 38+80 Transverse — Outlet Left
Sta. 39420 Iransverse - Outlet Right

Sta. 39+20 to 41+50,\Rt. Longitudinal -~ Outlet 41+50, Rt.

Two of thé most critical“locations with respect to the thickness
of the drainage blanket \will be in the regions where the cross
slope approaches zero, i.e. Sta. 28+80 to 29+20 and Sta. 38+80
to 39420, 1In these arédas, it is found from Figure 51 that the
length of the flow path, L, will be about 45' and its average
slope, S, will be very close to the longitudinal grade (i.e.
S = 0.01). Recalling from Example 12 that q, = 0.32 cfd/sf,
affpentering Bigure 46 with p = q,/kg = 0.32/2500 = 1.28 x 10~%
and 8§ =90,01, "it is found that L/H, = 155. Thus, the maximum
depth of ‘£low is Hy = L/155 = 45/155 = 0.29 = 3.5". Another
pair of critical locations are the areas just uphill from Sta. 28+80
and downhill from Sta. 39+20. In these areas, the maximum length
of the flow path, L, will be found from Figure 51 to be about 55'
and its average slope, S, will be about 0.012. Entering Figure
46 with p = 1,28 x 10~4 and S = 0.012, it is found that L/Hp = 165.
Thus, the maximum depth of flow is Hp = L/165 = 55/165 = 0.33' = 4.0".

lNote that, where the flow paths are curved, Equations 4 and 5
are no longer valid and conservative empirical estimates of L
and S are required.
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Based on the above analysis, it appears that a drainage layer
thickness Hq = Hp(max.) = 4.0" will be satisfactory for this
stretch of roadway. 1If the drainage layer material can be
assumed to have the same structural integrity as the dense graded
aggregate subbase, then 4" of subbase can be replaced by 4" of
drainage layer material leading to the structural sectiofi shown
in Figure 49. ’

3.3.2 Filter Requirements. It has long been recognizedd{5,11)
that, when water flows from a fine grained soil into a coarsgr one,
there is a tendancy for particles of the finer soil to be washed into
the voids of the coarse soil. This can lead to clogging and\an over-
all reduction of permeability. It has also been estabddshed (5,11,27)
that this tendancy for intrusion of fines into the gores of & granular
material can be initiated or aggravated by the pumping ac£ion gaused
by the repetitive loading of traffic. Thus, it is parficularly im-
portant that measures be taken to prevent pavefient didinage layers
from becoming contaminated in this way.

In order to protect the drainage layers from\intrusion of fines
and related phenomena, the granular material must satisfy certain
filter criteria. If these‘'criteria dre not satisfied, then a pro-
tective filter must be designed and placed between the fine and
coarse soils to prevent intrusion and clogging. Commonly, this
protective filter consists of @& layer of ‘granular soil whose gradation
and other characteristige)safisfy establishedyfilter criteria. How-
ever, in recent years a number of differxent types of drainage fabrics
and mats have become available and have been used for this purpose
(5,80,81,82,83,104). _Ascompreliensive summary of the properties of
various drainage falrics, their uses and current design standards is
included in Reference 104. The choice between aggregate filters and
drainage fabric should be based on"a careful evaluation of the history
of performance, availability and economy.

Althodgh there are Bumerous sets of criteria that have been develop-
ed to guide the,design of protective granular filters (84, 85,86,87),
the following criteria have been adopted for this manual, and their
use 18 secommended:

<
(DlS)filter > (D85)protected soil (a7
>
(DlS)filter > (DlS)protected soil (18)
<
(DSO)filter 25 (DSO)protected soil (19)
(09 g51per = 0-074 mm | ~ (20)
(D) e
60" filt
(CU)filter - o, ) == S (21)
107 filter
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The requirements of Equation (19) can be waived when the soil to
be protected is a medium to high plasticity clay. When the soil
to be protected contains a substantial amount of coarse material,
it is recommended that the design be based upon the gradation of
that portion of the material finer than one inch in size.

Example No. 17 - Analysis and Design of Filter Layer Beneath
a Rigid Pavement in Cut. Consider the situation shown s
Figure 34 and analyzed in Examples 1, 3, 11 and 13. The gradation
curves for the various materials involved are given in Figure 52.
From Figure 52, the parameters needed for analysis and design
are found to be (Dg5)g = 0.65 mm, (DSO)s = 0.13 mm, and (Uy5)g =
0.036mmn.

The first step is to check to see if the subbasefmaterial
satisfies the stated filter criteria:

(D15)¢ 5 (Dgg)g = 5(0.65) = 3.25 um
(D¢ 2 5 (Dy5) = 5(0.036)7500,18 mm
(Mggdg < 25 (Dgg)g = 25(04E8) = 3.25"mm

17.0
Max. (CU) @ & =574 = 7.0h< 20

These results are plotted on Figure 52, ‘and it can be seen that

the proposed subbase material does nbet satisfy the requirements,

and a filter layergmust BHeyprovided. A locally available concrete

sand, whose gradation does satisfy these requirements is represented

in Figure 52./ However, it will be necessary to check to be certain

that this sand will not infiltrate and clog the pores of the sub-

base matgirial "(i.e. the subbase must now be considered to be the

filter and the filter mist be considered to be the soil to be

protected)

(D5)d < 5 (Dgg)y = 5(1.7) = 8.5 mn
Dys) 2 5 (D) = 5(0.37) = 1.85 nm
(Dgg) gy, < 25 (Dgg)g = 25(0.25) = 13.0 mm

These criteria are plotted on Figure 52, and it can be seen that
the concrete sand will make a satisfactory filter, although the
finest sand satisfying the gradation band should be avoided if
possible. Although, theoretically, a very thin filter layer
should be satisfactory, for practical purposes it is recommended

that the filter layer be no less than 3" thick as shown in Figure
34, :

Example No. 18 - Analysis and Design of Filter Layer Bewneath
a Flexible Pavement on Fill. Consider the situation shown in

99



00T

U.S5. STANDARD SIEVE OPENING IN INCHES U.S. STANDARD SIEVE NUMBERS HYDROMETER

6 4 3 2% 1 U K 6 810 1416 20 30 40 350 70 100 140 200 .
1001 T : T ll\\l T L1 | S S IR B ] IB”II T 0
- 90 ] 1Q
Maxy (CU) =7.0
sb »
80 20
70 30 s
5 ©
g 60 w0 3
> 3
x % x
£ s0 e s0 2
z 2. 0
o) ® v
- ®,
z 40 “ Q —X- ® 60 T
e} N z
o [e] o
g T TN :
30 Y 70 &
0&
20 < N 80
10 ?0
N
0 N~ 100
500 100 50 10 1 0.5 0.} 0.05 0.01 0.005 0.001-
GRAIN SIZE MILLIMETERS [
. { GRAVEL [ SAND
F COBRES { COARSE I HNE [ coanse | MEDIUM I FINE | SHT OR CLAY I

© Filter Criteria to Protect Natural Soil
O Filter Criteria to Protect Filter Material
Againgt Intrusion of Subbase

Figure 52. Gradation Bands for Subbase, Filter Layer
‘ and Subgrade Material - Example 17.



Figure 49 and analyzed in Example 16. The gradation curves for
the fill material, subbase and granular drainage layer are shown
in Figure 50. As noted in Example 17, the first step in a sit-
uation such as this would be to check to see if the subbase
material would satisfy the filter criteria. If it would, “hen
it might be possible to "sandwich' the drainage layer between
layers of subbase. However, it is obvious from Figure 50 that
the subbase will not satisfy the criteria of Equations (20) and
(21), and a filter layer must be designed.

Since the embankment soil contains a substantial amount of
coarse material, the filter design should be basedg@iiibhe gtadation
of that portion of the soil passing the 1" sieved This "borrected"
gradation is shown dashed in Figure 50 and solid in Figure 53.

From these figures the parameters needed for designére found to
be (D85)8’= 9.2 mm, (D50)S = 0.60 mm, and (DlS)s =(0.022 mm.

D) <5 (Dgg)y = 5(9.2) = 46 mm
)

it

@) > 5 (Dy5), = 5(0.022) = 0.1

<25 (@ = 25(0.60) =315 mm

SO)S
These criteria are@blotted in Tigurc 53, »and it s obvious

that the locally available concrete, sand does satisfy the filter
criteria. Thus, a 3" layer of this @and should be used as a
filter between the fill material and' the drainage l-7er as

shown in Figure 49¢ Apcheck should be made to determine if the
drainage layer material is sale agaiust ini..o.iovn oi the subbase
material. The [results ofBuch a check (shown plotted cn Figure
50) show that the drainage layer is safe against intrusion of
fines from c¢lie subbase.

Ogy) ¢

3.3.2 Special Considerations. In the preceding sections, only a
relatively few examples of analysis and design of drainage layers
have been presented. The designer should recognize that many possible
design configuramions exist that satisfy the criteria recommended
herein. /For example, some designers would recommend that the pervious
drainage layer be placed directly beneath the surface bituminous or
Portland cement concrete layers and above the aggregate base and/or
subbase \layers rather than being placed beneath these layers as was
done in Example 16 (Figure 49). The preparation of alternate designs,
in which special consideration is given to the cost and availability
of materials, is highly recommended. It is only by this means that
the designer can be provided with a rational basis for selecting the
design that offers the best possibility of achieving satisfactory
long term performance at the lowest possible cost. The cost of pre-
paring alternate designs is low compared to the savings that can be
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achieved in materials and construction.

Special consideration should be given to the stability of
granular drainage layer and filter materials during construction.
Experience has shown that, while certain open graded draina@e)layer
and filter materials are stable when confined, they may lack ‘the
stability required for ease in placement and compaction (88). For
example, in California (88) it was found that it was necessdry to
stabilize the open graded drainage layer with asphalt in ofder to
achieve the stability needed during construction. Often, gtability
can be achieved with a minor adjustment in gradation with very little
sacrifice in permeability.

3.4 =Analysis and Design of Collection Systems

3.4.1 General Considerations. The colllection(system consists of a
set of perforated or slotted pipes that ig utilized feo rembve water
from the pavement drainage layers and to convey it to suitable outlets
outside of the roadway limits.d The deésign of Such systems includes
consideration of (a) the type of pipe to beputilized, (b) the loca-
tion and depth of transverse and longitudinal @ellectors and their
outlets, (c) the slope of the collector pipes, (d) the size of the
pipes, (3) and provisions forgadequate filter protection to provide
sufficient drainage €apacity and to prevent flushing of drainage
aggregates into the plpés [Ehrough the slots or perforations.

A wide variety of typeés)and sizes 0f suitable pipes is readily
available in most lg€alities, thus making the selection of the pipe
dependent upon thé specific soil)conditions at the site, load re-
quirements, required durabidiity“ef the pipe, and environmental con-
siderations, dncluding the possible presence of corrosive conditions.
These factofs, evaluated in conjunction with practical and economic
consideragions, estabbishsthe criteria necessary for pipe selection.
Existing ASTM and AASHTO specifications and manufacturer's design
recommendations should be given due consideration in this process.

Of ten, precedents, established on the basis of experience and history
of perférmance, will play an important role in the pipe selection
procesg. Although the value of such precedents should not be minimized,
they £hould not be allowed to rule out the possible consideration of
new materials and/or innovative designs.

As shown in Section 3.3.1, and particularly in Example 16,
the required thickness and permeability of a pavement drainage layer
are very dependent upon the length of the path the water must take
in flowing out of this layer. The length of this flow path, in turn,
is largely dependent upon the location of the longitudinal and trans-
verse collector drains. Thus, this interdependency implys that the
design of the collection system and pavement drainage layers must
proceed simultaneously. However, as indicated in Example 16, it
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is recommended that the location of collector drains be established
first. The drainage layer can then be designed, and any possible
changes in the collection system, which may be suggested by this
process, can then be made.

In many instances, the longitudinal roadway grade or the eross
slope governs the grade of the collector pipes, i.e. the pipes axe
simply set at a constant depth below the roadway surface. Howevery
practical construction and operational factors dictate thatl slopes
of collector pipes should not be less than 1 percent for smooth bore
pipes and 2 percent for corrugated pipes. Thus, in areas Where the
longitudinal grade or cross slope is very flat it may be necessary to
steepen the grade of the collector pipe to meet thefe mibimum reguize-
ments. Since the size and flow capacity of the c@llectors will be
dependent in part upon the pipe gradient, in somg instafices,.git
may be advisable to consider the steepening of the pipe gradient in
order to achieve a reduction in pipe size. (Minimum recommended dia-
meters for PVC pipes and all other pipes are' 3\ incheswands® inches,
respectively (16).

3.4.2 Longitudinal Collectors, The position of the longitudinal
collectors within the roadway crods—section“andytheir depth is depen-
dent upon a number of factors, including the desirability of draining
the shoulder area, the likliheed of frest action, the depth of frost
penetration, and ecofiomic cOnsiderations. ) In many situations, where
there is no significant)depth of Trost penetration and where it is
not necessary to attempt to draw downi)a high groundwater table, the
longitudinal collector pipes, can be placed in shallow trenches as
shown in Figure 54 .gHoweve¥, where it is desirable to draw down a
high groundwater #£able, or where there is a substantial depth of frost
penetration, deepér trenches should be used as shown in Figure 55.
Obviously, construction economies result from the use of the shallower
trenches. Ahe longitudinall collector drain can be placed just outside
of the joint between pavemént and shoulder, as shown in Figures 54a
and 55a, in order to prevent an accumulation of water and to minimize
the possibility of pumping at this critical location. However, if
b, is considered desirable to drain and protect the whole shoulder
area, nthen it 1& recommended that the longitudinal collector be
placed at ‘the outer edge of the shoulder as shown in Figures 54b and
55b. 4Lt shouldrbe understood, however, that this practice can result
in a significantly increased length of the flow path in the granular
drainage blanket with a resultant increase in the required thickness
of this material. As noted in Section 3.3.2, the designer should re-
cognize that many possible design configurations exist, and that
Figutres 54 and 55 illustrate only a2 few of these. Again, the pre-
paration of alternate designs accompanied by appropriate economic
analysis is highly recommended.
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It was noted in Section 3.4.1 that the size of a longitudinal
collector pipe will be influenced by the pipe gradient, g. There
are a number of other parameters on which the pipe diameter Dp, 1is
also dependent. These include the quantity of water, q4, entexfing
the pipe per running foot, the distance between outlets, L,, and' the
hydraulic characteristics of the pipe (i.e. the Manning roughness
coefficient, nf). A convenient nomogram relating these parametgis has
been suggested by Cedergren (5,16) for use in selecting colledtor pipe
diameters and outlet spacings. An adaptation of that nomogram is pre-
sented in Figure 36. The magnitude of qq can be estimated by multi-~
plying the net design inflow, qp, by the length of the flew,path, L,
in the drainage blanket, i.e.

qq = 4n - L. (22)

Since, as illustrated in Figure 51, the length of \the flew path can
vary along the roadway under consideration, some' judgement must be
exercised in selecting a value of J) for use in Equaktion 22. Of course,
the most conservative thing to do 18 to use the maximum length of

flow path for the particular collectox pipe section being analyzed.
However, since a certain element of congérvatism i1s built into Figure
56, using an average value of L for the pipe section under analysis
would certainly not be usteason@ble.

Figure 56 can be used 0 several different ways. If the pipe
gradient and outlet spacing have been established, as in Example 16,
then the required pipe dd@meter can be picked directly from the
nomogram. On the oth@r hand, Figure 56 could also be used to establish
the maximum outlet spacing for warious combinations of pipe size and
hydraulic gradient.

Example dlo. 19 - Gelbectidn of Diameter of Longitudinal Collector
Pipes. Consider the situation given in Example 16, with the
collector pipenlocations and outlet spacings shown in Figure 51.
Itean be seen from Example 16 and Figure 51 that the longest dis-
tance between outlets occurs for the section of longitudinal
collector pipe, between stations 34+00 and 38+80. Thus, the outlet
gpacingé, Lo, £0r use in this analysis will be Ly = 3880 - 3400 = 480",
Betwéen Sta. 34+00 and Sta. 38+80 the length of the flow path, L,
varies between a minimum of about 40' and a maximum of about 53'.
Since the length of the flow path will be nearer to the minimum
value over most of this distance, a value of L = 45' should be
amply conservative. Now, recalling from Example 12 that the net
inflow rate for this situation is q = 0.32 cfd/sf, and using
Equation 22 gives qq = qn * L = 0.32(45) = 14.4 cfd/ft. Entering
Figure 56 with qg = 14.4, L, = 480, and g = 0.01, it is found that
the required pipe diameter would be D, = 2.7" for smooth bore
pipe and 3.7" for corrugated pipe. However, practical considerations
would dictate that a minimum diameter of Dp = 3.0" be used for
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smooth bore pipe and Dp = 4.0" for corrugated pipe for this
situation. »

Although in Example 19 it was found that the minimum collector
pipe diameters, recommended in Section 3.4.1, would be adequatenfor
the given conditions, it should be recognized that the minimum pipe
diameter and maximum outlet spacing may be controlled by equipment
and procedures used for cleaning the collector system in thosé in-
stances where cleaning of the pipes is anticipated as part of the
overall maintenance operation.

As part of the design of the collection system, 4%E d@rainage
capacity should be checked, and it should be analyzéd to be Sure that
there is adequate filter protection to prevent flughing of theadrain-
age aggregates into the pipes through the slots or|perférations. Al-
though several different sets of filter critefia are @vailablé for
the latter analysis, the following have been adopted Lok, thiS manual
and their use is recommended:

85 filter
For circular holes, (D85)filter > 160 Hole Diameter (24)

Tor slotted pipe, (D,.) > 1/2°8168, width (23)

Where the collector dréin is docatedyin a shallow trench as shown in
Figure 54, unless a graded)filter is required by Equations 23 and 24,
the pipe will normally be ‘Surrounded by high permeability drainage
blanket material and there will be no problem with respect to the
drainage capacity ofgfhe system.) However, for those cases where
groundwater, frost /penetration of &ther considerations dictate the
use of deeper trenches, as shéwn 1n Figure 55, care should be taken
to he sure thatathe trench bagkfill has an adequate permeability to
freely transmit the water carr¥ied to it by the drainage blanket.
This can bel checked by theglise of Equation 3, with q = qq, 1 = 1 and
taking the area of flow as the trench width, 2b, times 1.0. Thus,
the required permeability of the trench backfill, k¢, becomes

kt = qd/2b (25)
Exlumple No.020 - Determination of Requived Permeability of

Collector Trench Backfill. Consider the situation shown in Figure

49 \and the conditions of Example 16. From Figure 51, the maximum

length of the flow path is L = 55', and, from Example 12, the net

design inflow is qp = 0.32 cfd/sf. Thus, from Equation 22, the

maximum rate of flow entering the drain will be qqy = q * L =

0.32 (55) = 17.5 cfd/ft. Therefore, using Equation 25 with a

trench width, 2b, equal to 1.5' (Figure 49), the minimum required

trench backfill permeability becomes k¢ = qq/2b = 17.6/1.5 = 11.7 fpd.

Obviously, if the trench is backfilled with the selected drainage

blanket material (k = 2500 fpd), there will be no problem with the
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drainage capacity of the system. If, however, for economic rea-
sons, or for any other reason, some other material is selected

for trench backfill, it should have an absolute minimum coefficient
of permeability greater than 11.7 or say 12 fpd. Actually, a
coefficient of permeability several times greater than this would
probably be desirable in order to minimize the potentiallydetri-
mental effects of construction activities (See Section 5.2.1)

When there is a possibility that water may move from the subgrade
soll into the trench of a collector drain, then adequate filter proted-
tion should be provided to prevent silting up of the trench backfill
material. In the case of a shallow trench, the filter layer wsed to
protect the drainage blanket can be extended under tli#lesllectos, pipé
as shown in Figure 34. For deeper trenches this filter protection ecan
often be achieved by lining the trench with a suitable drainage fabric
before placing the trench backfill. This matter wild be given further
consideration in Section 4.6.

Cedergren (5,16) recommended that collector pipes be placed on
compacted bedding material withfperfor@itions or slots down in order
to reduce the possibility of sedimentationWin the pipe and to reduce
the potential static level of watef Win the trefieh., However, in
extremely wet or muddy conditions, whéke maintaining the trench and
bedding materials in a free draiming condition may be difficult, it
may be desirable to place cdllecton pipeg Wwith the perforations or
slots up or oriented seomewhat laterally depending upon the direction
of flow toward the colle¢tor pipe.

3.4.3 Transvens@ @pllectors. There are no rules for establishing
the location of thie transverse €bllector drains. However, once the
preferred direction of flowgithin the pavement drainage layer has been
established, as indicated in Figure 51 for Example 16, it is a simple
matter to séleet trial locations of the transverse collectors so as
to controlfthie length of tiie flow path in such a way that reasonably
consistent thicknesses 0l drainage layers are produced. Of course,
transverse collbector drains should always be provided at critical
locations, such @s at gradepoints and adjacent to superelevation
kransition, zones, where the cross slope approaches zero. Transverse
collectors (imterceptor drains) will be required at more frequent in-
texvalé wherethe longitudinal grade is steep relative to the cross
slop@ and where a groundwater condition such as that illustrated in
Figure 20 is present.

Many features of the design of longitudinal collector drains are
also‘applicable to transverse collectors. Included in these are the
requirements for minimum pipe size and gradient (Section 3.4.1),
adequate depth to minimize the effects of freezing, and adequate
filter protection to prevent both the flushing of drainage aggregates
into pipe perforations and slots and the clogging of the drain back-~
£ill by fines carried into the drain by groundwater (Section 3.4.2).
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As noted in Section 1.4.3, there has been some adverse experience
associated with the installation of transverse drains in areas of
seasonal frost, where a general frost heaving has occurred except
where the transverse drains were installed, thus leading to poor
riding quality during winter months. The possibility of such
occurrences should be given careful consideration during the design
stage. If the use of transversedrains is considered absolutely
necessary under these conditions, then consideration should befgiven
to methods of minimizing the frost heaving and its effects (20).

3.4.4 Outlets. Generally, outlets are provided at convenient

intervals in the collection system to convey the collected waten to

a suitable and safe exit point (usually a ditch). Pdpe used for tHiE
purpose alone does not have to be perforated and is placed(in a ditch
backfilled with low permeability soil. One of the| desigfi cong€idera-
tions in the outlet system is to prevent piping alonggsthe outlet pipe.
Usually this can be accomplished by using suitable backfill niaterials
and proper placement and compaction procedures.| However, if suitable
materials are not available, thenathe use of cutoff collars or other
similar devices may be desirable.

The location of outlets is often dictated in part by topographic
and geometric features of the highway and)the overall drainage pattern
adjacent to the highwayd), Thugf theiselection of the outlet spacing
may not be governed by andlydis and désign considerations, but may be
controlled by the availability of suitable outlet points that will
permit the free and unobstructed exit of the water without generating
drainage problems on adfaeent private property or other parts of the
highway system. Sip€e the size ©f) the longitudinal collector pipes
is dependent upon the outlet spacing, this feature of the collection
system should be given very careful consideration (Section 3.4.2).

Perhapsy the controllingdfeature of the outlet system is the exit
point. It must be protected from natural and man-made hazards. This
protection generally consists of a combination of screemns or valves and
markers. Screens are generally adequate to prevent small animals or
birds fromynesting or depositing debris in the pipes. However, the
sereens shouldpbe designed to be displaced outward under a small head
of waterd This feature will provide protection against an internal
stoppage should debris or soil from any source accumulate at the out-
let.s [f high flows can be expected to occur in the outfall ditches
(i.e., \to a level above the outlet pipe location), flap valves can be
utilized to prevent backflow or deposition of debris.

Installation of outlet markers is mandatory if short and long
term protection is to be provided and if the outlets are to be easily
located by maintenance personnel. Irrespective of the type of post
used it should be placed immediately adjacent to the outlet, extend
approximately 24'"-30" above the ground, and contain a suitable identi-
fication marker.
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The purpose of the post is to identify the location of and pro-
tect the outlet. However, some concern has been expressed relative to
their potential hazard to motorists. Thus, in high motorist hazard
risk areas, light metal poles might be selected in lieu of heavier
wooden posts. Some consideration should also be given to théjyuse of
concrete headwalls, constructed flush with the slope, as an alter-
nate method of protecting the outlets. This type of protection has
been used in Illinois (Illinois Standard No. 2362) with appafent
success, Other criteria for selection of the specific typf of outiet
protection include: availability, cost, climate (particulacly, frost
action), corrosion/attack potential, ease of installation, ‘and anti-
cipated maintenance requirements and costs.

A recommended detail for an outlet pipe and/markerdis pictured
in Figure 57. This detail is based on recommendatioss publislied by
the Federal Highway Administration (16). I#fshoulddbe noted that the
invert of the outlet pipe is located a minimum of 12 dincheé above the
flow line of the ditch. If the outlet is located in“a common junction
box with a storm drain, the ing@rt ofgshe outleét pipe should be a
minimum of 6 inches above the maximum predicted water surface in the
junction box.



£TT

APPROX.
30"

APPROX.
18"

: /oamse OR YELLOW

10" BAND

EROSION_PRO

\oun.er PIPE k‘ﬂ

DRAINAGE GATE
ou

APPROX. -
12

mmended Detail for Outlet Pipe and Marker (16)



Chapter 1V - CONTROL OF GROUNDWATER

4.1~ General

In recent years, there has been a growing awareness natienally of
the need for subsurface drainage systems that will effectively drain
water from the pavement structural system and thus minimize ifs detpdi-
mental effects. Workshops dealing with water in pavements A89) have
been conducted, and guidelines for the design of subsurface drainage
systems for pavement structural sections have been published (5,16).
Chapter 3 of this Manual dealt exclusively with this _subject. Al-
though much of the emphasis associated with this wetk has been ‘on
the removal of moisture that infiltrates through the surfiace of the
pavement, it has long been recognized (5) that thg control of ground-
water away from the pavement is an essential fart ofidany effective high~
way subsurface drainage system.

Commonly the design of grouhdwater,drainage systems is based on
empirical "rules of thumb," which have beempdeveloped by trial and error
over a period of years, or on the y@ther tediols, graphical technique
involving the use of flow nets (11,90)% It is the purpose of this
Chapter to present some rational, approximate analytical methods for
the design of the mostiHcommor groundwater tontrol systems, such as the
interceptor drains shown)in/ Figures B4 and 58 and the symmetrical
drawdown drains shown in Figure 15 (¥5). Although, at present, it has
not been possible to eliminate all elements of empiricism, the methods
presented are based dmfundamental seepage theory.

Although othér types ofgsroundwater control measures are briefly
discussed, no effbrt has been made to present an analytical treatment
of these methods. | Indeed, with the exception of two recent publications
dealing wish the design of Miorizontal drains (93,94), very little infor-
mation of a &pecific analytical nature appears in the literature.

Thus, to some eéxtent, the designer must still rely on fundamental con-
cepibs, i.e. Darew's Law (Equations 2 and 3) and the use of flow nets
(11590)%

4.2 4longitudinal Interceptor Drains

Let us consider the case of the unconfined flow of groundwater over
a sloping impervious boundary toward a single interceptor drain, as
illusgrated in Figure 59. A solution for the shape of the drawdown
curve for this situation, which was developed by R. E. Glover of the
United States Bureau of Reclamation, was presented by Donnan (91).
This solution, which was based on an adaptation of Dupuit theory (8),

took the form
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H—HO
H log

- (y - HO)

H-~
7S , (26)

"
it

where x and y are the coordinates of a point on the drawdown curve, as
shown in Figure 59, H is the height of the original groundwatér Mtable
above an impervious boundary of slope S, and H, is the height ofl fhe
drain above the impervious boundary. An examination of Figure 59 and
Equation 26 shows that the drawdown curve becomes asymtotic tof the
original free water surface (phreatic line) at infinity. Dedling with
this boundary condition in practical problems is awkward; and, con-
sequently, most solutions to gravity flow problems of this typeé),have
assumed that there is a finite distance, Li, from the de@ifipat whieh the
drawdown can be considered to be insignificant, and @&t which,) for
practical purposes, y equals H, as shown in Figure [60. As noted in
Section 3.2.2, this distance, Li, to the point of insignificant drawdown
is generally referred to as the 'radius of inflluence."

In an effort to investigate interceptor drains of this type, Keller
and Robinson (92) conducted a labbratorydstudy in which, for practical
purposes, the conditions shown in Figure 60 Were duplicated by the use
of a finite source of seepage located at a distanee, \Li, from the drain.
They found that Glover's equation, i.e, Equation 267 checked the experi-
mental data when modified into _the, following form:

H'—Ho \
Sx = H' log oy " = Ho)’ 27)

where H' is a pointfon a ficticiols extension of the drawdown curve as
shown in Figure 60L Substituking in Equation 27 for the condition that
y = H when x = Lj l€ads to the relationship

H'~Ho
ST S - H ), (28)

SLy = H' log

from whiéh, the valué of H' can be determined for known values of S,
Liy H and H,.

Keller and Robinson (92) also found that the quantity of flow into
the drain, 4> could be determined from the relationship

: (H'—HO)
g = 9, —F > (29)

Note: In Equation 26 and throughout this chapter, the term log is used
to represent the natural logarithm.
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where 9, is the magnitude of the approach flow, given by
q, = kHS, (30)

where k is the coefficient of permeability of the porous medium.) A
complete solution to the problem can thus be obtained from Equations
27, 28, 29 and 30. For convenience, Equations 28, and 29 have been
combined in dimensionless form and solved by computer to prepare Figure
61, from which q4/kHS and H'/H can be determined in terms off known
values of SLi/H and H,/H. The same computations provided the data by
which, through a change of variables, Figure 62 was prepared.| Eigure
62 permits the determination of the location of the dfawdoim curve,
by giving values of Sx/y for known values of Hy/y and (H'-Hy)/y. In
practice, a series of values of y, between H, and H, aredassuméd, and
Figure 62 is used to assist in the determination of the corresponding
values of x.

In order to use Figures 61 and 62 for any highway drainage problem,
it is necessary to have an estimfibe of 4fhe distapnfe, L;, beyond which
the drawdown can be considered to be, insignifidcant. As noted in Section
3.2.2, this distance can be approxifiabed for pra@tiecal purposes (75)
by means of Equation 8.

Example No. 21 -dnalysis of anlLongttutinal Interceptor Drain.
Let us consider the proposed construction shown in Figure 14 and,
for this problem, (a) cempute the reduced flow rate, q4q/k, into the
drain and (b) plot the locakion of the drawdown curve (free water
surface). The detail@d dimensions of the problem are given in
Figure 63. 1In ofder to keep the left branch of the free water sur-
face from breaking out throtigh ‘the cut slope and to lower the right
branch of the free water surface well below the pavement structural
system, thé unhdetdrain was /set below the ditch line at a depth of
5 feet. 4Ilt is proposed td pave the ditch over the drain to avoid
infiltration and clogging.

Referring £0), Equation 8, an estimate of the value of the influence
distdnee, Lj, 18 )given as Lj = 3.8(H - Hy) = 3.8 (14) = 53.2', Say
53'. “ErofipEigure 61, with SLi/H = 0.15(53)/20 = 0.398 and Hy/H =
6/2045 0.5, itVis found that qg/kHS = 1.57 and H'/H = 1.84 [therefore
' 4 1.84(20) = 36.8']. The above calculations form the basis for
computing the reduced flow rate as gqg/k = 1.75HS = 1.57(20)(0.15) =
4,71'. The reduced flow rate could also be computed from the flow
net, which has been included in Figure 63 for comparison purposes,
as\gq/k = AHNg/Ng = 21(6)/28 = 4.50'., Knowing the reduced flow rate,
it is a simple matter to compute the actual flow rate, qg, in the
drain for any assumed or measured value of the coefficient of per-
meability, k.

From Figure 63, with H' = 36.8', and the following assumed values
of the y coordinates, the x coordinates of the drawdown curve
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can be determined as follows:

|

. H /y (H ) /g sx, N
7.4  0.811 4,16 0.041 2.0
8.8  0.682 3.48 0.080 4.7
10.2  0.588 3.02 0.117 8.0
11.6  0.517 2.66 0.149 11.5
13.0  0.462 2.37 0.190 16.5
14.4  0.417 2.14 0.226 21.7
15.8  0.380 1.95 0.265 2749
17.2  0.349 1.79 0.310 355
18.6  0.323 1.66 0.350 43 .4

This drawdown curve is plotted dashed in Figlire 63. This cukve is
only approximate, but it can be used as a starting point _£fér con-
structing the flow net (11,90) which ultimately yields“a more

accurate location of the free w@bter sufiface as ' shown in Figure 63.

Although the method of analysis{illustrated Win Example 21 yields
a complete solution to the problem of "a 8ingle intexceptor drain, it
should be recognized that the selection @f\the proper location of the
drain involves considerf@ible judgement and @way even involve a trial and
error process, particularly if the drain is Being used to lower the
watertable and reduce porewatéer pressutres to achieve a certain measure
of slope stability.

4.3 ~Multiple Intereeptor Draims

A subsurf@ce drainage system consisting of multiple interceptor
drains, such, as shown imn Figu¥e 58, can be designed by using the prin-
ciples outlined above and considering each drain separately. However,
in order to properly define the boundary conditiens for each of the
upper, drains correctly, it is necessary to establish the location of
the 1imiping streambine above which the flow pattern is essentially
that of a sifigle drain installed in the flow domain above a sloping
imperviodie boundaby. In essence, this establishes an impervious bound-
ary fof each upper drain roughly parallel to the lower sloping imper-
vious boundary. Flow net studies, conducted by using an electric analog,
have shown that boundaries of this typ2 can be established by drawing a
line parallel to the sloping impervious boundary and located at a depth
below the drain equal to 1/10 to 1/12 of the drain spacing (75). This
is an adaptation of the generalized 'method of fragments," which,
according to Aravin and Numerov (7), was first proposed by Pavlovsky in
Russia in 1935, and which was introduced into the United States, for
fragments in series, by Harr (8) in 1962. 1In this instance, the flow
"fragments' are considered to be in parallel.
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Example No. 22 - Analysis of a Multiple Interceptor Drain In-
stallation. Let us consider the proposed construction situation
shown in Figure 58, which represents a deeper portion of the cut
shown in Figure 14, and thus requires two drains to cut off and
drawdown the watertable to prevent it from breaking out thréugh
the slope and to keep water from this source out of the pavement
structure. The detailed dimensions of the problem are shown in
Figures 64 and 65. The location and depth of the drains wag
established by trial, taking into consideration the desirability
of maintaining the free water surface below the cut slope. The
dimensions given in Figure 64 are those required to solve (the
problem using the method of fragments and Figures 61_and 62,

From Equation 8, the values of the practical ififluence 'distance
for the drains will be Li1 = 3.8(H1-Hg1) = 3.8(19-6) & 4#9.70 < 63' (1)
(use 49') and Lo = 3.8(Hy-Hpy) = 3.8(19.25:45.25) =455.2" (use 53").
For drain No. 1, entering Figure 61 with SLy/Hy = 0.15(49)/19 =
0.387 and H01/Hl 6/19 = 0.316, it is found| Ehat q. /KH{S = 1.58
and H'1/H; = 1.90 [therefore HY =1.90(19) = 36.1']. "A similar
calculation for drain No. 2 yle}ded Qg B kH25 = 1.57 and H'y =
35.6'.

From the above calculations,, the rediced flow rates for the
drains can be compugled as 447/k & 1.58H18 = 1.58 (19)(0.15) =
4.50" and qgp/k = 1.57H,5 = 1.57(18,25) (0.25) = 4.53'., Based on
the flow net, shown fo¥ &Omparison purposes in Figure 65, it is
found that qg7/k = AHpNg /Nd; = 22.5(3)/15 = 4,50 and qq2/k =
KHoNg 5 /Ny, = 51(3)ate = 4SO

Using the method illustrated in Example 21, the data shown in
Figure 64 were used with Figure 62 to determine the location of the
X1, y1 andfxy, yy eoordinateés of the drawdown curve. The resulting
curve was \then platfted as(the dashed line in- Figure 65. It can be
seen that the comparison between this approximate curve and the more
exact free'water surface generated by the flow net solution is quite
good.

Again, aspnoted in Section 4.2, it should be recognized that the
selectigh of the depth and vertical and horizontal spacing of the drains
is\largely a matter of judgement and may require several trials before
thel optimum configuration is achieved.

4.4 - Symmetrical Drawdown Drains

In order to solve a problem such as that shown in Figure 15, the

(1)

For the case where the influence distance calculated from Equation
8 is greater than the drain spacing, then the drain spacing should
be used for Lji in the remaining computations.
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method of fragments may be used with the flow domain broken up into
fragments as shown in Figure 66. Basically, this amounts to assuming
that there is a horizontal streamline existing at the level of the drain.
Flow net analyses have shown that this is not an unreasonable assumption.

The quantity of flow into the drain from Fragment No. 1, qp, €an
be estimated from Dupuit theory (8) to be

k(H - 1)
e %

The drawdown curve for Fragment No. 1 can be determinefl Trom the relation

: 2 2 2 /W‘ v2 2{2
= - J - - - - - - -
X (L-b) + >0 <y /y H ™m (-8B ) ~} (H-H) H <m

, _ 2 232
22 [ _yrWy-im ] W
- H m" log e 5 . (32)
S o(E-H ) + 1/(H—H )2 fw? - J
(o] ¥ (o} S

where m = 0.43m. Equation 32 was derived using the modification of
Dupuit theory suggested by, Gilbeyn(100). For convenience, Equation 32
has been put in dimensdonless form and solved by computer to prepare
Figure 67, which can /be used to determine the x and y coordinates of
the drawdown curve.

The solutien to thewproblelm represented by Fragment No. 2 in
Figure 66 had Been presented’by Aravin and Numerov (7). They showed

that the flow rate, dys for this situation could be computed from the
nélation

k(H—HO)

1, = ) (33)

=

i 1 1 ., Tb
'Ig-rn_log (2 SlnhHo)

and that the value of the piezometric head at the roadway centerline,
(Hd - Ho), could be determined from the relation

Th

Y
(Hd - Ho) = T log (coth 7R) (34)
)
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Equations 33 and 34 were solved by computer and used to prepare Figures
68 and 69, respectively. Figure 68 can be used to determine the quantity
of flow, q2, entering the drain from Fragment No. 2 in terms of known
values of H, Hy, b, and k. The total quantity of flow enteridl the
drain, qd, would be the sum of the flows from the two fragments,

3 =497 t 9 (33)

In the method of solution proposed here, it is assumed that €he right
branch of the drawdown curve can be approximated by the piezomebric
level along the upper boundary of Fragment No. 2. THus, Figure 69

can be used to estimate the location of the drawdoyn curvel between the
drain and the roadway centerline.

Example No. 23 - Analysis of Symmetrical \Dkawdewn Draing. It is
proposed to construct a two lane depressed roadway dn ‘@i urban area
as shown in Figure 15. In conmection with this proposed construction
it is desired to design a system of “‘eymmetrical\longitudinal under-
drains to draw the groundwater dowm as far &g, possible below the
bottom of the granular base course, as shown in Figure 15. The
detailed dimensions of the problem are),shown in Figure 70. The
depth of the drains gas est@blished by frial, taking into considera-
tion the desirability wf producing)the mawimum drawdown without
getting into excessivelydeep excavation (the trench depth below
the bottom of roadway exeavation was limited to 5 feet).

Referring to Egliation 8, an estimate of the value of the in-
fluence distancg, Li, is given as Ly = 3.8(H - Hy) = 3.8(7.0) =
26.6', Say 27',| Now, entéring Figure 68 with b/Hy = 0.75/18.5 =
0.041 and M§/H,=)27/18.5 = 1.46, it is found that k(H-Ho)/q, = 2.08.
Thus, qo/k = (H-Hg)¥2.08 # 7/2.08 = 3.36'. Now, from Equation 31,
the qi/K = (H-H,)2/2(L5B) = (7)2/2(27-0.75) = 0.93'. Therefore, the
total reduced flow rate to the drain becomes, from Equation 35,
ya/k = q1/k% go/k = 3.36" + 0.93" = 4.29'. Based on the flow net
showipin Figure 70, with AH = (H-Hp) = 7.0', qg4/k = AHNg/Ng =
7.0(7.4) /1l.8 ="4.39".

Réferring to Figures 69 and 70, the right branch of the drawdown
gurve can be determined by taking various values of x' in Figure 70
as W/2 in Figure 69 and considering y' in Figure 70 as (Hg - Hg)
in Bigure 69 as follows (noting that b/Hg = 0.041 and qp/k = 3.36'
from previous computations): .
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k(Hd—Ho)

| - LI
x' = W/2 W/2H 0 y' = (Hg-H)
2.0 0.108 0.47 1.57
4.0 0.216 0.64 2.15
6.0 0.324 0.73 2.45
8.0 0.432 0.78 2,62
15.0 0.811 0.85 2.85
23.0 1.243 0.87 2.92

Now, referring to Figure 70, the left branch of tHe drawdewn cubve
can be determined from Figure 67 by noting that M(L;-b) /il =
(27-0.75)/7 = 3.75. Thus, for various assumed walues(of y¢ the
values of x can be determined with the helpgof Figufe 67 as
follows:

y/-B) /e 0 o v x

0.13 3.75 264,25 0.91 0.75
0.20 3.70 25.90 1.40 1.10
0.40 330 23.10 2.80 3.90
0.60 2855 L7,85 4,20 9.15
0.80 1.40 9.80 5.60 17.20
1.00 0,00 0.00 7.00 27.00

These approximaté drawdown(curves are shown dashed in Figure 70.
It can be seéh that, although this method produces a free water
surface that is slightly high, the comparison between it and the
more exallt) free water Sirface produced by flow net analysis is not
bad.

Fofpthe special case where the underdrain cannot be placed suffic-~

iently deep Be, drawdown the groundwater table below the granular drainage
blanket of the pawvement system, the flow rate to this layer can be
estimat@éd by the use of Figure 36, which was presented in Section 3.2.2.

4.5 -\ Miscellaneous Groundwater Control Measures

In addition to the common interceptor and drawdown drains, dis-

cussed in Sections 4.2, 4.3 and 4.4, there are a number of other ground-
water control measures that have been used in connection with highway
construction (See Section 1.4). The most common of these are (a)

134



blanket drains used on cut slopes or in stabilization trenches, as shown
in Figures 23 and 24, respectively; (b) horizontal or parallel drains,
used in connection with cut or fill stabilization (See, for example,
Figures 2la and 21b); and (c) local surface drains, used primarily to
tap and remove the water from localized springs and other soufgées of
seepage beneath highway fills.

Although little appears in the literature with respect tof thie ana-
lysis and design of the types of blanket drains shown in Figure 23 and
24, this can be handled very simply with the use of flow net§ and
Darcy's Law (11). The most important considerations in designimg these
systems are to be sure that they possess adequate draim@@epcapacity to
rapidly remove all of the water that seeps into thep and to be sure
that adequate filter protection is provided to prevent cldgging, of the
drainage blanket material. The former requirement |can e met by using
a sufficient thickness of high permeability dr@inage dggregate so that
the drain will never flow full. The latter requirement, candbe met by
the use of one or more filter layers satisfying the requirements of
Equations 17 through 21, in Secti®n 3.3.2s Although aggregate filters
are shown in Figure 23 and 24, sultable drainage fabrics may be used
in their place, where the history of{performance of these fabrics has
proven them to be satisfactory.

Although the use dfyhorifontal drains has become almost routine in
some states (11,35,93,94,95,96,97,98,99), as noted in Section 4.1, very
little of a specific nature has been wfibten on the analysis and design
of these systems. However, aprocedure for the analysis of parallel
horizontal drains haggfecéntly been developed and presented by Prellwitz
(94). This procedurfe permits the designer to evaluate the effective~
ness of various drain spacingghin lowering the watertable above and
between the draims. \Used with appropriate stability analysis, this
procedure thefl allows )the designer to consider various drainage al-
ternatives.

It is not uncommon during the course of a subsurface investigation
for ahighway, or during construction, to discover springs or other
localized &dpeas of ‘seepage, in the foundation areas of embankments. These
sources of seepdpe must be tapped and adequately drained if the integrity
of| the foundation and stability of the embankment are to be maintained.
Severdl typical schemes for accomplishing this objective have been pre-
sented by Cedergren (11) and are illustrated in Figure 71. The key to
successful use of the drainage control measures illustrated in Figure 71
lies in providing the proper combination of high drainage capacity with
appropriate filter protection. Often this can be satisfactorily accom—
plished by constructing the local drains with a core of very high permea-
bility aggregate within an envelope of filter aggregate or drainage fab-
ric. The same care should be exercised in the design, construction and
maintenance of the outlets of these drains as was recommended for the out-
lets of longitudinal and transverse collector drains (See Section 3.4.4).
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4.6 - Filter Protection in Groundwater Control

The filter criteria for the protection of drainage aggregates (Section
3.3.2) and to prevent drain fill from washing into the perforatidhs or
slots in collector pipes (Section 3.4.2) are the same for groundwaten
control systems as for pavement drainage systems. Thus, the filter ‘de>
sign practices illustrated in Examples 17 and 18 are entirely appdicable
to groundwater control systems. However, it should be recognizéd that
the direction of flow of the water in groundwater control systems can
sometimes be quite different than in pavement drainage systems. | This
difference in flow direction, of course, must be taken intemeonsidepation
in the design of the drains. This is particularly impoftant dn)the case
of interceptor and drawdown drains, where the seepage [entersthe drain
through the sides and bottom of the drainage trench, rathex( than'entering
the top of the trench as is the case for many longitudinal and transverse
collector drains (See Figure 55).

The desirability of protecting gdhe drain trench backfill from the
intrusion of fines that can clog the'drain, while maintaining the high
permeability required for adequate draigidge capacity, and protecting
against the washing of drain fill into pipe perforations or slots, often
leads to conflicting requirements that necessitate special treatment.

It is a simple matter to ufilize the filter redquirements of Section 3.3.2
to select a drain trench bagkfill that will provide sufficient permea-
bility and protect against clogging. However, quite commonly, drain f£ill
selected on this basis will not satisfy the requirements of Equation 23
or 24 to prevent the flushimg, of “the drain fill into the collector pipe
slots or perforations./ Under these @ircumstances, one solution is to
utilize a graded filtér system, where the collector pipe is protected by
coarse drain fill meeiing the requirements of Equation 23 or 24. This
coarse drain fill must' also satigfy the filter criteria of Section 3.3.2
with respect to) the fine drain £i11 material. A typical arrangement of
this type, which has been used with some success, is shown in Figure 72,
Onegqway of eliminating the envelope of coarse drain f£ill, shown in

Figure 72, would be by wrapping the perforated or slotted pipe with
sultable drainage fabrie. An alternate solution is to select a drain
fill that will sa@kisfy the requirements of Equation 23 or 24, and to pro-
tect \@gaingt the intrusion of fines from the surrounding soil by en-
velopingdthe drain fill in a suitable drainage fabric, as shown in
Figure' /3.

One | very important requirement for interceptor drains is that they
be sealed at the top to prevent the infiltration of surface water which
may carry fines that can clog the drain fill. Ideally, this is best
accomplished by the use of a paved ditch above the drain, as illustrated
in Figures 63, 65 and 72. However, in lieu of a paved ditch, the top
of the drain should be sealed with at least 12 inches of well compacted
clayey soil, as shown in Figure 73.
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One way of avoiding some of the difficulties associated with the
interceptor drain filter systems described above is through the use of
prefabricated "fin'" drains similar to those described by Healy and Long
(101). Although several versions of this type of drain have been
marketed, they all basically consist of a fin having vertical channels
and covered with drainage fabric. The channels are connect@dinto a
pipe so that the water enters through the drainage fabric, ru
the channels into the pipe, and is carried away from the site,.
components of the system are shown in Figure 74, and the ing
method is illustrated in Figure 75. This system has the ac
it can be installed in very narrow trenches, saving excava
and it does not generally require any special backfill, th

on filter aggregates.
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Chapter V - CONSTRUCTION AND MAINTENANCE

5.1 - General

The satisfactory long term performance of subsurface drainage
systems is dependent upon careful construction and maintenance as
well as proper design. Although the implementation of these tio
activities follows the design process, they must receive appropriate
attention at the design stage to insure that an integrated plan is
developed; starting with construction and continuing through the de-
sign life of the system. Thus, plans and specificationsg,should in-
clude specific requirements with respect to construcfion activities
to insure that completed subsurface drainage systens will function
as designed. In addition, the full range of necesSary mdintexpance
operations should be anticipated and design features \ideluded which
will facilitate these activities.

5.2 - Construction Operations

5.2.1 General Precautions. All surfaces on which drainage
materials are placed should be well compacted, stable, dry, free
from loose material, and complefédnto truenline and grade. Verifica-
tion of these conditiocus)shodld preceded theconstruction of the drain-~
age system. Temporary measures shouldybe taken to prevent the in-
trusion of foreign material into any perkion of the drainage system
due to construction operationshand natural rainfall events during
and immediately follgWing 'construction. Ideally, the time between
preparation of the/subgrade and “the trenches for the drainage system
and construction of the systef) itseif should be kept to a minimum. In
addition, continuing protection of the system should be provided until
such time it/is adequately protected by the pavement and/or backfill.
Ideally, tH® constructiom.specifications should include provisions
for verifying the satisfactory performance of all components of the
system before if, is covered up and direct access is limited by sub-
seguent constructien.

The sati@factory long term performance of a properly designed and
construtted system is dependent on maintaining the drainage materials,
collettion pipes, and outlet pipes in a free draining condition and
at \the proper slopes and grades. The former condition can generally
be satisfied using graded aggregates or filter cloth and appropriate
filter \design criteria whereas satisfaction of the latter condition is
dependent on the initial grading and settlement characteristics of
the embankment and/or the natural foundation. Thus, measures should
be taken to insure uniform grading, with no depressions or pockets to
collect water, and to minimize post-construction settlement or reduce
its effects on the operation of the subsurface drainage system.
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Suitable filter and drainage materials must possess adequate
stability, durability, permeability, and effective porosity. These pro-
perties are generally a function of the mineralogical and gradation
characteristics of the aggregates as well as its placement dry density.
it is particularly important that adequate permeability be ob&ained.
Thus, it is recommended that the fines content (percent passinghithe No.
200 Sieve) of drainage aggregates be limited to a value that willhen-
sure adequate permeability (See Figure 28 on page 51).

In most drainage layer applications, the aggregates sefve a dual
role; i.e., as a drainage medium and as a filter medium. The con-
tinued satisfactory performance of the drain in both functiomns)is
largely dependent on adherence to available design cxdféfia for filter
and drainage layers followed by appropriate constrietion praetices,
including careful inspections and quality control| and fdllow-up
maintenance.

Good construction practice dictates careful placement of the
drainage materials to minimize segregation and| prevent gontamination
with foreign materials. The fotmer preblem can be minimized by
utilizing proper stockpiling techniques“andpthoroughly dampening the
materials immediately prior to placément. Quakity control tests for
compliance with gradation specifications should be made on samples
taken from the drainage layer after placément. However, this does
not preclude the need for prgtonstiuction quality control testing of
samples taken from stockpilés of thedrainage layer materials.

Particular care should Be taken during construction to avoid the
contamination of draimage layeks or filter materials. Partially com-
pleted structural gections should not be used as haulroads, and every
effort should be miade to keep, traffic off these sections until they
are protected by fthe pavement. Earth and other materials should be
kept off thegfires and tracks of construction vehicles and equipment
to avoid the droppingief theése materials on the surface of drainage
layers. Preventive measures should also be taken to keep rainfall and
other surface water from washing fines into the surface of drainage or
flter layers and, thus, reducing their permeability.

‘Baekfill of drainage trenches should immediately follow the place-
ment offthe collector pipes. The material should be placed in a
mannef to minimize segregation and prevent disruption of the collector
pipes and filter cloth (if present). Adequate provisions must be
taken to ensure that proper separation of materials is provided
during the placement and compaction of filter systems.

Construction specifications should require sufficient compaction
to prevent settlement of the overlying pavement or shoulder under the
impact loading of traffic. Care must be taken not to cause damage or
disruption of the collector pipe system during the compaction process.
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The placement of filter layers in the trench should be consistent
with the direction(s) of flow into the collector pipe system. Whereas
the relative locations of the filter zones should be. identified
during the design process and specified in the plans, it is important
that the appropriateness of the design recommendations be vérified
by field inspections prior to and during construction. Quality eon-
trol provisions and safeguards that will require removal of damaged
pipes or contaminated materials must be incorporated into th& 'speci=
fications.

Although the outletting of base, subbase and drainage Uayers
by "daylighting" them onto slopes or into ditches isgmet recommended
(Section 1.4.4), economics or other considerationgimay dickate that
this be done under some circumstances. It should be emphasized that
this method of ocutletting granular drainage layers reguiresivery
careful design (Example No. 15), constructiqfl and mafmtenance; Such
a scheme presents a somewhat more difficult Waintenance situation
because of the difficulty in providing positive protection against
contamination of the outflow suface as well ag erosion of the layer
surface and backflow into the layer. “Thewproper evaluation of the
flow elevation in the adjacent dit€h and assessment of the effect
of this flow on the operation of theé drain are“dmportant. Perhaps,
a system of this type is best utilized 4in a fill, if at all.

5.2.2 Sequence ©fhConstruction Operations and Inspection. Sys-
tematic and timely construction practices accompanied by appropriate
quality control testing and \inspection are important elements in the
long term satisfactory,performance of a subsurface drainage system.
Construction of th€ system should not begin until: adequate preparation
of the foundation and subgrade hias been accomplished; sufficient
materials required for the(canstruction of the system are available;
and it is pe@Bible\to construct somewhat self-contained sectiomns of
the system (in a timély mander and provide adequate protection against
damage té or contaminafi®n of the system. In general, the sequence
of constructien operations for a subsurface drainage system should
have the following pattern:

“1. WPreparation of subgrade and/or foundation;

24 ‘Excavation of collector and outlet pipe trenches,

3. Placement of bedding material and installation of perforated
pipe in collector trenches;

4., Installation of outlet pipes in appropriate trenches (bedding
aggregate not required);

5. Placement and compaction of collection and outlet trench
backfill in compliance with construction plans and specifi-
cations;

6. Placement and compaction of base drainage layer with under-
lying filter aggregate or filter fabric as necessary;

7. Installation of outlet appurtenances and markers;

143




8. Construction of pavement and shoulders; and
9. Seeding of right of way and ditches.

The inspection activities associated with these construction activities
are summarized in Table 6.

5.3 ~ General Maintenance

Irrespective of the proper design and construction of afsubsur-
face drainage system, some maintenance will be required to insure that
the system continues to operate in a satisfactory fashion. In) other
words, no action or lack of action should be allowed to_reduce the
efficiency of the system. To the extent possible, All features of
the system should be designed for minimum future mdintenance. How-
ever, every operating condition for the system cannot al@iays de
anticipated. Thus, a program of continuing regular ifispectipns, pre-
ventive-type maintenance, and repair-type maintenance must be anti-
cipated.

5.3.1 Cleaning of Collectdr WipeglipIt might be anticipated that
sediment could be deposited in collector pipés, due \to inadequate pipe
gradients, uneven settlement of thegjystem and/o# a heavy sediment
load. In anticipation of such a possibbity, clean-out boxes or risers
at various locations within thegpipe network could be designed into the
system. In addition,{the pipe tnetwork should be designed in such a way
that right angle turns are eliminateds If a routine inspection of the
system suggests the possibility of reduéed efficiency, the collector
pipe network should be flushed, using large quantities of clean water.
If clean-out facilitdi®s 8uch as\those described above weré not included,
then cleaning would require back flushing and, perhaps, '"snaking"
through the outlet pipes.

5.3.2 Maintenance of Outlets. The outlet system, whether it con-
sist of a sefies of ‘pipes or & daylighted drainage aggregate, must be
maintained dn a free-flow eondition throughout the life of the facility.
With respect to)pipe outlets, the principal concerns would be the
bloekages due o weed growth, siltation of the adjacent ditch, debris
from theproadway ©f)slope, if in a cut section, and activity of animals
or man.  in addition, flap valves installed on outlets to minimize
blockagés due toJanimal activity or backflow could become stuck be-
causefof some of the aforementioned causes as well as damage to or
corrosion of the valve hinge. Only through periodic inspection can
these \circumstances be identified and subsequently rectified. Such
inspections should be made prior to seasonal periods of heavy rainfall
as well as following particularly heavy rainfall events and/or at
-least ‘once every three months.

In addition to the outlets themselves, the outlet markers should
be maintained in good condition. Damaged markers should be repaired
or replaced immediately. Any marker destroyed or damaged during
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Table 6. Summary of recommended inspection activities
associated with subsurface drainage system

installation

Construction Activity

Inspection Activity

1. Subgrade/foundation preparation Visual observation plus Venifica-
tion of grades

2. Trenches a.
b.
Co
3. Installation of collector/ a.
outlet pipe system b.
4., Backfilling collector pipe a.
trenches
b.
CI
5. Backfilling outlet pipe a.
trenches
b.
6, Placeément of base drainage a.
layer
b.
c.

Visual observation plus veri-
fication of width, [locations,
lines, and grades

Visual verification of use of
proper placememnt, and' compaction
technique

Test verificatiofi of specified
gradation, thi€kness, and
densdty (1)

Verification ofggrades
Continuity test of collector/
putlet \pipe system

Visualpand dimensional verifi-
cation of proper filter layer
placement

Visual verification of use of
proper placement and compaction
technique

Test verification of specified
gradations, thicknesses, and
densities (1)

Visual verification of use of
proper backfill material, place-
ment procedure, and compaction
procedure

Test verification of specified
density and moisture content

Visual verification of proper
placement and compaction pro-
cedures

Dimensional verification of
specified thickness, width,
and grade for drainage layer
Test verification of sEecified
gradation and density( )

(l)Samples of filter aggregates for gradation tests should be taken from

the layer after compaction.
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other construction or maintenance activities should be immediately re-
ported to the appropriate department for replacement or repair.

5.3.3 Miscellaneous Maintenance and Other Considerations. Care-
ful periodic inspections are the key to adequate maintenance of the
subsurface drainage system. However, other related maintenanbe acti-
vities associated with the pavement, pavement shoulder, surfaceddrain-
age systems, ice/snow control and removal, right-of-way mowing, ebc.,
can all have an impact on the operation and maintenance of thelEubstr-
face drainage system. Although the operation of the subsurface drain=
age system might not take precedence over one of the aforementioned
activities, it must not be relegated to an insignificant status. For
example, although mowing is an essential maintenance activity, Mt
has a potentially detrimental effect on the outlet &ystem. That is,
the mowing machines could damage the outlets through impact with the out-
lets during the mowing operations. If the liklihpod ofdstuchd@@n occur-
rence is high, use of erosion control aprons @r chemifal weed control
could be utilized in lieu of mowing.

Maintenance that insures the efficient collection and removal of
surface water will also generally improvénthe opération of the subsur-
face drainage system. Timely repaims of damapge to surface drainage
structures, pipes, ditches, etc., willh contributeé to the proper opera-
tion of the subsurface drainage system. ) Likewise, timely and cautious
repairs of damaged pavement afid pavement shoulder sections will be
beneficial to the underdraifi systema, In pasticular, it has recently
been dramatically demonstrated (102) that proper sealing of pavement
cracks and joints can greatly reduce the,infiltration reaching the
pavement drainage system. Ihis is especially true with respect to
the joint between p@vement and shoulder.

The department responsible for the care of the subsurface drain-
age systems ghould maintain deétailed as-built plans of the systems to
facilitate subsequentyrepairs and replacements. In addition, a separate
record of (ghe location of drainage facilities, particularly outlets,
should be maintained so that these facilities can be easily located by
maintenance persennel. Inspection records should be kept along with
recordsyof each“maintenance activity required by the system. If these
recordsiarépkept I a continuous fashion they may suggest the need for
some mofe substamtial efforts to prevent the recurrence of some con-
tinuifig maintenance problem. This department must also be diligent
to gather and assess information concerning the modification of conditions
adjacent to the subsurface drainage system. Any modification or change
that would adversely affect the operation of the subsurface drainage
system should be corrected promptly to mitigate the potentially detri-
mental effects. '

5.4 - Subsurface Drainage and Pavement Rehabilitation

Adequate attention should be given to the performance of existing
subsurface drainage systems or the construction of new or extended
systems in conjunction with pavement rehabilitation projects. The
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Asphalt Institute (103)has_posed four general questions that should be
answered by surface and subsurface drainage investigations for pavement
rehabilitation:

1. Is the original design adequate for drainage of thedéxisting
road? :

2. What changes in design are necessary to insure the drainage
inadequacies, which may be a contributing factor to gfructural
distress, are corrected?

3. If the original drainage system was adequate, have| énviron-
mental or structural changes taken place since it wasg built
that require reconstruction of the system?

4. Does present or projected land use in aread adjacent €o the
road indicate that surface drainage flow fpatterns have
changed or are likely to change, thus rendering exigfing
drainage facilities inadequate?

Existing systems should be inspected for'\satisfactemyfoperation
and appropriate action taken to repair and/or e&xtend the System in a
manner compatible with the phys@ical an@ &eonomi¢ constraints of the
project. Careful consideration must be givémpto| the potential effects
of the pavement rehabilitation work om the continued operation of the
subsurface drainage system as well as the surface drainage system.
Ring (25) identified a_number afipetentialydrainage problems associated
with pavement rehabilditfatiod projects. These problems may be localized
or extend over long portiens of the pavement. He identified the
following categories of problems:

1. Shallow sid@ ditkches

2. Blockage/fof subsurface drainage due to widening

3. Permeablle shouldergfand medians

4, Pumping rigid pavements

5. Impermeable aggregate drainage layers

6. Reduction of Wrairage capacity of curbed pavements due to
overlays

7. Waterhin open-graded bases (trench section)

8. Drainage of open-graded plant mix seals

Ring recomménded (75) that the pavement rehabilitation scheme be a
balangéd design Consisting of improved drainage (surface and sub-
surféce) and structural repairs in conjunction with an overlay.

As cited above, Ring pointed out several potential problems
associated with entrapment of water when a pavement is widened. Care
must be taken to insure that base course materials utilized for
widening purposes have permeabilities that exceed those for the exist-
ing base course materials or that other provisions are provided to remove
the entrapped water. For example, lateral drains at joints and cracks,
edge (longitudinal) drains or combined edge and joint drains are all
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possible systems for improving subsurface drainage. However, Ceder—
gren (16) warned that such drains may not be particularly effective
if the existing base does not have sufficient permeability to convey
substantial water to the drainage system. In such a situation,
Cedergren recommended that a trial edge drain installation of 200 to
300 feet be constructed in an area when it is though that such'a
system could be beneficial. Flow from the system can then be moni:
tored and pavement performance can be evaluated to determine thegpo—
tential beneficial effects of the system. Such information dan then
provide a basis for expanding the system to encompass other portions
of the pavement. If portions of the pavement are removed in\Zones of
particularly poor drainage, complete subsurface drainage systems, in-
‘cluding the adequate drainage layer can be installed, Typical
rehabilitative drainage systems are pictured in Figudres 76 through 79.

The one common factor associated with all rehabilifative gubsur-
face drainage systems is the attempt to shorten the'flow path /dength.
Since it is impossible to increase the permeability of the efisting
base course, the only viable option is to shorten \the path the water
has to flow to be removed from tle)paven@nt system. Without extensive
reconstruction, this can generally be accomplished only by remedial
work at the boundaries of the existifig)pavement. A\potentially bene-
ficial rehabilitative subsurface draingge system is that pictured in
Figure 78. If a new shoulder isgie be condtructed or the existing one
reconstructed, an optidmysuchfas that pictured in Figure 79 is possible.
Either of these remedial systems assist in removing water from the
existing base but are limifed in their success (drawdown and time-
dependent rate) by the length eof the flow path, the transverse slope,
and the permeability offhe exidting base course (see Figure 46).
Using the procedureé found in earlier sections (e.g., 3.3.1), and
knowing the physical dimension& and coefficient of permeability of the
existing base course, would allow an estimate of the potential bene-
ficial effectfof edge)drain cpustruction on the removal of water
from the seetion. - Thus, bofh analytical and/or empirical methods
can be utilized to judge the potential success of various rehabili-
tative subsurface drainage systems.

A stmmary of ‘gémeralized drainage problems in pavement rehabi-
litation and their possible solutions are contained in Table 7.
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Figure 77. Combined Edge and Joint Drains (25)
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Figure 78. Utilizing New Edge ‘and Lateral ‘Drains With
Existing Drain Pipe (235)
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Table 7.

Drainage
Problem

Shallow side
ditches

Blockage of
subsurface
drainage due
to widening

Permeable
shoulders
and
medians

Pumping
rigid
pavements

Description of drainage problems in pavement rehabilitation and)their
possible solution (adapted from Ring (25)).

Descriggion of Problem

Water flowing or standing in shallow
ditches can produce softening of shoul-
ders and the subgrade. Raising the
pavement grade does not eliminate this
effect.

Widening can produce inadvertant block-
age of daylighted drainage layers and
pipe drain outlets into ditches,» AlsQ,
low permeability base course materimals
utilized in widening construction can
block drainage from the existing base
course.

Unpaved shoulders and medians act as
a potential source of water for the
pavement structuret

Fines from gfibbase\or subgrade be-
come dislodged from the soill fabric
and/or s€ress carrying E¥stem due to
the softening) (weakening) effect of
water, and are flushed or pumped
throtigh a joint in a rigid pavement
as traffleppassing over the joint
producés a differential movement

due 0 load transfer.

(a)

Possible Solutiion(s) to Problem

Deepen and/or removeidebris/from ditches or
constructl curb, putter wdedp inlet, and
culvert/ systemy

Proper designyand inspection can reduce the
potential for inadvertant blockages from
occurting. Base courses under widened por-
tions of pavements should have permeabilities
exceeding that of the existing base course,
or edge and lateral drains should be con-
structed to stop water accumulating in the
existing base.

Pave shoulders and portions of medians, how-
ever, ensure that this construction does not
block existing subsurface drainage. See
item cited immediately above.

Three possibilities exist:

(1) subsealing and/or mudjacking,

(2) pavement overlay with sufficient thick-
ness to prevent reflective cracking or
considerably reduce deflections(a), and

(3) improvement of internal drainage.

Other options include combinations of the
possibilities cited above.

Overlay thicknessgs ranging from 3 1/2 - 4 1/2 inches may be required to prevent reflective cracking.
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Table 7.

Drainage
Problem

Impermeable
aggregate
drainage
layers

Reduction
in drainage
capacity of
curbed pave-
ments due

to overlays

Water in
open-graded
bases

Description of Drainage problems in pavement rehabilitation @nd their

possible solution (adapted from Ring (25)).

Description of Problem

Slow draining aggregate base courses
(due to low permeability aggregates, no
or poor outletting or both) permit pro-~
longed contact between water and sub-
grade which allows softening (weak-
ening) of the subgrade and possibly the
migration of fines into the base or
subbase.

Freeboard between surface of pavement
and top of curb is reduced due“to place=
ment of overlay, thus reducing ar@a
available for water flow. Under such
circumstances the water willfilow
further into the stifeet, ofertop the
curb or both. Curb overflow watet

will likely find its way dnto the
pavement structure.

Infiltrating watér is entrapped)in
open-graded aggtegates duegdto nomn-
existant or pootly designed outlet
systems. @Presence) of entrapped water
can leadgto loss of strength by sub-
grade and significantidefrimental
frost action.

(continued).

Possible Soluftion(s) te Problem

For an existing pavement, only)two viable
options exist: oprovide improved means for
surface ydtervinterception and removal and/
or proyide positive outlets for base courses
by the use of longdtudinal collector drain
systems \(FiGure 77 ).

Raise curbs in conjunction with overlay or
pave \ghoulders.

Again, the problem is best attacked by a com-
bination of methods, including: sealing of
pavement surface, cracks and joints in pave-
ment and construction of joint drains
(Figure76 ) or longitudinal drains with
lateral drains through the shoulder (Figure
77). If shoulders are in poor condition

it may be possible to reconstruct them with

a drainable base (Figure 79) and, possibly,
collector and outlet pipe system.
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Table 7.

Drainage

Problem

'ockets of
frost sus—
ceptible

soils

Pockets of
unstable
subgrade

Broken and
clogged
pipes and
pipe '
outlets

Description of drainage problems in pavement rehabilitation and their
possible solution (adapted from Ring (25)). (continued).

Description of Problem

Localized areas of frost susceptible
soils beneath pavements contribute to
differential frost heave and accom-
panying pavement roughness.

These areas can generally be identified
by local pavement distress patterns.
They may he produced any one or com-
bination of many factors such ass

peat pockets, localized springs and
groundwater seepage, inoperative sube=
surface drainage systems, ‘etc.

Broken or clogged pip€€ OB outléts
act like obstructiofis or dams which
retard or completely inhibit filow
through the drainage system. | Af-
fected region may be localized and
give appearance of unstable Sub-
grade pocket as cited abowve.

Possible Solution(s) to Problem

Most effeefivetreatment isl removal of frost
susceptible solls and replacement with non-
frost susceptible s6il or aggregate. Lower-
ing, the grodndwater table might help reduce the
supply of Swater to the frost susceptible poc-
ket, \thus minimiging the heave potential, but
will not be a completely effective solution.

Water-related problems can generally be helped
or solved by the placement of localized drain-
age systems. Replacement or inplace stabili-
zation is about the only effective means of
improving a materials-related problem.

Replacement or repair of observable
damaged pipes and outlets would be an
initial step. Back flushing and/or
"snaking" drain pipe and collector
systems is another possibility.
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