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‘dered in developing a comprehensive ‘design method are-reviewed.

- . . o
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-~ HIGHWAY DRAINAGE ‘ “ : "
. A4 «/
Haig Bechirian . . i
. . ‘ ¢’
' The utilization of low permeability base and sub-base materials . )
in road construction inhibits rapid outflow of water from pavements. The
slow évacuation of the inflow induces water saturation conditions for ¥
. . . -
long periods of time; thus, pavements become more susceptible to unexpéc-
ted failures particularly under traffic impact. Research on effective
highway drainage is very limited and the standards for road design and
construction are still controversial. '
This report examines ‘the entire problem of road drainage with - | :

emphasis placed on potential influencing factors such.as excess water,

groundwater, soil permeability, etc. The theoretical aspects to be consi-

Based on Parcy's law and'the inflow-outflow concept, a subsurface
design method is proposed and i]]ustr@teq by two e%ample cases. The types e
and specifications of the materials required for the proposed method are
stated. Focusing on Canadian st§ﬁdards, the different construction phases
and maintenance opergtionS“of the drainage system are described. Further,
due attentitn is given throughSut the report to Canadiah climatic cohditions
vis-a-vis the drainage phenomenon. o '*\

Having established thé need for a rational design méthod,’thé

report is concluded by presenting several recommendations identifying pos-

©

sible future wfsearch directions.
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CHAPTEQ IA ~‘ _ //

INTRODUCT .

3

The concept 0;}road§ belaongs to oné of the oldest consfruction
discipl{nes: The ancient Romans had g]reaéy, een building stone roads
long before the blrth,bf Ch%ist. Some remnants may still be found.in
Europe, the Middle-Fast, and North Africa.

M

The development of rbaés has been s}eadi]y increasing to serve
{ the ever-gfowing needs of its abundant users. Ancient roads tended to
follow the natural topography of the earth'§ features, such as stream
lines, river banks, seashores, vglleys, etc. In additioa, other types

of routes were made by ;nimq]s gimnestic or wild) as they made their way
thrdugh‘thé surroundipgs in search of food ang shelter. Upon industrial-
ization roadways became more significant, i.e., goods and materials were
more widely transported, people were obliged to move over gréater dis-
tances, and urban problems began to be more and more apparent.

The development of petroleum producps and the subsequent wide-
spread use of the automobi]e‘were the main reasons for today's enormous
and complex highway systems. The demand for wider and better roads
became accéhtuated after World War II as the number of cars increased
drastically. Today, urban areas are growing at rates never before exper-

jenced andf as travel speed is getting significantly higher, the trans-

ported ‘element' is fncreasing astronomically, thus increasing the demand

-1 - : ;

¢
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for 'better roads' (in all its aspects of planning, construction, and
maintenance). For example, if one were to establish a certain road, then

the main criteria to be carefully considered are:
< ! ’

1. the iﬁpo?tance'of“the road (a complete study between gxist—
ing and projected systems)

2. its location '

3. the extent of expropriation needed

Z. prpperties of the_surrounding soil ’

- 5. type of engineen{;g design and const?u;tion impact upon the

environment

. 6. ‘construction and maintenance costs.

. ‘ from an engineering point of view, roads should be designed to
be functional. However, almost 95% of the roads in North America are sub-
jected td rainfall rates beyond the handling capacity of their structure;
» : this represents a serious maiqtenancé p%%b1em. For example, there are
more than 4,000,000 paved miles. of roads in the U.S. alone, the construc-
tion dnd maintenance of which exhaust hundreds of millions of dollars from
the taxpayers' money and the problem is even bigger in the underdeveloped
- and poorer countries, Thus, when certain planning decisions have to be
méde, better and more comprehéﬁsive road design becomes the backbone pf any

¢
given project.

*

. There is no doubt. thét the problem of drainage is at the heart
of almost all problems which a given highway encounters because poor drain-
age'can relatively transform a minor problem into a major problem; ‘.9,

cracking of the asphalt or the concrete surface. Also, it is of paramount

. importance to those who live in cold regions because of the freezing and




o
oo

thawing effects.

- -

) The writer's pract1ca1\e§per1ence in the.hlghway construct1on -

i

f1e1d &as produced an.additional 1ncent1ve to look 1nto today's draunage
prob]ems In this report, the road drainage phenomenon is exam1ned in
fhe 11ght of three. d1fferent angles, namely: - L e

1. theoretical aspects > I ; .«

2. design aspects . ‘

3: construction and maintenance aspects. !

The pr1nc1pa1 obJect1ve of th1s report is to give the reader-first-hand .

1nformat1on and a comprehensive idea about road dra1nage Further, the

(,/. 'A

report attempts to demonstrate a better design method compared to currently

employed methods. o
. L
/ ' ‘ - ‘ ‘ a it
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Ce ChapTER 110 =
FUMDAMENTAL FACTS,
Many 1ndependenf aspects influence direct]y‘oﬁ indirectly, and

to varying degrees, road drainage. The following sections are intended

. to provide an insight into the different mechanisms involved in the pheno-

menon. - ‘ .
A
2;1 DEFINITION

Drainage is definéd‘jn John S. Scott's Civil Engineering Diction-

‘ary as "the removal of water by flow or pumping from the ground or from .

fhe\surface or other buildings" [33]. Drainage is also described as "the
evacuation or the control of the excess of surface water or Subsur%aée or
used waters" [13]. Q%he oldest urban/rural drainage system can be found .
in the 01d Asian ruins of Mohenjo-Daro in the Indu; Valley which was built

around 2,000 B.C. The Chinese were known to have used an even more primi-

tive drainage system than the Mohenjo-Daros during 2,300 B.C., coﬁtro]ling;

wate; in such a way as to later redirect it for agricultural use.

2,2 CLASSIFICATION OF WATERS . - e

‘ N
In order to have a comprehensive idea about 'highway versus

drainage', one should first be familiar With the classification of water

types. Water may be classifed iu$a/?our major categories, as*follows [34]:

=

.
L , -4 -

. :
, -

-
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&

1. Surface waters: these are all waters which are precipitated
, o and spread over the surface witﬁodt being co]]egted into a

channel orstream;

well defined watercourse with other waters originating from

precipitation or springsy,
, v

3. Elood waters: former-stream waters which have deviated from

H

g watercourse and its oyerflow channels, and flowed over ' *

adjacent land or became stagnant. These disappear either by

. ' ~evaporation, infiltration, or return to a natural watercourse;

4. Ground waters: are divided into two classes, namely percola-

ting waters and underground streams. Percolating waters’are
, .

not easily distinguishable without excavation, nor do they .

!

have a definite channel [34].

Where.%gxgtfam sinks into the grolind, pursues a subterranean
course for some distance, and then emerges again, the portion

beneath the surface as an underground streanm.

3

¢

2.2.2 WATERf%LASSIFICATION AND HIGHWAY DRAINAGE

¢

A well-drained road has to consider the’hizards resulting from
vall fouf classes of waters, although one class may be more damaging than
others. For example, in the case oflflood waters, higher longitudinal
profiles should be‘considered fn:order to Jvercome high water levels. Since ,
floods occur seasonally, thé‘designer can estimate the'highest water level
baséa upon frequency studie§ or'landmarks, or efen by consulting the

residéﬁts who live in the area. In addition to the profile changes, wider

, ¢ profile changesy
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Tditche§ ma‘y be used, the s1opes. may be protected by top soil, rip-rap,
synthetic tissues, or'asphalt. The soTutionj is thus confineq,ﬂto geometric
.dq‘_es'ign and proper maintenance.

. s A,\s far as stream waters are concerned, culverts, pipe arches, \—l,

~and Bridges\\act as control elements. The design should be accomplished

properly and\the construction doﬂ as accurately as poss,ib]e"tb minimize
washing, eros\\on or heaving action in colder regions. Culverts are the
most frequentb\used elements, and they are an integral part of the drain-

age process: A\bmef discussion appearing later in this report will deal
‘ !
- spemﬁca]]y w1th culverts.

‘ Ground-waters .and surface-waters act almost upon the’ entwe

Tength and width of; a highway. They may Yemain in pavements indefinitely.
‘ -

Although they are mo‘v;e frequent duriﬁg certain periods,- they can occur at
any time during a given year. Thus, they are considered the most import- .

s .
ant of the four classes®of water as far as drainage is concerned.

2.3 STANDARD RoaD S}\RUCTURE VERSUS DRAINAGE

Ordinarily, road structure is genéraﬂy cons1dered to be the
gravel of the crushed stone ayers that are sandmched‘etween the subgrade

(in cut) or the regular fill materials (in fi11) and the asphalt concrete
, | ! ‘
(A.C.) or Portland cement conC ‘e\te (P.C.C.), depending on whichever is

L4

used .[22]; sometimes P.C.C./Ais'‘included in the structure jtself.

Road pavements may gener\aﬂy be categorized as ei thgr flexible
or rigid pavements. Portland cemén concrete is,or]ly used in rigid 'pave-
ments. Figure 2.1 illustrates a standard cross-section of .a flexible

pavement. This typical section (based\on Canadian Good Road.'specifications-)

is widely used throughc}ut Canada._ Whﬂx\ it may vary from one country to

\\
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Pig. 2.1 —.Standard modern cross-section of a flexible pavement in cold
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L}

another, its basic components do not virtually change.

. regions [27].

For example, Fig. 2.2

shows a conventional road design tsed in the U.S. both in cut and

) Fil1;

design (without subdrains).

the presence of the subdrains gives some advantage over Canadian

However, both sections are far from being adequate, as will be

shown later, for proper draining of any typical road.

which contains the following layers:

Ihg:gﬁgg;

gravel with specific gradation (depending_upqn the designer).

pavements it is either cement-treated or made of P.C.C.

is usually composed of crushed stone or crushed

At this stage\ it

,’ is,importantjto provide a very brief description of the road structure

[}

In rigid
In flexible

it e e -
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¢

~“———1{— impervious

Sand -——/ 4
— underdrain

! : ) ' , #’ Pipe

(b)

i

°

o Fig. 2.2 — Conventional modern pavements based on U.S. standards:
. - (a) Roads in fill  (b) Roads in cut [16].
) ) ' !

pavgments,tkt is covered by black top (A.C.) while in rigid pavements
l} is usually an integral part of the surface layer (E.C.C.). Its thiék-
pess.depends upon the type and volume of the traffic, but_above all, it

‘Shqu]d depend upon the drafnability éﬂaraéteristics of the road.

It is composed of either crushed qrayel or crushed stone. The thickness

‘ of this layer depends on the design standards and given condi-

tions. In cold regions, if the natural soil (after the removal of the .




.
i » -

top soil) is made up of low permeabiiity materials such as clay, silt, or
fhejr mixture, with another tybe of soil, then an anti-frost layer of

soil has to be used [7]. The thickness of this 1ajer is a function of

_ ‘the natural soil and it varies from 8" to 24". It is sandwiched between

thednatural ground (in cut) or ordinary fill materials (in fi11) and the
sub-base. The maximum permissible size of the stones shoula‘not exceed
4" in diameter. Throughout this report this layer will be designated as
sub- foundation. : LT

In order to drajn the described road structure, two open ditches
at each,side:of the road afé typically used as main conduits. A1l surface
or ihfi]trated waters in rural areas eventually end up in these two ditches.
Whereas, in urban aréas,~sub:dkaihage network systems are used where roads
are linited at each side either by curbs or by sidewa1k§. Figure 2.3 shows

a typical cross-section of an urban road.

¢
5 ) MINIMUN RIiHT OF wAY 50'
< = >
min ' ¢ ' mi’,‘
2' 8'min 12’ 12’ B min 5 2
10'desirable ‘ 10" desirable
N
- L *7_ P T R A T
) .
PARKING LANE . LANE PARKING SIDEWALK
|

Fig. 2.3 — Standard width of a two-lane and two-parking urban road [22].

When the falling droplets of an intensive rainfail first impinge =

on the road surface, they penetrate through joints or cracks as they

follow the road's designed slope. Once they reach the base, they eventually

cwdeaTe 7T
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end up into perforated pipes which run 1bn§itudina11y with respect to the !
road axié;; the pipes aré usually located at the start of thé shbu]der.
_Once these droplets penetrate the perforated pipes, they flow towards
coltector pipes which interrupt the perforated pipe at appropr{ate inter-
“vals. Thése collector pipes (located transversally with respect to the
road axis) conduct the water to the ditches, whigh*in turn conducé the
water towards natural or artificial streams. This path is illustrated

in Fig. 2.4. Although all standard highways are not drndined as prescripeq
above, this path is the most cénvenient and the fastest}way of draining

¢

- " a road structure.
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Pig. 2.4 — Water evacuation path of a highway which has a drainage
system. ' '
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2.4 Poor DRAINAGE AND PAVEMENT DAMAGE

The many factors that influence the eventual deterioration of
roads make the determ%nation of a sole mechanism responsible for pavement
fai]ure very difficult, e.g., aging and oxidation of asphalt films deter-
iorate asphalt concrete pavenments aﬁd bases, while in PCC ffatigue and
repeated strain are.refiected Py cracking and disintegration of the pavé—’ . \
mefit. Since highwayé have large surfacg areas éxposed to weathering and
heavy traffic, and under the combined actions of f]Z;tuating temperature, -
rain%a]], and “freezing, thawing and oxidation, damaging action takes place

.

that shortens 1ife expectancy, increases roughness, loosens materials on
N - .

the surface, and finally erodeé pavements., In all these factors, the
presence of excess w&%er seems to be the primary factor in early failure
of pavementé. Bu@ how~can the presence of excess water damage a given
pavement? The 1nérea§e of water content in the base and sub-pase causes a
certain reduction in the supporting power of a road. In a situation where .
‘water thoroughly fills the layers, heavy wheel 1oad-impacts influence sur- ’" i
face water simi]gr to water-hammer aftion, Eausing ejection of materials i
from pavements ané stripping of the asphaltic concrete from the base.

In PCC, it disintegrates cement treéted bases by re-arranging the internal
structurelof the fiﬁe grade materials. ‘

Free water in pavements causes buoyancy of supe;saturated layers, i
reduces unit weights ;nd thus reduces frictional.strength. In A.C. pave-
ments, it accelerates the, shrinkage aﬁd crackinglprocess as well as disin-
tegration, oxidation and flexibility (which in turn induces cracking and :

deterioration of the bases). Free water can prevént the natural self-healing o

of cracks by admitting clays and other fine materials in the cracks [8].




¢

_of these observed showed any evidence of subgra(;ie'dgiress [1].

‘ roadway soaked with excess water. The water will jump high, carrying the

- «In cold regions and in the presence of frost -susceptible mater-

€

ials, the presence of free water contributes to the so-called 'D' cracking.

and to the 'blow-up' of P.C.C. pavements [12].f

&

In the -process of developing the Guidelines for FHWA® the Design . 7

of Sub-surface Drainage Systems for Highway Structural Sections [29], several
. Qp . - . - -
diamond drilled test pits and auger holes were drilled, and careful studies

were carried out for any. damage caused by water. One of these_siies loca~

ted on a 50-ft. fill of a 17-year old inters;até highway showed severe

»

damage from excess water, due to precipitation, A ho]g‘¥as cored under- .
nqﬁfh.the wheel path of a truck line, and indﬁcateq that the cement trga%ed .
b;;é (CTB) had“ﬁeteriérated'into cohes%on]Ess material that could be

removed wi}h a spoon. AnBther hole was théh COréd 0 ‘the paséiné«]aﬁé,

which sﬁgwed s#lid cement-treated base with concrete, ipdicating that

i
z

the Toss in cohesion in the truck lane was undoubtedly caused by the com-
bined actions of traffic and”water.
In another test, the State Highway Department of Georgia carried

out investigations on‘three sections of damaged pavement in‘1969, and none

-

[

Iﬁ the light of these experiments the two major types of'éffects

of excess water in pavements are explained as follows:

o

' 5

1. Pumping type effects: The pumping mechanism is a fairly-
. ¢ \
simple one. 'When a base .gets saturated and the water remains stagnant,

creating a bath-tub condition, under wheel impacts water ejects the f%ner'

particles out through joints and smaT] cracks. Tﬁewejecfioﬁ of the fines

¢

along with water can be seen clegrly as a truck passes over a joint in the:

]

> 0

*Federal HighQay Administration.
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‘fines out of the base matéfials. The absence of these finer grains will

increase the volume of voids, which will cause thin cracks along the sur-
face due tol1ack of support. These cracks.wi11 in turn permit more water j
to be released, thus causing the eventual total failure of the pavement.
F?gure 2.5 shows the pumping action under the wheel impéct both in flexib]e

and rigid pavements. R . \

2. 'D' Type Cracks in P.C.C.

Deterioration of this type is initiated when atmospheric.

* moisture penetrates open joints and cracks, which iogether with water

L

already preseﬁt beneatb the pavement, raise the degree of saturation of
"the worse aggregate to a critical level. During freezingipréssures genera-
ted in the aggregate }hrough hydraulic pressures or ice formation, will
“cause disruption of the aggregate and)the'surrounding‘morta}. With con-
fiﬁued freezing and thawing, exjsting craéks may provide additional |

channels for the migration of moisture into the slab and also provide addi-

. “tional regions *for ice formation and the generation of excessive pressure

operatjng to widen the existing craéks. When these cracks propagate,‘
the entire pavemenf slab will turn into rubble. Figure 2.6 illustrates
typ%cé] 'D"type cracking of an iﬁters;ate highway in the central USA.

. Since it is virtually imﬁossib1e to prevent moistdre flow through joints
and iracks, ‘the rapid elimination of water by good drainage reduces |
damage by 'D' cracking.

A11 the damage resqlting from poor drainage plus the other
detefioratﬁng factors such as fatigue, oxidation, and high traffie vo]hmés,
a;ée]erates the rate of damage with age (i.e. the serviceability of the

L]
pavements).

- . v
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Fig. 2.6 — Typical 'D' type cracking, Interstate llighwdy, Central
usa [29]. ~ .

.
. 4 .

‘
.

ing_equation [9]:

#

| . $(#) =100 (T2 - t2)/T2 ... ... .. ... (2.0)
e @ .
where T s the actual effective life in years, and t. represents the
i S age at a given time for which the value of S is desired.
¢ - v .
' L] ‘. ) 6

: The percentage serviceability (S) may be expressed by the follow-

P
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Figure 2.7 demonstrates how serviceability diminishes with

time. Four pavements, each having effective Tives of 10, 20; 30 and 40'

years respectiveﬁy are presented. . It can be seen that for a pavement
. |
100 _ T
. . 80 . \\\\\ < . @
percent : | t= effectivd Nfe
serviceability 60 R

3
or life \ 7 \
- :remam:nq= S \ \ y .
. 40 — \ > S
_ \f
: ‘\o y
~,
20 o
[~
, \:

age, years =t

Fig: 2.7 — Hypothetical rates of losses in serviceability of pave-
ments of vartous amounts of effective life [9].

which is expected to haVe an effective 1ife of 20 years, it should still ,
haye 75% of its serviceability left after 10 years. On the other hand,
if iés §erviceabi]ity is ]owefed by 25% in the first 5 years, then its
effectfve life might belreduced to 10 yea}s. If through'proper drainage
the effective life is lengthened to 30 years,\thén the servideabi]ity Qil]
be iowered to 12% ai the end of 10 years and only to 6% if the effective
life is lengthened to ﬁbnyeérs. As’ for the problem of pavement structural
section's drainage, the %1na1 Report of the U.S. FHWA [17] -in 1973 presen-

ted several conclusions, which included. the following: X

BN
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_*+* under pressure through soil [33]. Norma1ly, soils which possess low coeffi-

-

(a). Water can get into nost pavements through joints, cracks,
porous surfaces, high shoulders, and so'oh} since the
present state of the art does not assure watertightness
of pavements for long periodséof time. Thermal changes, j
fraffic and other environmental changes and effects are

continuously working to develop openings in pavements;

(b) The rates of damage to most pavements are much greater
where excess water is in structural sections than when

there is 1ittle or no excess water there;

(c) Rainfall rates in most parts of the United States and Canada
are greater than coefficients of permeability of subqraﬁes
(gzﬁura1 or compactéd), hence the well-known bathtub condi-
tion (i.e. when highway's structure is saturated with water };

] and the outlet possibjlities are non-exjstent), tend§ to exist‘
‘ Ii’n most pavementé for significant amounts of time each yean@‘ : ‘ g
ol

“(d) As a consequence of items (b) and (c), most modern roads,

airfields, and other importgnt pavemetits ére actually very
s]ow]y draining systems, and many contain excess water for
exteqsive periods of time a number of times each year, which’
greatly accelerates losses in\.se'rviceabﬂit_y and increases -~ ‘ '“ 1

refair and replacement costs.

2,5 SoiL PERMEABILITY

iE .Soi1 permeability is the rate of‘diffusion‘of a gas or;liquid
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cients of permea.bﬂity are considered to have poor drainage quality. 1In
highwa}; drainagae, soil permeability is an indispensable factor, and sir;ce
the coeffici.ent of pei"meabﬂity‘may range from 5 flt/day to éO0,000 ft/day,
ofie migﬁt find roads which are 1 to 15,000 times more drainable than
others. There are certain factors that.inﬂuence the soil permeability;

these factors are:’
. - [ ]

1. Grain size: It has been Shown that permeability can ‘be expec- d
~,ted to vary with the square of‘ the diameter of soil partjc]es, e.qg. Fig.f
2.8 illustrates typical permeabilities of soils and aggregates. The influ-
ence of fines on the permeability of manufactured filter aggregates is.
* demorbtrated in Tabl;; 2.1, which lists ranges in permeability of some

washed aggregates grading from ’1 inch to finer than the 100 mesh sieve.

- \

P ”
140 <= -
. . %
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Dry weight, 130 5 —— 'D"O/
b/cu ft N % S
1/ cu R B % PRl |
120 &' o3 N
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10 \:" ey Toots k - -
. \J‘ oo/ey [y
. % \Q”O‘r, V\Oxb/‘ ?2.
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& %o Nl
\\:r \oo
[-4 ‘
90
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80 .
8. 7 -5 ‘ o ‘
w10 110" 151078 151077 1x10* 0000 001 04 1 i0 .

Coefticient of permeability , cm/ sec

. Fig. 2. 8 — Typical ranges of car—vffwtent of pemeabtlzty of various
soils [10].
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Percentage Passing '
* Number 100 Sieve Permeability, ft/day
0 ‘ - 80 - 300
2 ) 0 - 100
- Ry e
4 . 2 - B0
6 . ' 0.6 - .20
7 0.2 - 3
Table 2. Zﬂ—- Influence of Percent of Minus 100 Fraction on Peme'a-‘

bility of Washed Filter Aggregates [10].

5

: ) . Lo . : . s
constructed in a series of horizontal layers that vary in grain-size distri-

bution and permeability. These deposits aré generally more permeable in
a horizontal ‘than vertical direction. The arrangement of soil particles .
éan influehce permeability in two ways:

a. by sorting or stratification

b. by detailed orientation of particles and the.balling-up of fines

or broad dispersion of fines.

B

r

3. Viscosity of the Water: Viscosity of a given fluid varies

L

with temperature, and since in highways, water is usually in"a normal »
temperature range, viscosity may be considered constant .as far as permea-

biiity is concerned.
f 1

4. Dispersion of Fines: Soil particle arrangement can have a

}
majo%'iﬁfluence on permeability (and other soil properties). For example,

if soils are compacted in a reTétive]y dry state, a comparatively harsh

[ O 14 - JE—— e e
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permeable structure is usually formed: On the other hand, if Targe amounts

of ‘moisture are present, the particles tend to slide over one another into

»

.

a re]afive]y well-knit, smooth, impermeéb]e’type of structure.

5. Density: Density, although less "important than g}ain size
and soil structure, can have a substantial inf1uen€e on permeability. The
‘densér a 'soil and the smaller, the pores, the lower its permeability. Thus,
for this reason, the consolidation of a soil enters in the picture, where

the lesser the consolidation of the soil, the higher its permeability.

hydraulic structures. In highways, for instance, compacted clays (subgrade)
»

can‘contain shrinkage or shear cracks that render such formations many

times more permeable than the clay between the cracks. The same is true

for jointed cracks.

the coefficients of permeabi]ipy of earth masses in the development of
projects in which seepage conditions will be changed by the project, it is

. - ' . important that the scope of the study take into account the size ;f,the
soil or rock masses fﬁat will influnece seepage behaviour.

! *

Table 2.2 provides common ranges of permeability of soils varying

from fine clays to gravels [30]. : ; A'

. N . . .
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2.6 EFFecTs oF HicHwAy CoNSTRUCTION ON GROUND-VATER

- For a better drainage in the process of rbad degign, the designer
must, consider the effects that thehconstruction work will have on the
ground-water regime both in the short term and in the final equilibrium
condition. The following is a brief description of situations that hay

arise due to ground-water both in cut and fill condigions.

2.6.1 In cut: Delays 11 highway construction are mainly attri-

buted to ground-water than to any other reason. On high free water table

b

situations, problems may include seepage from cut faces pr slopes, parti-
cu]ar1§ in stratified deposits, the collapse of uniform fine sands, bogging

down of construction plans and extensive spoiling by wetting of material

which could otherwise have been used elsewhere on the project. Where a .

cut is through moist clay, or intercepting a more permeable artesian

aquifer, seepage may cause liquification and mud flows in cut slopes and

softening of formation materials. If the artesian head exceeds the over-

‘burden pressure, the base of the cut will be forced up (refer to Fig. 2.9).

When for economic reasons boring and pits are terminated just below
the depth of a cutting, underlying artesian conditions can easily be

missed, leading to problems. during construction.

2.6.2 In_fill: Being situated above ground level, fills count
for fewer problems than cuts. However, they may compact dn underlying .
aquifer causing lower permeability and a back-up of ground-water. Where

settlements are large, fill may becohe immersed in flowing ground-water

" which may 9;ode certain fine grained materials. The presence of high

piezometric pressures on pre-existing shear planes’or soft clay bands in

et el s o s Sl a .
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WATER PRESSURE HEAD
IN AQUIFER

——

a- SIRUCTL!RAL CONDITION FAVOQURABLE _ 70

DEVELOPMENT OF. AN ARTESIAN SLOPE

POTENTIAL  WEDGE/NON -
GCIRCULAR SLOPE  FAILURES

BASE, FAILURE WHEN
¥w—hy > ¥c.he
PRESSURE HEAD LARGELY
JUNCHANGED BY EXCAVATION
, N
SEEPAGE  IN he Y
BATTER FACE Ll
VERTICAL SEEPAGE PATTERN ’ : :
ALTERED BY REDUGED ~LENGHT \
OF SEEPAGE PATH - CAUSES
SOFTENING OF ROAD FORMATION :

b- SHALLOW CUT-—AQUIFER NOT

'

POTENTIAL WEDGE FAILURE

SEEPAGE/ FROM
EXPOSED FACE MAY
-CAUSE INTERNAL EROSION .

PENETRATED '

DRAINAGE REQUIRED OURING

CONSTRUCTI )

TO PREVENT SOFTENING AND FLOODING .

c- DEEP CUT— AQUIFER PENETRATED

" —
-

PRESSURE HEAD REDUCED
AFTER PENETRATION OF AQUIFER

Fig. 2.9 -- Permeable artesian aquifen and noads in cut; - (b) Shallow
{c) deep cut. [18]. LN
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sloping ground below an embankment may result in instability [18, 19]. ’

_Wherever spring lines or reldtively high water tables are encountered,

movement of heavy earth-moving plants can cause severe degradation o% fhe
rdad formation which may necessitate special stabilization treatment before
continuing wfth'operétions.

For both cut or fill, extra precaution should be taken by the
designer to predict as accurately as possible tﬁe presence and conditions
of ground-watgrs. It is preferable to spend a greater amount of money

El

'in drilling and sampling, rather than being faced with an unstable ground-

N

water situation during construction.

/

2.7 CULVERT GEOMETRY AND PAVEMENT DRAINAGE

Culvert practice is a complete subject by itself, althodgh cul-
verts do not influence directly the rémoval of excess water from pave-
‘ments. They can, however, indirectly hindér the normal operationof sub-

drainage systems. A simple example is the linkage through joints which can

add unwanted water to the pavement structure. Another common problem (in .

cold regions) is the heaving of pavements; pavements swell at quﬂﬂjigﬂﬁft;_

“tions and cracks occur during the spring thaw period. These cracks trans-

fer suéface water down to the base layer. One way to avert heaving of
culverts is to employ non-frost susceptible (granular) materia]s.around
culverts in transition, especially when the crown (cdlvert’s higheSt\point‘
from the inside) s not far below from the road surface. Ecopomica11§>\\

\

speaking, there are many culverts that the annual‘investmeht in the U.S. \\

alone is well over $200 million, to which might be added a cost for main-

“taining and rep]acing'those that are poorly designed and may cause damage

o

~

o’

>

~———
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to the pavement, or may bécgme hazardous to fhe road users [43].
Culverts 1in modern highways may be classified according to

- ’ two general uses:  the first is maintaining the natural drainage cﬁanne]s.

The second is in éoﬁtinuation of ditch drainage throygh access roads to

connect with natural drainage channels [15]. In order to prevent ponder-
'%ng, embankmenf erosfon, and the reach of stream water to the pavement

PR itself, the following geometric considerations should be Jooked at in

different culvert construction fields:

-

1. Location of culverts: In general, the best overall drainage
operation will occur when the culvert is located in the original flow chan-
nel. However, culverts may also be located on one side of the natural

channel, thereby shifting the location of both the inlet and outlet

{ . s .

2. Channel Division: The diversion of channels is done also
for economic reasons, because if a natural watercourse crosses the road-
way obliguely, it may be economical to diyert the natural flow through a

. shorter culvert b} crossing the roadway at a right angle. Figure 2.10

illustrates four plans of three possible channel diversions .

. 3. Transverse Interceptor Culverts: An interceptor culvert is

71ocated where it is necessary to drain low portions of drainqge dlitches.
“esIn other words, if the direction of flow in a ditch is concentrated in /

9~£2mmon Tow point, and the water has to cross the highway (by a culvert)

,. N

P

in order to catch a stream or the adjacent ditch, then the culvert used.

is an interceptor culvert. Usually, here, high flTows are not encountered, but in-

adequate desian may cause flow dver -the roadway.
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Plén No. 1
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Plan No. ?
‘Plan,No. 3

- Plan No." 4

a—ar

Originﬂ channel

LTS S : ~

¢

4
»

>

k4

R e’ocafed
channe|

skewed crossing, no channel relocation  required.
-~ inlet in original channel,\downstreém chanpel relo-
,cated. y {

-~ inlet and ocutlet didplaced wiéh ﬁpstream and down-
stream channel relocation.

~ outlet igféziginai gﬂannel, upsﬁre&m channel relo-
caled. R
. ° #
Channel diversion due to culverts [31]. ‘ ©
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" itative theoretical technidue. .
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~- 4, Ditch Drainage Under Access.Roads: This is the most common

- f

form -of cd]verts'encountered. In dééign; the culvert should maintain‘the \

‘natural drainaga of the ditch [31]; _it shatld achieve continuous'f]ow in °

the ditch with as little interference or éhapge in‘the water surface as

possible. 7 .

ﬂ ’ .( \l
The preceeding sections have attempted to provide a general back-

ground and presented some fundamental facts in relation to the subject in

_question. ‘Thé’f011ow{ng Chapter will proceed to describe the various

methods of handling excess watér’thﬁough an efficient qualitativé and quant-

Ke]
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- THEORETICAL CONSIDERATIONS AND GOVERNING FACTORS

e

The inflow-outflow phenomenon is a basic criterion in develop-

ing ‘a rational draihage design method.

-

Thus, it is imperative to start

off the discussion berxp1ainin§ Darcy's Law and the concept of flow

nets.

3.1 Darcy's Law

road, or downwdrd

+

—

"do follow certain fyndamental laws of nature..

of forms as illustrated beTow:

« Q

[]

kiA " where —

kiAt ¢ - : o

vdA

kA ,
ki = Q/A
k'i/ne = vd/ne

average vé)ocity'fﬁrough .
the total cross-sectional
area - !

- 28 -

; . The flow of water upwand\from s§11 formations into sections of

- . Y
through porous pavement into structural sections, down-

ward into permeable subgrades, horizontally in bases or through shoquers,

Darcy's law is commonly .

[}

A

used in estimating the flow rate [10]; _it can Be exbresseq in a variety )

seepage quantity

hydraulic gradient in
the direction of flow

cross—sectional area
perpendicular to the

flow

time
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‘ The seépage ve1ocity,VS, is the average ve]oc{ty through the

pore volume, and the effective porosity, Nas is the portion of the cross

~ section in which the water is flowing.

3.2 Frow Nets ,
—_— 2 ﬁ

‘ In qrder to develop an equation for f]ow of water fhrough par-
. ous media, the fdl]owing as§umptioné are, generally, iﬁvokeﬁ:

1. the soil fgiﬁomogeneous

2. the voids are comp]éte1y f£illed with water

3. no consolidation takes place ' .
4 s0il and water are incompressible

5. flow is laminar, i.e., Darcy's Law is valid.

\
Based on the continuity concept, a quantity of water entering

any element must be equal to the quantity of water leaving the same ele-

" ment [36]. Stated mathematically:

Bu/3X + 3v/dy + Wz =0 ... . ... .. ..(32)

“where u, v, W are diséharge'velocities in the x, y, and z directions.
Considering Eq. 3.1 in the form Vg = ki, the components of the discharge
velocity become: u = -kdh/dx, v = —kdh/dy; and w = ~kdh/dz; replacing
these in Eq. 3.2: '

1

al-k(dh/dx)] , a[-k(eh/dy)] , 3[-k(dy/ez)] .y
X ay Iz .

Considering the coeff{pient of‘permeabi1ity, k, as. a constant, the partial

differentiation of the above equation yields the following:-

L




3%h . 9%h--, 2a%h
wz t dy? *

S0 e e e e e (303)

; .
. H

This is a Laplace type equation for three-dimensiofal flow of water through
porous media. ln two dimensions it has ‘the form:

3%h ‘B'Zh_ ’ * ﬂ
e v ) T P ¢ 3 |

" wheére the term h represents the head.

Solutions to Eq. 3.4 are ggnera]ly obtained by éraphica] flow‘ '
nets, although different approaches can be fd]]owgd such as finfte differ-
ence techniques, finite‘éTement method, analog models, etc.™ The graphical
flow net solution consists of two/fami}ies of curves that intersect at

right angles to form a pattern of square figures. The lines of one fami]y :
are called flow 1jneskwhi1e the okhers(are called equipotential Tines.

- The flow lines represent possible flow paths through a cross section.

The equipotent%a] Tines represeqt lines of equal energy or head.- Figure 3.1

”shows‘denera] conditions for seepage lines. Although the number of indivi-

-

’ Free water surfoce 14
{uppermost line of seepage)

[AY]]
=
Oh 7 St
- )

h
___‘_f_a h 1
ah [3
A

R Tr

Equipotential

~ lines , ) -

. ’ '
-, P

Pig. 3.1 — General'cénditioné,fbr seepage lines.



dual paths is nearly infinite, the flow 1ine§\drawn in any flow net are

but a few of the paths that water can.take in flowing through a cross-

o o o
‘section. ‘ , ,‘

3.3 INFLoW-QuTFLOW AND CONTINUITY EQUATIONS

s . .

The inflow-outflow concept is the basic step towards a compré—
hensive design to eliminate the exesss water from pavéments. For the
sfructura] sections of a road not tq be filled yith excess ‘water, the out-
flow capabiiities of the paveménts mué% be at least equal if not greatef
than the inflows from a1i sources, ie.: o

B0 0> Il Lo e ... . (3.5)
\ - ¥

In Eq. 3.5, I represents all inflow sources and 0 represents all out-

flow sources. Taking into account all possible inflow and outflow sources, o !

Eq. 3.5 can be written in a more comprehensive form as:
O¢ +OS+%+OR+f5 > Lo+ I+ 1o+ 1 ... (3.6)

The terms in the above equation have the following meanings: IS
. , B ¢

. 0E = surface evaporation (usually neg]Wéﬁb]e) : !l' i ,
. ) o . e ; !
OS = loss by lateral seepage -
OP = loss by subgrade percolation or drainage
DR = loss by pumping fhrough cracks or joints A
:OD = water remQVjF through subsurface drainage
|
Ig = surface infiltration (often major source). ! .
Ic = capillary water .from wate) table (usually minor)

I = ‘water transfer from adjacent wet areas or from under-
lying ground-water or springs, etc.

}H = hydrogeni§ed water (usually neqligible).




In the past, it was beljeved that IC and IH were major coﬁtribu-

tors to excess water pressure in highways and IS was almost negligible.

However, numerous investigations by the FHWA have shown that IS (surface
infiltration) largely from rainfall, and I (for ground-water), are the

only significant source of water in pavements. In cases where surface in-

!

fi]tration is the only major source of inflow, and OS’ Op, and 0R are -
. \ G .
small enough to be neglected, the outflow-inflow balance becomes:
. . . -~
U T O (3.7)

1

It is preferable to include a factor of safety, C, in estimating the

quantities of water that need to be removed. Includirng this assumption,

Eq. 3.5 becames:

20 3 CZ1 o v vt e C .. (3.8)

| .

and consequently Eq. 3.7 can be written as:

OD 2 C(IS f I .. (3.9)

0
Most actual situations inthighways can be truly represented by
Eq. 3.9. However, in reaching realistic solutions when estiméting the
permeability, the safety ?actor, C, ought to be at least 4 or 5. Here;
Darcy's Law or flow nets may be used for méking this estimate. Then the .
required thickness of the primary drainage layer can be dgtermined from
the transmissibi1§ty of the base.
Referring to Fig. 2.4 and ekaminiﬁg the potential f]éw path
designated_as A-B, B-C, C-D, D-E, E-F, and by letting Q represent the

seepage discharge capabilities of the various pérts of .the flow sequehce

(estimated by Darcy's Law or any othgr analytical or experimental method),

.
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f 'the following expréssion needs to be satisfied if water is to be evacuated

5 " successfully from pavement structures:

A
. “‘*‘w' Syt

. ! ) B l
! ' QABS Q C \ QCD QDE EF ........ . » . (3.]0)

This concept is called the equation of continuity. Both Egs. 3.9 and 3.10
are useful “in developing a desian criterion for a subsurface drainage sys-

tem. ' ’ ‘

3.4 DRAINAGE TIME ESTIMATION

A]oné with inflow/outflow and continuity equa;ions, the/time'
factor is a fundamenta]Ve]ément in déye]oping a drainage design theory.
. An efficieﬁt drainage system should take into consideration the
time factor, which should be fast enough not to permit the paoling of water
tong after.a storm. This is particularly important in cold regions in
which freezing occurs to significant depths; £a1cu1ations should .be made 1
to make certain that no water can remain in structura] 5ect1on drainage \

layers long enough to freeze

Travel times in drainage systems can be determined using Darcy's

Law to calculate the seepage velocity, v_. Thus, ' '

'

‘-+
1
w

~.
<

. (3.11) .

L 3

where s = distance and t = travel time. The FHWA Guidelines sugéest

'that fOr high&ays the maximum travel time for water -in cold reéions to
be 1/2 hour and in a11 other areas where drainage is needed an allowable
time of one, hour to be used.

~ : Another important element of the time factor is the amount of

1ag in the fall of saturation after inflow ceases. If effective subsurface

1 . . 1




drains are not brovided, the outflow may be 1arge1ygqoqnward into the

subgrade.- Flow neté such as the one shown in Fig. 3.2 can provide a way

‘to estimate the outflow by subgrade drainage. From a flow net, the total

/

¢ r
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4 24 q

8 - I
PCC 1 -
ﬁubbgrsaenlulia?ow) asphalt concrete

aspha'. ~
concrete [\

!
granuia(A

base
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s

Fig. 3.2 — Outflow by subgrade drainage {16]. = . . -+

-

seepage quantity can be estimated as {ﬁllows: ’

Q= khnf/nd e e e e e e e e e (3.12)
~ C \
where k is the effective permeability 'in the Qanward direction, - h i$

the héad'causing the ﬂow,-nf/nd is the shabe factoé of the flow net in

'which ne is the number of channels and 4 the number of equipotential

}
. ~ 1 ‘ -
drops. PR

Another way\to calculate ti@ rate of downward seepage is by

“using

¥

QQT.k1A

Ly

a2 e SR
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where the hydraulic gradient can be determined by measuring the spacing

between equipotential lines under the structural sect1on and computing "i"

RN e

from i = h/1. For the ca]qu]ation of ugit seepage quantity (where A= §q.
ft.), Eq. 3.1 betomes:

= ki e e e e e e (3.13)

. To estimate the time taken to drain the road structure after a
rainfall stops, the fallowing procedure is considered. If the volume of
the water contajned in joints, baég']ayers, voids, and pore spaces in pave-
ments i$ désignated as_Qph then the time for this guantity of water to

drain out is estimated from the equation:

O:Qp/qs ......-....‘-..(3.14)

&

where t]OO represents the t1me for 100% of the quantity of water Q , and

a is the rate of d1scharge (downward seepage into the subgrade). ‘
Supposing a base drainage is designed w1th Tongitudinal col]ector

pipes, the fol1ow1ng formula may be_used for relating the factors affecting

9
the rate of drop in sdturation in the base after it has become completely

filled with water [40]? : ' o
neD2 ' ' ;
tso =2__86_E—|'T; @ e e e e e e e s e e e (3.]5)
, & o o
where — : )
tsp = the time for 50% drainage sloping base
- N = effective porosity o
= sloping width
k = permeabif%ty coefficient in ft/min
H; = H + sD, where H is the base thickness and s is the
cross slope of the base. A
v
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-When coefficients of peémeabil%ty‘are expressed in feet pér day,

the-lafter, formula becomes:: -

Equations 3.15 and 3.16 are ‘useful in calculating the total  number

t

of -hours per year that free water can remain in a structural 'section due

to surface infiltration. This depends on local rainfall rates that will

exceed.anxsgiven amount. The rainfall rate that can keep a given pavement

" filled with water will vary with the width of the .pavement, its slope, its

surface runoff character1st1cs, components and permeab111t1es of structural
sect1ons the permeability of the subgrade, and the depth of the water
table, where most of these parameters are taken care of in Eq. 3.15.

. For example: given Ng = 25%, D = 22 feet, k = 10,000 ft/day,
H = 1.5 ft and the combined slope (road and shoulder) is 0.038. From this

data, H = 1.5 + 0.038(22) = 2.336 ft. and from Eq. 3.16, t = 0.25(22)%/
2(10 000)(2 336) = 0.0026 days or 3.73 minutes, which represents the time

for 50% drainage for the given road conditions. ' T ‘

3.5 ESTIMATING -INFLOW RATES

“QIH the right-hand side of Eq. 3.6 the inflow sources Ic and IH

usually contribute very small quantities of water, the inflow for practical

solutions can Be sufficiently realistic if IS and iT are considered for
desigﬁ purposes. In the case of IT‘ if the slopes are done properly, the
problem of wet shoulders codﬂd'be d%sregarded also, and if the highway
profile is we]]tpositioned and well constructed, then this will take care

of the pfob]em of wet areas, while proper culvert design and construction




/

/

/

g i

¥

will eliminate problems due to springs. The only element tHﬁt remains'to
be estimated in IT is the underlying ground-water. Therefore, basically
two types of inflows need to be determined; surface infiltration and

ground-water inflows.

s

3.5.1 SURFACE INFILTRATION . |
The amount oquurféce infiltration depends upoé %wo factoréz

(a) the amount of water allowed into the drainagé layer by the wearing

course, i.e., the permeability of the wearing course,'and‘ (b) the amount

of supply available (design precipitation rate). N

@

.

The permeability factor that evaluates seepage due to surface
infiltration ig used under the term 'éloba] permeability’ (kg) which is
the average or effectfve coefficient of permeability of a small amount
of pavement inciuding discontinuﬁtigs such as cracks, joints, or other
open areas that allow water té enter. If a pavement\?g‘bui1t on an épen-'
graded (mécadam) type road with subdrainage system, the average global
permeability can be calculated by measurement of the outflow from the
drains\during and after rainstorms. Another way to ,estimate the global

-permeability of pavemenfs is to conduct an inflow ‘test on pavements 1in
places where the pavement at the spot has a free discharge underpeath.
' When dependable values become av€ﬁ1ab1e on the 'global permea-
bility' they could offer a practical method of estimating the surface

water infiltration. But the amount of the water entering a pavement

depends on'many other important factors as well, such as age.and condition

of the pavement, maintenance and effectiveness of sealing operations. For

large paved areas, the true peﬁmeabilitiés are .estimated on the basis of

design precipitation rates.

i <
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The U.S.- Federal Highway Administration Guidelines have recommended
using hour per year frequency precipitation rates as a design precipitation
rate. This is translated to the maximum rainfall in one hour that can be
’expegted to occur on the avegage once a year. There are maps where hours
per year freﬁuencies are provided, serving as a general guide for design,
il1hstratiﬁg practical design precipitation rates. |

. ‘ © According to the mentioned guidelines, for the design of infil-~

v

-tration rates, only oné-third to two-thirds of the design p¥ecipitation

rate is used, because only a certain peréentage of a‘givén rainfall will

infiltrate thevpavemeqt, while the remaining percentage will flow to the

side ditchés following the transversal slope g 4 e highway. To obéain

the design infiltration (surface) rate for Prtland cement concrete pave-

’ _ments, the Guidelines squest multiplication of the design in%d]fration
rate with a factor v;rying between 0.50 arid 0.67, and between 0.33 and 0.50

for asphalt concrete pavements. N

3.5.2 GROUNDWATER INFLOWS

ﬁ Theleffgcts of ground-water over highways both in cut and fi]?

P ~ conditions have been previgus]y mentioned. Howeven,'the most cénveniént
way fo control it is by using a subsurface drainage system aticritical sec-
tions or wherever they become necessary. Figure 3.3 shows typical longi-

+ tudinal drains for seVe;al roadbed conditions and ground-ﬁgter levels
lneeding control. Figure 3.3a shows control over sidehill seepage, while

‘Fig. 3.3b i11u§trates the necessity of fairly deep longitudinal drains

when:the'cut is below the elevation of the normal water table; Fig. 3.3c -

deals with wide road control over ground-water with three lanes of longi-

tudinal drains.




Fig. 3.3 — Longitudinal.drains for different roadbed conditions [
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_ The need for drains is determined through piezometer readings,

B

@

observation wells, general observations, etc. . Where adequate drains are
not prdvided, water can often be seen bleeding from joints oR cracks in
highways. «In éstimating inflows, any ground-water or other sources of
inflow fhat may be anticipated to reach the pavement sections should be
added to syr%ace infiltration in determining the amount to be‘reﬁoved by
the subsurface drainage system. When ground-waterseepaée quantities .are
“ eva]uéted, they should be of the same unit as the surface infiltration
unit (say inches/hour). ' ’
Suppose that ifris expected that ground;water will be flowing .
upward into a structural section from an underlying permeable aquifer. L
In such a situ§tion. effective soil permeability and hydraulic gradient
also play significant roles. Fig. 3.4 is a chart giving the equivalent
" infiltration per square foot of roadbed for a range of subgrade permeabili-

Al
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>
~ Fig. 3.4 — Subgrade permeability in [function of equivalent infil-

tration per square foot of roadbed [29]. -
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3.6 Estimating OuTrLow RATES ‘

Eq. 3.6,

ties and hydraulic gradients. If soil pgrmeab111t1es are relat1ve1y 10w

(generally under 0.1 ft/day or 3 x 10 "5 cm/séc), the 1nf10w1ng quant1t1es

will usually be tnsignificant Eompared to the surface infiltration. -

S

~

Considering the factors which appear on the right hand side, of

it can be assumed that the outflow due to surface evaporation, OE’

and loss by pumping, 0., are negligible for design purposes. Only a small

R,
amount of loss occurs through OE and OR compéred to the total loss.
When Bver Tonger periods of time, part of the inflow into the

pavement will eventually percolate downward to the subgrade, the resulting

outflow factor, OP‘ will be small if the subgﬁahe has Tow permeab{1ity.

a

However; in areas where thé'§0bgrade has‘high‘permeabi1ity, the amount of
outflow will be s1gn1f1cant, and in warm weather it w111 provide adequate

drainage. Thig 1s not true in cold regions because in the spring, for

example, water from melting ice and rainwater will mix and. become/trapp?'
in the pavement sect1ons and the top of the subgrade by unmelting ice “

beneath it. This is.known as the "spring breakup' that.c:; severe1y dam-

age pavement.

3

In this repd}t, methads of estimating 0S and 0P will be examined

and then lateral drainage of. base courses’and drains will be discussed.
. o v

s

3.6.1

< >~

Usually, the drainage through shoulders is insufficient to

eliminate excess yater rapidly. This is mainly-~due to the type of mater-

b

ials used in shouldérs which are fine-grained.. However, in Oregon, where ' °

‘ '

'DRAINAGE THROUGH SHOULDERS . . ' ' ’

oy
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gravelk'ballast'lhaving a gradation from 1/4 to 1.1/2 inches was used,
good shoulder drainage due to high permeability was attained [9]. If
rounded agéregates ére used, they will eventually be shoved under traffié.

This can be eliminated if highly angular materials are used under the

-

** .shoulders. ‘ : d . :

A convenient method of calculating the outflow through shoulders

is-by Darcy's Law in ‘the form q = kh(n f/nd) (which is incorporated w1th

.

flow nets). An examp]e to illustrate the procedure fo]]ows Assume that

a shoulder 1s over a granular blanket and the main discharge is due to the
joint between the pavement and the shou]ders and from the structural sec-
tion. If h = 2 ft. (thickness of the base & subbase and AC) and ne/ny =
0.06, then q = 0.12(k). Different coefficients of perméabi]ity would yield
differept values for the discharge. Since the ébnventiona] materials for

r
»

base and shbbase have coefficients ranging frdm 1 to 10 ft/day or less,

then the corresponding discharge according to the relationship is 0.12 ft?/

day to 1.2 ft3/day which is not a significant amount after all.

3.6.2 DRAINAGE INTO SUBGRADES

o “Normally, compacted subgrades have a ‘coefficient of permeability

of the order of 107° cni/sec (0.03 ft/day) [29]. This indicates that any

" beneficial draihage into subgrade is often quite small. Table 3.1 gives

posswb1e dra1naae rates into subqrades for pavements in fil1l. In Table 3.1

the natural water table s assumed to be relatxwﬂﬂy deep. According to

‘Table 3.1 drainage into subgrade is genera]]y considered almoét negligible.

L% ~
‘ 1
<
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Subgrade permeability, k .
] : : . Drainage rate
cm/sec ft/day « (ft /day/lin.ft)
1x107°% 0.003 0.02
1x10°° 0.03  0.18
1x 107" 0.3 . 1.8
1x10°% 3.0 18.0 '
1x 107 30.0 ! * 180.0
Table 3.1 — Possible drainage rates into éubgrade fbr'paveméht
on an embankment [29].
/ o

3.6.3 BASE DRAINS, BASE COURSES AND LATERAL DRAINAGE

If pavements on impermeable subgrades include 1ongipudinai pipe’
drains along lower edges, the only siggificant drainage ofteﬁ oécurs by
lateral seepage to the edge drains. The geometry of the road's créss-
section alone can db tittle . in he]piné fo achieve Better drainage of bases.
Ag.ramatic improvenient can be obtained irf high]y. permeable materials were
used in base construction. 'There are two factors that are impoftant in
seepage of flat layers; the thickness of the layer and Fhe‘hydrau1ic
bradient. In base drainage, both are re]ativefy small, tﬁus the permea- @
bility of the base material is crucial for dréinage purpogesl
Considering a typical road bross-sectibn 1ike the Sne illustra-
ted in Fig. 2.4, where the drains are at‘Fhe beginning of the base level,
“two important behdviours can be expected from such a situation:. the
num§er of flow channels in the flow net }ncreases in proportion to the ;!Ll R

number of join;s feeding water through the pavement and the hydraulic

gradient becomes steeper in the vicinity of the collector pipe. Based on

P

s s

—




thése factors, i; a flow net is constructed the minimum required permea-
'biTity of the drainage, layer is proportional to the tr&nsmissibi]ity of
the layer. Incidently, because the thickness of the base 1ayer is gener-
ally smali, it is difficult to construct flow nets for seepages. The}é-

fore, most solutions of this report will use the total inflow quantity

and the slope of the drainage layer (or hydraulic gradient) in esfimating
required coeffiqients of permeability by Darcy's Law; although this -
approach involves simplifying approx{mafions, the simplification is gen-

erally on the conservative side. éFigure 3.5 iTlustrates the disé%arge

capabitities (estimated by Dé%cy'f:Egkl\of drainage layers having a thick-

ness of 6 inches.

q=kia: Flowing tull : 6" thick : log-log

Discharge_ 1000 Z !
capacity of 6"

layer 100

(t13/day /hneur f1) )

0.00! : . o -
. ' ol - 10 {00 .I000 10000 100000 : ‘

’ Coefficient of permeability of layer (ft/ day)

L d
N
i

~

Fig. 3.5 — Discharge capacity of a 6-inch layer in function of
the coefficient of permegability of the layer [16].

.
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‘In a study of agricultural lands with tile drains [26], the follow-
ing équatibn for Surface infiltration foq)flat layers that can be removed

¥

by the drains was developed:

- Coog=khb2) L (30T
where — b ! ‘
q = the uniform surface infiltration discharge to side
drains .
k = the coefficient of permeability of the soil
h = the thickness . )
b = half the distance between drains.

Equation 3.17 can be proven by employxng Eq 3.12, obtained 1ndependent1y
from Eq. 3.17, where (in Eq. 3.12), ‘h’ s the thickness of the layer.

- After studies on the shape factor of different base layers, it
was estap1ished that it is approximgte]y equal to the ratio h/b of the

base in questions Dividing both sides of Eg. 3.12 by 'b' and rearranging:

R R R L)

According to Eq 3.18, Wﬁdifsha11ow layers would be much slower
dra1n1ng than a narrow re]at1ve1y thfck layer of the same material and
permeability. Also, it can be expe;teéifrOm geometry alone that wider
pavéments will be more ijficu]t~to drain than narrow ones.

Having presented briefly the theoretical aspects, the fo]]bwing

_‘chapfef will proceed to describe design practices.

. . “
»
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e PAVEMENT SUBSURFACE ‘DESIGN .

¢
4,1 GENERAL

In the.process‘of deve1op{ng_a design proceliure for subsurface
drainage, numerous studies have been Ea}r{ed out in order to investigate
the causé of failure of poorly drained pavements.. Morrison‘[28] for 16- )
stance, has attributed failure to poor subgrades, inadequate drainage or
ldack of maintenance. The U.S. Army Corps of Engineers [41] have undertaken
studies on base coarses on frost-susceptib]e‘9ub§rades and have come to(
the conc]uéipn that the pavement thickness and base tbickhess were not \\
sufficient to prevent the formation of ice lenses in the subgrade. Based |

on the experiments of FHWA, where several segments of roads were construc-

ted with a definite‘drainage system, it was found that such roads had more :

resistance to fajlure than conventional roads.

e

¢ Supposing that it is decided to provide a subsurface dra%nage
system for a §1ven segment o{;a highway, the first issue coming to mind
is fhe composition of tge subsurfate'drainage.system. A subgurface drain-
, age system has the following components: '
1. An open-gréded base drainage layer, located directly under.

AC or PCC, starting at one side of the pavement and extend-

. . . _46—




designej} should consider tHe'fo11owing situations where subsurface drains

fng to the other side, encircling the collector pipe

2. A suitable sub-base or filter-layer and where necessary,
an impervious membrane over the sub-grade. In Canada,

an additional layer is used as sub-foundation I

3. A collector drain (perforated or slotted) that runs longi- ' /
~tudinally. In cold régions the érain is placed in a rect-y
angular trench below frost peﬁetration level. In normal

or mild regions, it is b]aced in a shallow V-trench

4. Qutlet pipes which run out of the road structure transversly

enabling the water to reach the Tongitudinal side ditch S

5. Outlet markers on visible posts which protect extending
pipes, and indicate the location of the pipes for.routine -
-maintenance checks.

However, based on the conclusions of the FHWA [17], highway

H

are. not needed: ) g

a. -In locations where ground-water, spring inflow, etc., are
absent, the annual rainfall is below 8 inches, and the amount

of snow or ice which reaches structural sections of pavement

A
is insignificant '
\ AN
b. In locations where the subgrade is very permeable and the
natural water table“is very deep, plus.the subgrade is not

{ R
subject to freezing conditions

o S .

. .
\\ ,
- .
. i .
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¢. The road itself is‘not subject to heavy traffic.
N ' " “‘ ‘ ‘

4,2 Base LAYER REQUIREMENTS

- .
As far as the drainage system in question is concerned, the base
layer has to be very permeable (having a coefficient of permeability of

at least 3000 feet per\day). In order to obtain high permedability, cer-

tain gradation of clean aggregates has to be used; this gradation can con-

~

o,

tain any of the following sizes [44]:
. max. 3/8" to min. No. 4 - A .
b:wrmax. 3/4" to min. No. 4
c. mx. 3/4" to min. 1/2"

d. max. 1" to min. No. 4

e. max. 1" to miﬁ. 1/2".

¥

However, to obtaim the most optimum gradation, there are two criteria con-
cerning the open-graded materials for the best drainage: layer which should
be met viz. :

‘ 1. The 85 percent size of opeh—graded‘aggregates should be less

than 4 times the 15 pgrgent size; the pur?ose of this is

to narrow the range ofiparticle size. This criterion is

. expressed mathemética] by the fallowing eduaﬁion:

Des (85% is fiﬁer)<4éﬁs (15% is finer) . .. . . . . L (4.1)

|

2. For the purpose of pres

"

'ving cleanliness of aggregates, 2%
| .
of the layer should. be &least 0.1 in. in diameter; this

is expressed by {ﬁe folldwing equation:

. R 5! ‘
D, (2% is f1her) 2 0T M. e e e e . (422)
| . .

i
i
v
|

.
| N
. . I .
’ ' ‘
C . . f +
s : 1
i)
N 1

.
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Figure 4.1‘is a useful chart for approximately determing Dys of-

the éggreates once the coefficient of permeability is . known, or, vice-versa.

200
150
Approximate 100
coefficient 80
60

(ft/day) 40
30
20

M wh g @@

Fig.' 4 1 — Rough guide f‘or’ esttmattng coefficient of permeability
.of narrow size-ranged aggregates with no finee [9].
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. 4,3 DesiaoN PROCEDURE

" The design method, presehted herein, was developed by FHWA [17].
It is practical and its operations are carried out with the aid of pre-

pared charts.

It is composed of the following basic steps: .

Size of aggregate (in)

.

/

4
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a. outflow water quantity

b. water flow required time

¢. diameter and spacing of the collector pipe.

Once'these three steps have been determined and checked the
results should yield an adequate design.

A

. 4.3.1 OUTFLEW WATER-QUANTITY

To evaluate the guantities that can be removed, Darcy's law can
be emp]oyed.‘ The most important factor of the base Tayer in a drainage -

design is its transmissiblity.

Transmissibility =‘kA=$- s s e e . . (4.3)

%

" Transmissibility may be expressed as kt where t is the th]'ckness of the
‘ dr'ainage layer (because A = t x 1 foot). Figure 4.2 represents various

transmissibility curves where the drainage layer clear thickness is, plot-

~

t,edkagairﬁst':»ihe coefficient of permeability of the.layer's material, If
the trahsmissibility and the coeffi.cierit of permeability of the layer are
knowh, then the thickne;sg of the layer-can be determined from this chart.
It car; be seen from Fig. 4.2 that for a given value of transmis’sibli/ty,
the required thickness of the drain?ge. Tayer ciecreases as the coefficient
of permeability increases. Theoretically, maximum value can be—achieved
° by using materials with highest coefficién&_qf permeability.

Another useful chart is Fig. 4.3, where inf]ows\ (including sur-
face i‘nfﬂtrations and any other inflows converted to unit infﬂtr:at%on)‘,
are ’p1otted versus width of pavement for different coefficients of perm- .

eapility. In this chart two assumptions are made: firstly, the thick-

! N
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“ 40 000 °

k(t1/day)
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ke

ness of ’t‘;he layer is 0.5 ft‘. and sgcond]y, a cross-slope of .01 is equal
to the average hydraulic gradient in a draiﬁage layer. This chart helps
the designer ?::o differentiate between the drainage capabilities of a st_and—
ard-type of base layers ('1owey‘ Hne.s) and open-graded_base layers (upper
Hnés) which are recommended here. For example from Figure 4.3, a pave-

> ment about 33 ft wide (equivalent to 3 lanes) with a coefficient of permea-

bility of 10,000 ft/déy can remove a total inflow rate of 1 in./hour.

Transmissibility/foot of drain= kA =kt

/

K N
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P \\\ \ {f\ \\é,:ad o % \
\\ \\\ .o'?.,-rz,%, \‘{;% \i\ Q
~ »\\>< N g
oo NN NN
AN RN 1
'\)\Y - \\ \‘QK N
% .
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0.1

‘s‘

0.15 0202503 0.‘}_ 06 08 1012 1.4

«» Cleatr thickness (tt) (t)
N Y/

/

P

Fig. 4:3 — Transmissibility of drainage layers — cu. ft./lay/foot [9].
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Thickness = 0.5'

, 100 . -
10 — .
inflows
removed ! vsual .
2 range B
in/he/ft ,
, ~
0.1 !
¢ 0.0
, 0.001 |
0.000¢
<« 0.00001
Width ot povement (ft)
Fig. 4.3 — ~t‘apabilities of bases with edge drains to remove infil-
tration. Lower lines are for standard types of bases;
upper lines are for open-graded base, & = .001 [9].
\ 1 ) 0 3 '/) k3 . » )
N In .order to check the required coefficient of permeability in

£

actual design, Fig. 4.4 is very useful. It can be utilized for determining
the requifed'thickness and‘perm'eabih‘ty of op:en-grade subsurface drainage
layer that will remove a specified design infiltration raf:e, 1. The

value of I should be determined from maps at 1 hour/1 year frequency
precipitation rate as recommended by FHWA 1973 gijidelines. A factor of

1/3 or 2/3 should e applied (as it was mentioned ‘earljer), to determine

«
N N f. N
)
- . e .
. ) .
. N . . 0
. .
N . . / .
. . : . .

-~




thé‘design infiltration rate I. The parameters in the chart are identi-

Fied as follows:

W= total width of drainage layer and pavement (ft)
1 = design infiltration rate (in./hr.)
C = kbtb (in.ft./day) = coefficient of transmissibility.
J
k, = permeability of drainage layer (ft./day)

tb = thickness of drainage layer (in.)

s = cross-slope of pavements
50 000" i} :
30 000 - . ' / ///ﬂ - '
20 000 : A/ . ////
W/s 10 000

7 000

5 000

3 000

2 000

1 000 '
700 a4 ./ (5%
soo | L/ /7//// i V/\U
300 /// 7/'///

' 200 ///Z ///
100 /// ///
1000 10 000 100 000 1 000 000
- ‘ Coefficient of rransmi:subnlily C (in-1t/day)
- . Fig. 4.4 — Coe}ficient of transmissibility versus w/s ratio [17].
”~ J”




. enough to freeze during sudden drops in air temperature. During temperature

()damages which must be prevented by 'fast' drainage. oy

v however, the chart of Fig. 4.5 facilitates this task. This chart represents

three- and four-lane highways. In this chart the cross-slope is taken as

7

In desiéning a drgjn, the actual thickness of the drainage layer
should be one inch gfeater than the theoretical thicknes§ determined from ‘lg
Darcy's law; this is a safety factor against contamination of upper and
lower Timits. As an illustration, assume that an open-graded layer will
be employed iri pavement as pa}t of a subsurface drainage system. Let the
thickness of the layer be 5 in., the‘widthﬁof thelpavement 24 feet and
the cross-slope 2%. Therefore, w/s = 24/.02 = 1200 ft. If the design ¥
infiltration rate is 1.5 in./hour, then from the chart, the required
coefficient of transmissibility is 50,000 in.ft./day. Thus from the
equation C = kbtb“ the required coefficient of ‘permeability kb = 10,000
'ft./day which falls in the usual range of Fig. 4.4.

4.3.2 WATER FLOW REQUIRED TIME )

After finding the capacity of the‘drainage layer for water

-

removal, the next important step is to determine the maximum required time
actually needed for water to be completely out of the pavement. In cold

regions, no significant amount of water that enters should remain long

fluctuation periods (freezing at nights and warming during the daytime), f ,

water can change rapidly from a freezing to liquid state causing repet1t1Ve

In order to determine the time, Darcy's law is employed. For

any assumed travel time the coefficient of permeability can be calculated,

a family of curves of highway thicknesses from 3 in. to 9 in. The grade of

the highway is plotted versus base coefficient permeability for one-, two-,
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© 0.02 (most common) and the, effective porosity, U

M
v
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L e r

= 0.2; %or’ an allowable

drainage time of'-] hour, each lane is taken as 12 ft [17]. A simple example
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Fig., 4.5 — Permeability required in ‘order to drcnn subsur'f‘ace drain-

w111 11]ustrate the use of this chart. Sg§5g§e that a two-lane highway,

hav1ng 1ongxtud1na1 grade of 3 percent (g 0.03) and a. 5" th1ck 1

age layér in 1 hour or Zess [17].

‘d\/‘

s

o

er,

réqu1res to have a minimum coeff1c1ent of permeab111ty of ]3 000 ft. /day

to remove the des;gn 1nf11trat1on. In order {hau the maximum travel-,1me°

doeés-

not exceed-1 hour, Fig 4.5 can give/ﬁ sat1s?hctory check by enter1ng

the S-1nch drainage 1ayer for two Tane h1ghways havwng a grdde (g) of

0.03,

the coefficient of permeab111ty can be ‘'read at -the bottom of the

) . .
N .
o \
f ! * . ‘ -
. . .
v v
. L4
f f
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| ' ' chart as 6,300 ft./day. This is 1ess than 13,000 ft. /day Therefo?o,

: the design 1J satisfactory; in other words, the road possesses a coeff1-
f ; cient of permeab1]1ty for the g1ven cond1t1on of 13,000 ft./day for

’\* . which 6,300 ft/day is the minimum required value. A comprehensive example
¢ is given at a laoer stage. '

* Should a shorter travel time be needed, the following formula

could be used to determine the minimum allowable permeability:

\, _— ~ H ;
‘ v _ b -
\li: kb i T T (4.3)
where . : )
. . T = desireq time
kb = permeability of drainage- layer with T'(time to drain) =1 hr.
’ kB = requxred permeab111tv of drawnage layer when T is less

) than 1 hour. \ N . 0

The value of kb is obtained from the chart for 1 hour. Using

the same numerical example, with the requived time being 45_m{nutes

instead of 60 minutes, then ké = 6300/0.75 = 8400 ft/day which is still .

\’;’/&than 13000 /ey, g o _
S | o

_ 4:3.3. DIAMETER AND- SPACIyG OF THE COLLECTOR PIPE

) \( ‘ 11 ) |
The FHWH proposed the monograph of Fig. 4.6 wh1ch can help 1n ¢ 1

determining the d1ameter of the perforated {or smooth bore) pipe and the

)

distance between outlets.

. *. Given: a) width of pavement (w) in feet

1

b) the design iﬁ?iltratioq\rate (1) in An/hr

.
[

,  ¢) percent pipe gradient (g},

a=

‘4

. Y ¢ L ; : - ’
. °, < ¢ . .
.' } * / . " Ve
l ‘ r 3 w - \ F -0
‘ " 2 - B - - -
r_ & ’ - ‘ -

ftbe steps for the use oi\thoﬁrormograpﬁ are as follows:




Fig. 4.6 — Normograph for solutiop of perfomted pipe dwmeters and

P

outlet spacmg [171. .
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4,4 DeEsiGN EXAMPLES ;

o

AN ,//
1. The designer assumes the type (smooth or corrugated) and the

diameter of the perforated pipe ‘ N

2. A<line is extended from the 'pipe gradient' 1line through
the 'diameter! line to the pivot 11:ne (1) (

3. Another 1ine is drawn from the given (I) through the given (w)
to the pivot line (2) S

4. The points on the pivot lines {1) and (2) are conne.c:ced by inter-

secting 'the dista'nce between outlets' line.

The value on the reading is the required distance for the assumed diameter.

The designer is also free to assume the spacing of the outlet

pipe and use the normograph to de/ter‘mine the nearest required diameter.

.In any,case; the operatﬁon‘ should be repeated for differj“ent combina{tions

of diameter and spacing and then the pair (diameter and spacing) most

suitable for the project is chosen.

L AR

In most cases, the pipe gradient is equal to the gragient of

the centerline of the pavement, al ugh in special cases it may not be

" so. For instance, in areas of yery fflat Tongitudinal grades it might be

more economical to steepen the\gradé of the pipe to permit the use of

smaller diameter pipes. .

.

Having acquired the basic tocls and the necessary theoretical

background it is now possible to solve typical actual problems to iljus-

trate the .designb of subsurface drainagé ystems that will be adequate for:
’ o Q

1. The transmissibility required to drain the estimated inflow

o

~ 2.-The permeability required to give the inflow water the suf”fi,cient ¢
freedom of rapid flow.

U (

: L ~ 7
ERTILAEL NS
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/ N
4.4.1 EXAMPLE ONE [9] = | |
Given:, Secondary highway or Regional highway o N

One lane each direction (total of two lanes)
Longitudinal grade 5 percent,€§/= .04)
Cross-slope 2 percent (S = .02)
Design precipitation rate 2.5 in/hr

_ Infiltration factor; 0.5
Effective porosity of drain, 0.02
No groynd-watér, or ;ubgrade effects. - ///

-

-~

Darcy's law should be' applied on a 1 ft-wide strip in the direc- =

"N tion of the flow. The length of the flow path AC from Fig. 4.7:

——

L = AC = L = NAB2 + BC2 =N442 + 222 =49 ft.

: (Since AB = 22 x —8% = 44 ft) " ;
. ¥

Find the hydraulic gradient (i): * . '

o * A K -Ah '
: - '=—%,whereL=49ft

. ﬁ

AhAB = g(AB) = 0.04 (14) = ].7,6 ft

ah S(BC) = .02(22) = 6.44 ft t

AB

| AhAC =1.76 + .44 = 2.2 ft

- Thus, 1= %% -=.0.045
.‘” ’ N g
From Darcy's law, the required transmissibility is kA = 3, where

1
» ,
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Pig. 4.7 — Data for example 1 - Secondary Highway.

the desigh precipitation rate is: 2.5 x §' 1.25 in/hr , .
‘ iy

or. g = 1.25 in/hr x %‘- - 2.5 ft/day.

.

. Therefore, Q for all the area (49 ft2?) is:
A =49 x 2.5 =122.5 ft3/day. *

Using the above equation and replacing values for Q and i,

then:‘
B

~

e aisn: Q. .
Transmissibility = K/ i _045 = 2722 ft? /day
\ } . - )

\
— This indicates that the base 1§yer drainage for this road must have a

transmissibility of at least 2722 ft3/day. Based on the above-transmis-

. sibi]ity value, the thickness of the base layer may be detennined by

>

assuming' severa] drainage 1ayer thicknesses and then check1ng their permea-'

b111ty It shou]d be ment1oned that the th1nner the layer, the higher " 4Le
N~
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permdability.

First Assumptioni Assume a drainage layer thickness of 6 in.,

4 " i.e., g}fective thickness of 6" - 1" = 5 in. or 0.417 ft. Therefore,.

0.417 ft x 1.0 ft = 0.417 ft?

. A=
kA - 2 . . : .
k = X where kA = 2722 ft</day i
2722
-k = Gg77 = 6538 ft/May

Second Assumption: Assume a drainage layer thickness of 4 in.,

i.e., effective thickness of 4" - 1" = 3 in, or 0.25 ft. Thus,

0.25 ft x 1.0 ft = 0.25 ft?

- >
u

Then, from

k = 5%, where again kA

2722 ft?/day)

k = 2282 - 10,800 ft/day. - . '

aino

An additional analysis is required to structurally determine the 7
. o
bearing capacity of the layer (e.g:, California Bearing Ratio Method),
and most likely a 4-inch-layer is less desirable for such a highway.

A thickness of 6 in. will be used with an effective thickness

of 5 in. ,
A
*  Minimum Required Coefficient of Permeability (k)
‘ \ - For the minimum required k the chart, on Fig. 4.4. shouTd be .
) . used.

‘ - '
First, the ratio w/s {s 22/.02 = 1100 ft. (It should be noted .
that w/s is ebual to the ratio of the seragé distance to the hydraulic / .

. . g
gradient L/i). Combining this ratio with I = 1.25 in/hr, the value of the




- 62 -

1.

v

i
§ Ve

coefficient of trahsmissibﬂity‘\ C can be read from Fig. 4.4 as 33,000

in. ft/day.

As C = k.t , then k, =\\% = 33,000 in.ft/day. For effective L

\
thickness of 5 inches, kb = 33000/5 = 6600 ft/day. This is s]ight]y
higher than 6532 ft/day. However,\ it should be ‘considered from a prac-

tical point of view as a vahd check to the value obtamed with Darcy's
A .
law for an.effective thickness of 5|in. ’ /

3

Required (k) for a drainage time of one (1) hour

The chart in Fig. 4.5 may be used to check the required 'k' for
a drainaqe time of 1 hour. The check is a; follows: the family of curlves
should be used for 2 lanes since the shoulder = 10 ft; for thé given
, 1ong1'tud1'nai grade of 0.04 and the effective thickness of 5 in, the coeffi-
cient of permeability can be read at the bottom of the chart at 6500 ft/day.
This is less than the required transmissibility (k) of 6532 ft/deiy.‘ The = -

assumed layer's drainage section is therefore satisfactory.
g

-

Size of open-graded material
t
& After minimum design requirements vhave been established, the

drainage layer specification would be: the thickness of the open-graded
layer = 6 in. And the minimum coefficient of permeability would be: V

6352 ft/day+ 25% of 6352 ft/day(as safetyfactor) 8165 ft/day, (say 8500 ft\ﬁQiay). '

.From the chart in Fig. 4.1,for a k_ value of 8500 ft/day, the
layer should have a D;s between 0.17 and 0.20 inches. C
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Size of drain pipe and outlet pipe gbacirng

The nomograph in Fig. 4.6 is used for the spacing of the outlet
pipgs an‘d drains' diameter si(ze. A 5" diameter _(corrugated) pipe is
assumed. From this and g = 0.04, a line from riéht ;o lTeft is drav;n,
which intercepts pivot line (1). From I = 1.75‘1'n/hr and w = 22, a second
line '1's drawn which intersects the pivot 1iné (2). By joining the -poc'rits ‘
on the two pivot lines, the spacing can be read as 800 ft on the distance

line. Because this is a considerably large spacing (maximum spac%ng'

‘should not exceed 450 ft) [29], a shorter pipe spacing should be used.

Thus, a 5" diameter .size will remain adequate.

.‘Summar
The drainage base layer system involves, (i) a thickness of .

6 in. (i1) coefficient of permeability of 8500 ft/day (iii) D}‘s per

. cent size material in the range of 1/6 to 1/5 inches (iv) outlet p"ipe

spacing 6f 400 ft (v) drain diameter of 5 inches (corrugated).

[

/ “\
4.4.2 EXMMPLE TWO [9] .,
Given: Hig/hway with twc; lanes in each direction (with shoulder s.
10 ft large) ‘ ‘ ‘ .
Llongitudinal grade of 0.006 . | - . |
"6ros§ slope, s = 0.02' . . -
"Design precipitation rate of 2.0 in/hr
) Infiltration factor of 3/5
' " Effective porosity of drain = 0.2 /
Ground-water inflow with k equal to 12 ft/day
Ground-water upward hydraulic gradilnt. i-= 0.4 p 3 _

1]
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!
.
- y

The required transmissibility

Firstly,'Darcy's Law is to be applied ona 1-ft. strip of road-

%

way in the direction of the flow. Calculating the length of flow path
. @
AC from Fig. 4.8:

2

S ’

AB = 34 x 0.006/0.03 = 10.20 feet
L= AC = NABZ + B2 = yT0.27 + 34

[

'35.5 feet

The hydraulic gradient (i) is found as follows:

hy_g = 10.2(0.006) = 0.0612

:h

B¢ = 34(0.02) = 0.68

hA-C = bA-B + hB—C = 0.0612 + 0.68 = 0.74

. 1= hgoy = 0.74/35.5 = 0.021

&
¢
#
= — - ~ €
' g= .006 ,
—_—
sz .02 '
» .
N ‘O' ' \
o = —— - - e e we e = e e = e o e - ——
8 c
I‘ *'\

. \
4 .
N

e e b e e
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The require& transmissibility given by Da'rcy's Law is kA=0/i.
The desigwn ptecipitation rate is 2 x 3/5 = 1.2 in/hr.

q per linear foot ='1.2 x 24/12 = 2.4 ft/day.
: 4

Therefore, Q; (due to infiltration) = 35.5 x 2.4 = 85 ft3/day.

"+ Here, the gr‘ouhd-water inflow should be elevated and addeci to‘QI\

With Darcy's Law, the ground-water is estimated from the follow-
a |

ing: ‘ : A
! .
Q =.kiA N

qu = (12)(0.4)(35.5) = 170.0 ft®/day

The total Q is Qt = QI + Qg = 85 + 170 = 255 ft®/day. Hencey the trans-

\

'missibﬂityf kA = /i = 255/0.021 = 12,150 fti/day. This means that

the base Jayer drainage for this';}'oad must have a transmissibility of at \(j‘ v
least 12,150 ft3/day. Based on this value, the thick‘n‘;ess of the base \
layer must be détefmined. As in numerical example 1, this can be accomp-
1ished by assuming several drainage layer thicknésses and checking the
permeability, which is the most important drainage characteristic of the
base layer. > «

‘ First, a drainage layer thickness of 6 inches (effective thick-
ness of 5 inches or'p.417 ft) is assumed. Thus, A = 0.417 x 1.0 ft = .417
ft. From'l; = kA/A (wherKkA = 12,150 ft3/day), k = 12150/0.417 = 29137 ft/day.
, | Secondly, a drainage layer thickrlxess of 8 'inCF.IES (effective
thjckness of 7 inches or 0.583 ft) is aésumed\, where A = 0.583 ft?. :
Then, k = 12150/0.583 = 20840 ft/day. ﬁ-»s-»--.-

; A drai‘n?;e, ayer thickn.ess of 9 inches is a]sg assumed, ]]a,ving
an effective thickness of 8 inches, or 0.67 feet, and A= 0.67 ft2. There-
fore, k=kA/A = 12150/0.67 = 18134, ft/eday. o

Mo
.
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- . 3

L4

If the ecpnomic implications of eacé layer are ;E%bared with
one anq;heﬁ, it can be seen thaE the thicker (more expensive) the layer,
the 1owgr its coefficient of permeability (less expensive). However, if
the Jowest of perméab11ity (18134 ft/day) and, the highest of (29137 ft/day)

are compared to their respective layer thicknesses, it can be'seen_that

the 9.inch layer“s s 50% more than the other Tayer's thickness. On the

other hand, the difference in their permeability is not striking, and a

]

_‘permeability coefficient of 18134 ft/day is still quite high. Thefefore,

it is more likely that as far as the price difference relative to permea-
N . 4
bitity is concerned, it is less than the difference for layer thickness.

A

. .
. "~ A thickness of 6 inches would be acceptab1ezland structurally,

. a b-inch base is adequate. .

Minimum required coefficient of permeability (k)

, . For the miniﬁﬁﬁ*rgguired k, thé-charts in Fig. 4.4 should be
used. First, the ratio w/s is 34/0.02 = 1700 ft. Here, the-ground-water

should be taken into account in calculating design ‘infiltration rate (I)

¢ [ .
- Q. = 170 ft’/day o I =Q/A =170/35.5 = 4.8 ft/day
g . ,,q?., g ! '
* | Thus, 1, ='4.8x 12/24 = 2.4 fn/hr.

Therefore, the total equivalent infiltration rate, that is‘rainfall and
!

ground-water, equals:

—
nt

Entering w/s and I, in the chart in Fig. 4.4, the coefficieﬁt of transmis-

t
sibiTity is foJﬁB‘EC.s/Q45.000 ft/day]. Therefore, k = C/t, and "

-
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k = 145,000/5 = 29,000 ft/day. This is a close value compared to the one -

found by Darcy's Law on the first assumption. K ‘ . .

Required (k) for a drainage time of one (1) hour

The chart in Fig. 4.5 should be used to check the required 'k'
for a drainage time of one hour. The family of cirves should be u;ed fér
3 Tanes ;ince the shoulder = 10 fget.’ Therefore, for an- effective thick-
ness of S inches and iongitudina1 grade of 0.006, the coefficient of perm-
eaﬁiiity can be read at the bottom of the chart as 8300 ft/day, which is far

less than required. Thus, the assumed drainage section is satisfqgtory.
AQ"

Size of open-graded material -
ﬂ
After the minimum design reguirements have been established, the

A

drainage layer specifications are:

~

- thickness of open-graded 1éyer =6 in. ‘
~ minimum coefficient of permeability = 29137 + .25(29137)

v = 36421 or 36500 ft/day.
From the chart of Fig. 4.1, for a k of 36500 ft/day, the layer should have

a D,s (15 percent size) in the range of 0.44 to 0.56 inches.

Size of drain pipe and outlet spacing

Fig. 4.6 is used for the spacing of the outlet pipes and drain’ AN
‘vdihmeter size. A diameter of 6 inches (corrugated) is assumed. From

this diameter'énd g = 0.006, the l%ne_%rom right to ieft intersects

(1. From 1 = 3.6 in/hr. ahd w = 34 ft, a second line is tonstructed which
intersects the pivot_Jine (2). By joining the points on.the two pivot * .
lines, the spacingén be read which is 95 ft. This is relatively a =

'
.
. !
‘ . .
. R
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short spaéing, and if a greater diameter is chosen, a longer spacing will

. be obtained, which could bé economical. If corrugated pipe with 8.in. ¢
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\

is used instead of 6 in., the spacing is found (by the same method) to be

200 feet. '
. \ |
Summary .
)Jw drajnage base layer description ois: .
~ thickness o@n’nches o \ .
: - k = 36500 ft/day .. \
- Dyg = 7{16 to 9/16 inches size
Outlet pipe: . ‘
- spacing = 200 ft ’
- drain diameter = 8 inéhes (é;rrugated) i | \
4,5 ApproxIMATE DESIGN METHOD
A quicker method of deéign can be achieved wiéh the help of the
transmisSin]iﬁy charts”in Fig. 4.9. _zié chart is compos;d of a family v
of transmissibility curves roughly from 5000 ft)/day to 80,000, plotted
as Lpffective thickﬁess' in inche§'Ver§us 'coefficient of permeabiiity’
k (ft/day). The coefficient of permeability ranges Tro; 0.0 to 126,000
ft/day, while the effective thigkngss of the layeﬁ ranges from 0.0 to.10.0
inchés."The chart was deve]oped(by the U.S. Federal Highﬁay Administra- ‘
tion in studying subsurface s}stemé [17]1 ‘The designer should obtain‘at
first hand the required transmissibi]jty:‘\Then the thickness of the drain-
age layer: or the'goeff}cient of permeabi]it) cédlq be .féund by wsing this
c{art. . A L ’ ’f\ : 't‘\ L
e v ‘ { :
: |
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e . AFor example, assume forta certain case. the coefficient of

]

, transmissibility ’to‘ be 20,000 ft’/déy. For an effective thickness of 7—@ .
the permeabi}ity“ié 34,000 ft/day while for an‘\effective thicknesy, of 5'-'“1'n.,

~ permeability is 48,000 ft/day; and for a/n effective thicknés;s of 3-in., the
coefficient of permeabﬂﬂ;y is 80,000 ft/day With all these va]ues, the

-

+designer should ie ab]e to choose the most econonnca] and structurally

-

spund section. - ' . ‘n”

L, - For‘ the purposes of compamson, the results of numerical examplies

.'\

s 1 and 2 obtamed by ithk conventmna] ‘method ahd with the use of charts

(.\ (Fig. 4,9) dre displayed below:

@

L : *1 Total Layer. R . -
Example | Transmissibility. Thickness - ﬁonvent‘rﬁnal With a Charty )
1 . 2722 fedfday. | 6-inch | '_ 8500 ft/day 7000 ft/day
. } “ ‘« ) 3 ’L ‘ '* . ° ’
2 12150 ft3/day ‘e 6-jnch T 36500 ft/day 32000 fit/day
. 7 . 4 '
,' Y . - ) i ' L 4 - - ’
Table 4.1 — Comparison b Sjeen the results of Example 1 and Ecample 2, w9

. obtained by g ventwna?, method and approximate method.. - :

o= [

.
! & ~

The vélueS'obtéined by‘ he chart\mgthod are close toutygawi‘gi-nﬂ

v []

as exp cted, the reasons bgmg the many unpredictable factors such as® -
Wl r
atmospheric cond1t).eﬂs, varymg ground to?ography, fluctuatmn aof* the

number of users of the roadwsystem, dynamic, ground yater activity. cpntamm’

b

-
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K R . [
ation of materials, negl¥gence during cSnstruction by worhgrs, ete.  Never-
theless, a proper design provides a certain assurance that ynder the'
assumed conditions, the system will perform satfisfactorily.

Up to this point, the need for highway drainage was identified,

the type and mechanism of damage caused by excess water was exposed’

several methods of water accumulation and disposal from highWay seétiqns‘

El

: : -~ ' o )
were described, and a criterion for controlling outflow was presented,
) ]

3 , .
theory and design procedures weﬁe formulated. Having covered the abov
mentioned parts, it is 1mportant to complement the p1cture in the P5110

1ng chapter by reviewing actual construction methods of the drainage system

1

itself. The compos1t1on§end the general trend of the used materlals need
? f

to be treaFed In addition, a brief remark abglit the maintenance of the
des1gn eléments ig also presented A11 these w111ﬁ%§;empt to give answers

toﬁﬁhe‘rema1n1ng issues & s L N ~

1




= . CHAPTER V

CONSTRUCTION AKD DRAINAGE MATERIALS . ™

- 1 ~

" v
5,1 DRAIN%GE MATERTALS

1

" LA

4 ',V:’ 7 v‘

< In previous parts of this report, the badia characteristics fo

5.1.1- THE BASE LAYER

*

/ base ldyer materials have been mentioned. Any material which will be
v (used in a drainage system should be tested Afor the following main.charac-*
‘ ter'ist'ics‘: , (a)-gradatioE\ (b) durability [21] (E) resistance"?co frag-
» tng%tatmn (2] (\d) organic matters ,[42] (e) abrasion [4,3]. “Some of
the tests can taken in the pit, egg , organic matters, whi]e‘other,
tests should bjtaken after the matema] has been hau]ed toward the road
i.e., in-situ gradatwn ) |
When the pern1eab1hty of \extreme]y ‘coarse 1azer§ is tested care
A should beLexermsed because the f]ow most prob}bE wﬂ} be sem1-turbu1’tant,
- \ ) Nhus, Darcy s Law may tend to over estimate the discharge capab1ht1es :
of the layers. From gradatwn s point o v1ew, in order to ensure h1gh
permeabﬂ1ty and prevent segregatwh the base 1ayer 3 mq\ema]s shou}d
<«  fot be b1gger than,one inch nor confam.pater‘la]s ﬁner ‘than No 4 [16] .
,‘pstandard sieve size. This %an prov1de permeabﬂﬂnes in t?e' rang® of

e~ 6000 ft/day to 120000 ft/day, which m tur‘n w,]_L result -in h1gbwgﬂ ues

"’ N P ® »«"j
4 . ,
* ™ t N
.*" . ’ . . T -‘72 - \ , \
v . ‘ &
X 2 v F ' ) ‘w A
. ) . W
| - . T \ . / .
] f\ h e
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. . - \ N
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of transm.issibﬂit'y..\For example, in-a study by Childers [11], it was
found that a re1atwe1;\]bw permeability such as 100 ft/day requires
R . that materials runmng into the crusher not contain more than 20 percent
pf pancTes pa§s1ng #10 standard s1eve size; compaction can also reduce

- permeability. ’ y

./r S - It may be concluded that the presence of small ’s/ized sieve part- \
T A . - . T g ] : )

-y - icles is what mostly inhibits’ permeability. ) -

In the literature, the vord 'dual-layer' is commonly used in .
¢ . . .- ) P .
’ A t relation with subdrainage syst’em;. This term means an open-graded layer
’ ' i\
. plus a protective layer (filter). However, in cold regions, and espec-

N : . ;1‘51]{31% construction is carried out on unfavourable subgrades, a second

. J ~protec’cive layer (sub-‘foundation) is used.” In the absence of the second

C,. ¢ . e .
protective layer in cold regions, the contamination of the first protec-

N

.o tive 1a$fer due to re;ﬁet,itive ll%aving and thawing will eventually clog
. . S
. the dramage base 1ayer 1tseH’ The thickness d¥f this layer is re~1jted

Cm e e to the subgrade so0il. Table 5.1 shows some suggested thicknesses for'

. ‘ . \ :
. various-soils. *° . - . . _ \ \\, ‘
3 “ ' : ,\ l : & ‘
. It should be mentwned that together wwth the protective layer,
& .
a. material made of cloth 1s widely used

The use of this material ' ’ f
is prac’mca] because [t is ready- mad 1t e ily meets the spe‘c.ifications, _
afd it is easy to insta]] (it is hght and can\be roHed over ﬁhe su_l} ‘
t grade dqré’ctly) as compared to heavy gravel type ﬁrotectwef‘//yer mater- &

% ials, '_ ”’/ , A : ‘ I

The charactemstws of both p]aZtlc fﬂter c]oths and ordinary,

fﬂters are descrwbed as follows: . R -
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— Sub-foundation (dens\i fied thickness, at centbr) —
National or Regionaﬁ{ﬁoad Municipal Road

Soils orr Ordinary
Borrow C]@\smﬁed as—

GM anc}\GC 30 ey (12 inches)u\,\ 15 cm (6 inches)

SM and SC 30 cm (\2 :mches)

45 cm (18 inches)

“CL, ML, OL%, -

A “ B .
60. cm (24 inches) . | AS cm (18 inches)

OH*, CH, MH |
< 1 ~ .
’ * These organic soils should be subject to «am
| special attention. o Y
Table 5.1 — Guide to the thickness of granular borrow materials [37]. . :
b

- ’ F) i
.

. . o~ A
5.1.2 FILTERS™ 3 ’

H 'U : » ‘ﬁ
o Filter protection was introduced by™. Terzaghi to prevent

He used coarsé grained ]ayers
!
placed over an appropmate “Fﬂter that prévented the intrusion of fmes
8¢ ,

into the water‘—removmg 1ayer‘ Since then, this practnce has been w1de1y P

heave and pipi.ng‘ failure in dams [35]

ust ‘The U. S _Corps of Engineers. estabhshed the foHowmg re]at1onsh1p

for filter ‘design: . ' e ‘
s Das [offilter) £ b or g0ty L L DL (5) 4

-

. \ . 1Y
~- In order to ensure uniformity of gradation, an additifnal criterion has g

‘ . n , ' , H

- been sugge§ted:

7 > i \ ! . ! ‘ ‘ . ' 4 .
© - \1 \ t .

. ++ *Dso ( °f fitser) ég Dsg (of soﬂ) C45.2)

) 5 )
. r"\ ¥

»

Ifj(hese two criteria arg sat‘Tsf‘red the chances for soﬂ f1nes tormix °
e RN

g -

w1th the filter materials would diminish. . Special-care shou]d be){k’en

whenever the subgrade s made of hlgMy unstab]e soi]s, such as_silt,

S LK S

4, ) ) «
»

<@

a
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lay and unstable sand. In these conditions, a thicker.layer of filter

¢
hould be placed to protect the base layer., ., .

 5.1.3. SYNTHETIC FABRICS oo -

filter and for other uses in road construction. Some of ‘the advantages of
; , ;

these fabrics are as follows:

&y o

RIS

I o

_Highway engineers are increasinghy using this type 6f material as

N VU

- ’,

- 1. _It is easy and rapid to install énd manipulate, e.g., it can

be cuth w1Eﬁ7a knife around manho]es, etc
ﬂ -

2. Remarkab]e strength most construction equ1pment can drive on

1t w1thout tearing it “ \ .

L /G. H]gh1y successful in prevent1ng clay from mixing w1th the h1gh-

‘ .
c.,May structure.

Y

-

. R w7 \
,  sub-grade and the sub-base, the use of fabrics reduces the thickness of
l;‘ . ( " e

the additional layer; it is equivalent to twelve inches of sand or any

,

acceptable gravel [14].

L

~; - 'Another important use of fab#cs, as far as drainage is con-
cerned, is dits emp]oyment to engulf perforated pipes comp}eteiy 50 that
L]

§>\\ o fine mater1a1s w1?4 not block the holes 3? the pipe, because fabrics are

h\gh]y permeab]e. Tab]e 5:2 shows” the_ma1h.character1st1cs of the
& ‘ . N

»

= farbmcs [38]. . ~

~ : The nature G% the fabr1c cons1stsaof one of the following

threg;categor1es po]yester, po]yam1de and a comb1nat10n of nylon -

) » fibers and polypropyline f1bég!P[27] In Canada, the use of the £é4brics
: <
- starte N the early sewventies; European countrles used it earlier.

#

; 0 ¢ \ - x c N
Tea R » . .

C
¢ N
_“_M. TR st —— L t o~ b . - - ™

“In cold climate where an extra layer is necessary betweeﬁ the

AV
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‘ ~——————— Type
Filter Cloth 7609 7612
Primary matter. . 1007 polyeste 1007 polyester
. (dia.' 28 um) (dia. 28 um)
Density . . . 1.38 g/cm? 1.38 g/cm®
Weight . . . .. .. E 300 g/m?" 400 g/m?
Color «. . . .. Ce e e PR white white
Tensile force, ASTM D1682 ... . . . 87 kg 110 kg
Y Tearing limit, 4-GP-2 12.2. ... 45.8 kg 59 kg
Splitting 1imit, 4-GP-2 1.2 . . 24.5 kg/em® | 32.3 keg/em?
& Stretch at rupture. . N 70-100% " 70-100%
Filtration diameter . 20-80 um 20-80 um
Water permeability from a 35.Lm 16.7 ml/em?/sec  13.2 ml/em?/sec

ohead :

K |

Table 5.2 — Important properties of fabricsys type 7609 & type 7612 [38].

¢

5.1.4 TRENCH DRAIN BACKFILL
' j

[y

The main charatteristic of the backfill materials inua trench

“\

‘ \%s its ability to transmit water to the'drains. Whenever the natural

groupd;is hard or unstab¥e,.a special beddipg material should be used to

protect thggdrains: The bedding is.preferab1e to3be rade Bf uniform grad-
/

v - .
ation and notcontaining wery coarse materials. As far as backfi[l materials

r

aré“concerned the U.S. Corps of Engineers [10] have established the follow-

ing relationship ‘between the drain openings and the backfill materials.

: . '

For slots:

85% size of filfer material =

~ -

slot _width
\

85% sire of filtar material

b | .
>1.2 ... ..
N

. (5.3)

. (5.4)

For circular holes:

N
o 8

( ’ ¢
5.1.5. DRAINS

o

it to outlet pipes. The types of drains are: .

hole diaméter

> 1.0.

v

-~

. . . - - . N A
;  These pipes cgllect the water from the base layer and transmig
. . * : Y

T
3
o
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1. Perforated Pipe: It was first introduced in 1925 apd was

. made of steel. In normal use, from 6- to 10—jnch diameters should be

adequate to most highways. Figure 5.1 shows the general layout of a

v

- perforated pipe cross-section [6]. The coefficiént of roughness, n, of

1

corrugateﬁ, perfofated drains ranges fro;n 0.013 to 0.020 {X2]. Table

d

5.3 displays dimensions, thickness, and spacing ‘of perforations of “these

pipes.. ‘ : K . - .

? a.{\*' \

Fig.’ 5.1 — General layout of a—ﬁ rforated pipe cross~seétion
’ : ) 2].

- i »

4

L l
2. P.V. C -Slotted Drains' The P.V.C. pipes are more recent

as compared to perforated p1pes and are ug;hter and more_ ﬂex1b1e, thus
easy to mampu]ate trangport and install. The width of sTots varies

from 0.01 up to 0.1 inches. Figure 5.2 illustrates a six-inch P.\I.C.
8

*
' \ N

" drain pipe If s]ot width is correctly found by equation 5.3, then it

wﬂ'l ‘ensure free flow of water into the pipe w1thout clogging. *

[ -
S . . .
. -
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Minimum No. Minimum Width Normal
Nominal Internal of Rows of Unperforated Thickness
Diameter Perforations Segment Specified
" 6" (150my*” 4 4.5" (115mm)  .052 (L.3mm)
8" (200mm) 4 _7" (lBOm‘m) .052 (1.3mm)
10" (250mm), 4 9" (225mm) .064 (1.6mm)"
12" (300mm) 6 9.5" (240mm) 064 (1.6mm)
15" (380mm) 6 13" (330mm) .064 (1.6mm)

Table 5.3 — Dimensions, thicknesses, ond spacing Qf&)erforation
of perforated pipes [6].

Prara

.
, M_...w.ud.... P Y PO

<&
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» / |

Fig. 5.2 — swttegpvc pipe —, 1/4" I.D. [10]. ' ' T

-~ . - o\
3. Steel-Slotted Drains: Highway surface drainage by siotted

~dr‘ains is a new concept. Figure 5.3 shows a typicai slotted drain viewed

)f - from two different angles. Slot openings are 1-@3/4" wide.” The disadvan-
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i Fig. 5.3 — Typical slotted drain vicwed from twa different P
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tage of these drains lies,in their incapability to remove infiltrated

i watérs. However, they are highly efficient in fremoving' s‘ur‘fac,e water.

If the water flows at a depth of less than 6.2 feet, the drain acts as

a‘ weir and follows regular formulas for weir-type flow. If the water
flows at a depth of more than 0.2 feet, the drain acts as an orifice and
follows regular formulas for orifice-type flow [5]. Fi'guv:e 5.4 shows
'in situ' position of a typical steel slotted drain. The standard sizes
of these drains range from 12 inches to 30 inches.

' The principal cha.racteristics of this'drain are: (a) it pro-
vides practical solution to the disposal of surface water runoff

(5 ir1 cold regions, it does not hinder snowplow operations and minimizes

jce-hazard caused by ponding () it is safe for bicycles and pedestrians

(d) it has less chances to be clogged and it is easy to clean (by pres-

" sure hose). ¢

L Although these pipes will not drain infiltrated waters their

_rapid removal of surface water he1ps substantially to solve ordinary

drainage problems and reduce their impact especially in the absence of

ground-water. .

5.2 DIFFERENT ARRANGEMENT FEATURES

Now that dwfferent drainage materials have been 1dent1f1ed the

basic 1ayouts and details of their actual arrangement sdhould be presented

. before proceeding t_o construction and H;;er to mamtenance sections, B

A {)asu: rule is thag{i draining system should never)confhct

o

w1th road geometry; i. e , road gcyﬂ‘etry shou'ld be designed such that it




5-1/4"or
" I-3/4" i
2-5/16 . | 13/4"or 514"

5-13/16 ' é ) g tI 2-1/2"or6‘"

Profile
nom. pipe ’ ! qréfe slof
2-i/2" or 6"

digmeter

Fig. 5.4 — Cross;séction_of a typidal steel slotted drain [5].

B

5.2.1 TYPICAL CASES ,

A

‘ Typ1ca1 detaﬂs of the outer edges of the prevmus]ysdwcussed

.ot

.drainage system (under normal conditions) are shown in Figure 5.5. The
characteristics of each part in‘the figure are: ° o
a. For pavements that w1]1 have few heavy wheel Toads -at or near
| the outer joint or on the shoulder, the 1ong1tud1na1 drain can
he ]ocated at thg outer edge of the pavement, as shown in

Figure 5.5a

As pumpihg effects usually happén ;round the jointg then in
" order to p}‘otect th1s area, the 1ongwtud1na1 draw“n pipes can
be put nghtly outside the joint, as shown in Fig 5.5b.

This method is more expensjve than the one prewous]y ‘described
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' There is a strong possibility of b%i]ing on the fill side’and consequently,

, % . \.
L -8'3- (’:(- T A X ’u
‘ o -
c. If the road is more important and the qctire shoulder has to b &

be protected, the drainage 1ayef can be\sxtended and the longi- .

o
¥

tudinal collector drain located at the odisr far edge, as. shown

?n Fig. 5.5c

% ) '

P - .
.
'

d.’ In cold regions where sufficient frost penetration is expected:

deep rectangular trenches should be used (as shown in Figs. 5.5d.

S ‘and 5.5e). The presence of high ground water also requires ‘\

E‘ the use of rectangglgr trenches. In many situationf where there
is no ground-water and no appreciable frost penetration, shallow N
"V" trenches will suffice for the Jongitudinal collector drains,

as Fig. 5.5c shows.

, It is advisable wherever deep trenches are'dug in erodab}e sub-

grades, to line the walls of the trench with plastic filter cloth (fabrics)..

i

Thié will protect the special backfill filter frem being contaminatedf , '
‘ o '

§5.2.2 SPEGIAL CASES

Prevention_of possible boiling: Consider Fig. 5.6, where the

subgrade 3q;unstab1e and has a percolating zone on top of a saturated zone.

e gy e

sliding of the embankment. “In this case, a deep/t;Ench has beén used AN
which penetrétés below the saturated zone, the backfill being ver;'perm~

eable. With the'hid of an interceptor‘drain; the boiling prob1e& could

be avoided. The same drain can also assgme its functibn in jraining the

base layer. T '

*
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Fig. 5.6 — Prevention of boiling by intercepting % .,
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Slope stabilizatfon: Figure 5.7 shows an example of a typical .

» —— e e e

élope stabilization case. The presence of P.V.C. pipes lowers the satur-

ation level of the original ground-water. The double ditch is intended - ,

.t

to prevent erosion. By doing so, not orly the cut facel?i11 be reinforced, ¢

5

but this operation will éase the burden from the main!drainage pipe in

9

evacwating the highway's excess water.

B T

21

a highway is located in a deep cut and water evacuation by~g?avity is not f
possible. In this situation all the drained water should be direpted
to a sump.. When the:water reaches a predetermined level in the sump, it

will activate a pump that yi]l pump up and out the,accumulatidn of water.

.
N

This"is a rather expensive method of draining, but luckily it does not

. .t -2
happen often Spce the gravity method is the most frequently ehcbuntered‘

’

situation.

Y
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cussed in this report could be adapted to urban streets too. Figure 5.8
° . \

presents draindge features that can protect city pzkiements/ permanently

from .damage due to sur‘fabe infiltration and ground water intrusion.

Once again, »the principal part of the system i§ a hydraulically-desigmed

.

0
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oﬁéh-gnaded drainagé layer (around 6-1nches'khick)’which feeds surfate
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and ground water to Tongitudinal pipes. This drainage system under city

porous or cracked.
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Fig. 5.8 — Drainage system for highways in urban zones [10].
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Etreets not 9n1y protects pavéments from damage due to excesgive-water,
but also protects gutters and sidewalks from being unde%mjned by the
washing of soil into jofnts and cracks in sewers, which is-a common
occurrence in sand and silty soils, especia]ly at street intersections.

' Road Geometry: It is very‘important that the designer vjiuali%es
the drainage system in three @imeggions and search for any possible odd ;
situation in which water could be trapped bécause of road geometry or
that ,it will meander for long distances without reaching an outlet. . In:
reverse super—g]evated curVé;, for jinstante, transverse and edgé drains,
are Qeeded to prevent long meandering of the seepage path. In sag-vertfta]\

curves, the designer should provide a cross drain at one or more loca-

tions,'depending4on the degree of ‘the curvature. The drains should be
. - m

N ,‘_W_:_,._,_,;’ I

. '
e LS




. located at the’lowest point on the sag curve, becayse at this Tocation

the water tends to goncentrate most. .
; " Outlet pipes: Another area the des1gner -should pay particular
N\ attent1on to is the 1ocat1on of outlet p]pes ‘of subsurface drainage sys- t
~tems. The topography should be exqmined so that no off-ramps are prggent. ’ “-,
_‘A'chebk should be done so’that there will be no structure ©or other féa-
"ture,-either man-made or,nafura1, to iﬁterfer%;with free‘qraJity flow

, - . »
. from the system. If suitable exits are not available at predetermined
P AN - )

locations, then the designer should use longer spacings. The oﬁtlets ) T e
sﬁgg]d be high eﬁough so that the free éravity flow towards the ditches‘%j
is'aséureq: .In cold regions, the outlet pipes should'ge iﬁsulafed and

[y flap gaEes sﬁou]d be mounted at the outlet to keep the cold air odi. ' ;

" .
B
| . -

. 5.3 CONSTRUCTION OF A SUBSURFACE DRAINAGE SYSTEM

In order to achieve the intended life of a subsurface drainage
syste;, the‘construct1on of a h1ghway should be done sysxemat1ca]]y, and
above. a]] every stage shou]d be constructed w1th care. The -following

. aﬂ@’some of the phases of a highway construction whlph are essedfia] tou

the normal functioning of subsurface drainage systems.

. 5.3.1 SUBGRADE PREPARATION | )
In dubgrade preparat1on, the f1rst operation w111 be the str1ﬁ\\

ping of the top soil (usually six to twelve inches th1ck). If the sub-

base is ‘more than three feet above the natdra] soil, then it would nof
.

be necessary to strip [21]. The second step will 1nVo1ve ‘the excavation

’

of ditches a]ong each side of the road By doing so, all accumulated
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" disturbed- Qur1ng the rest of the construction period. Col

.’watef w1]1 be dwrected to a safe out]et Somet1mes 1t w111kbe necessary

. A
. ta construct sed1ment traps to enSure the free~flow in the d1tches [23]

bpr s 8
.The th1rd“step wiTl be the codpaction of the natura1 ground The sub-

grade shou]d be dens1f1ed to’ at Teast 90% of its. dry density .of the maxi-
mum proctor compact1on test | The so11 has to be compacted to a minmimum of ¢

6. 1nches In h1gh f111s (of mganitude of f}Ve feet and OVer) the compac-
£

tion of the natural soil can be neg]ected because.the welght and the

., cessive compaction of the fill layers will dens1fy the natural grouﬁd as

Jeﬂ as stabilize it automatically. e F <

In cold reg1ons, whenever the natura] ground of a cut-sect1on .o

(»‘ !

, contains blocks larger than e1ght 1nches in daameter, then natuna1 ground

/
should be sacr1f1ced to a maximum depth, of two feet Th1s operatfbgvn11 ,

serve two purposes f1rst1y, the block m1ght cause severe, heav1ng/prob- -

“Tems and secondly, they might. trap water during constructign

Always, a° Certa1n s]ope shou]d be ma1nta1ned to/d1rect the

flow.towards the ditchés. The most common s]ope is 2%, but\1t is desirable °

¥

nAto use higher percentages Therefore, the subgrade should 'be ‘uniformly- h

]

'prepared S0 that ig will satisfy the requ1red s]ope Spec1€acatldh
Spec1a1 attention 3hou1d beﬂfa1d to earth de1ng equ1pmeht because

they usua1¥§ dlsturb the surfaoe .uniformity of/;hé subgrade Care shou1d

be taken so that once the subgrade ha;NBEEﬁ“compacted *it should not be

. v <. . Z"t -

' 5.3.2 TRENCH EXCAVATION AND #IPE INSTALLATION .

. ~Tre(})excavat1on can be done 1mmed1ately after the ditch excava- §
tion is completed. It is usua11y carr1ed out 51mu1taneous]y w1th“subgrade
preparation.q.The excavation operat1on can be ,executed with the aid of a, '

. 3 0 - b ’ ) . . s
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’ . )
bedding Tayer six to twelver inches thick should be provided.

w

During the p]acement of the pipes, care should be taken in order

;to avo1d brgaking of the p1pes and to prevent the 1ntrus1on of debris '

or other fore1gn matter 1nto the pipes that may 1mpede the free flow
of water. For a]] subdrale:§\accord1ng to ARMCO pub11cat10ns [6], it is

des1rab]e wherever poss1b1e, not to use a s]ope tess than 0. 2% Before

the backﬁt]] the designed slope should be carefully checked To ensure

10nger pipe ]1fe, the p1pe5 somet1mes are aspha]t coated by embedd1ng

them into'pools filled with Tiquid asphalt.

- ° ¥

5.3.3 QUTLETS \

N

Outlet pipes are not perforated because they do not caney water

directly from structural sections. The backf111 around the °“t1§$ p1pes

4
should be of }ow permeab111ty This will pre?}st the soil +piping a]qu ,

the pipe or the’trench. It is-preferable to build a stonaswall on the

“marase

" slope of the roaa/at the outlet pipe to prevent sliding'd? materials along

the‘shoulder and the slope from blocking the outlet pipes.

Ih high flow areas flap gates “may be needed to prevent entering
Ao

" sand and other matter into these pipes. To facilitate maintenance, wooden

_or metal posts should be placed at each outlet pipe.

bt
5.3.4 BACKFILL . ., L v
’3 After the pipes have been installed and checked the backfill
material should be placed es quickly as, possible, thus minimizing the

entrance of foreign matter, mud, debris nd o) forth. into the trench

The material should be placed uniformly in order to avoid segregation.

Figures 5.10 and 5.11 show the dumping and backfilling operations. The .
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. Fig. 5.104— ;lnq operation of a trench material [5].
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backfill materials- should be  compacted into successive layers, ant\the
layer thicknesses should not eyceed 12 “inghes. The backfill layers should

-

not be ovgr-l:ompactéd because they can feduce the perme'abiﬁty of the. .

filter material. If fabrics.are useci, care muét be taken so that the

. - J :
backfil), material. will not damage them.
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. Fig. 5.11 — Backﬁilling.opez'a'gzion of a trench [5]. .
’ TN |
5.3.5 THE ROAD .STRUCTURE
The construction of the base, sub-base, s;b-foundation, special
filter layérs shouid" be carried out according to the specifications of
.of highway construction codes. ' )
< During the construction period, particular attention 'sho'uld be
paid in order to avoid contamination of these layers. Contamination may o

be caysed by loose subgrade partic’]es or by dirt which can be found on the .‘

-

-
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tires of heavy c0nstruct1on eqm pment. If during constructmn, water |
has been trappéd on the surface of thg highway platform, then, before
proceeding to, the hauling of highway materials, the t:rapped water shou]d
be evacuated safely. l ?
Segragation of the materials should be avoided. This is~very

important because the gradation of highway materials is'formuléted such

that after compaction, the finer particles will tend tg fill the voids }

causing a more stable substance. This can onl’y hapben if vthe materials
are graded according to the specification§. This gradation not only 3

will make thefghway layers more stable, b\ut it will help obtain the .

required degree of compaction easier. Each layer should be parallel to

the cross grade of the highway. /The hauling operation §hou1d at least

be directed in a way that the circulation: Qf heavy equipment will not

be permitted to travel over finished cross grades.

5.3.6 LAVING OF WEARING COURSFS

. -~

Before laying the AC Tayer on the open-graded base drainage

layer, the latter should be prepared according to highway specifications.

Y
The purpose of this preparation is: (a) to gwe the road surface the

required theoretical shape, aud (b) to recompact the road surface which

might be disturbed due to traffic. ’
When PCC wearing course is placed overvopen-graded Buse drainage
- layer, special procedures should be developed so that the fliow of c?ment
mortar will be prevented from flowing down into thg® layer. When cement
mortar penetration into the drainage ]a_yer is doubuful; a reliable met\ﬁbdn

7

il . "




) of'testjng‘can be carried out by po&ring cemgnﬁ on small surfaces over
the draihage 1ayéf, then vibfating it to simulate actual construction pro-
cedure. After the vipration, the slab will be removed and the drainage =*
1ayér will be'examined. A simpler method to determine whether the mortar
‘cement w??7\penetrate the ‘drainage layer is the dumping af the concrgte.
If the sTump is under three or four inches,\it is very uﬁ%ike]y‘that any
signi?ygant penetration will occur. . N .
> Nevertheless, if very co§r§e opeq—graded bases are used, a thin
layer of stone chips at least one fourth the fifteen perEent size of the ,

open-graded base could be used as % smoothing course and as a seal against
. o~
mortar penetration into the drainage area [17]. Mortar penetration should

e L \
always be detected because it is harmful as far as drainage is concerned.

<

55.8.7 INLETS
Inlets are special openings Whicﬁ éol1ect the surface water and
convey it to a subsurfaéé drainage pipe. In ins£251ing inlets, the gates
should not be placed hidher than the surface of water. This will cause
water pondering (hazqrdéus in cold regions). Théy should not be placed
Tower than the surroun&ing surface, since this can cause driving problems.
. The inlet gate should be properly oriented to maximize the inlet capacity.
Whenever inlets are set back from the normal curb line, a dangér to the

traffic is created. %ccordiné to the Highway Research Board Réport [24],
a guard rail should b#placed at such places. )

o
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5.4 Roaps AND’DRAINAGE SYsTEMS MAINTENANCE

Not oniy the drainage system, but the whole highwa( itself . will '
have longer 1ife expectancy and function effectively ag\#nte&ded if. care-
& o ‘
ful and timely maintenance operations are carried out in the spirit of
) N T

preventing any possible deterioration. ' R > 3N

'
PN >

Normal paintenance, if carried out as it_shgu]d'be, could save
an enormous amount of money. Effective maintenance -eliMinates major
construc;ion operations in thé long-run. Precaution should be taken 50 )
éhat normal maintenance operations qill‘not démsge subsurface drainage ‘ u}
systems through cére]esé conduct.  On the ‘other hand, tﬁe/Wack of these “P
. operations should not reduce the effiéiencyqof the drainage gsystems. In ‘
the following seéctions, some of the more important‘maintenaﬁcé'qperations

- are going to bé discussed.

5.4.1. SURFACE MAINTENANCE : PR | ,

The road surface, during its lifetime, égcumulateg many undes-"
) ‘ , o
irable elements such as mud, blown sand, wind-blown silt, and graved from K
shoulders. These materials need to ,be removed rapidly to prevent skidding

v

probfems. If these materials are left ﬁo: longer. time over the surface

Eead

¢ of the highway, tﬁey will, through rain, reacﬁ inside the base layer

through joints and other openings.

-

. During asphalt repairs ‘or hot AC placement operations over drain-

-

age-base ]ayefb, care should be taken in order to -avoid thé penetration -

of Tiquid asphalt into the base layer. OQutlets shoﬁ]d be free from dumped

-

forefgn matter, as this is important for maintaihing stéady discharge of

the drainagé system itself. ' : . .

>
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5.4.2 MAINTENANCE OF OUTLETS

'If iﬁ a certain project erosion problems are not foreseep, then
it is.most 1ike1y tHZt pipe outlets will be compietely b]ocked,by debris;

weed ‘or grass can impede thé ocutflow through these outlets. This ean

be prevented by the été;ilization of the soil in the suéroundind ér?as

of the pipe. The maintenance of outlet pipes does not reguire large

amounts of time. A general inspection of the outlets should be carried

out at least twice a year [39]. At every inspection, the outlet shouldé _

be cleaned, if necessary. Y

&t . ) /‘
5.4.3 MAINTENANCE OF MARKERS

[ ,

Outlet pipe markers are very impaitant as far as maintenance is
<
concerned. THe object of maintenance of outlet markers is: (a) to.keep

—

the maréers visible, and (b) to check that at every out]?t pipe a marker

post is present. Outlet markers are sometimes damaged by vandalism, lack

L 1

of maintenance, etc. Therefore, they should be inspected periodically.

i
~

5.4.4 GENERAL MAINTENANCE

-

~

A1l maintenance wotkeys,should be aware of the importance of
Qrainage structures to the hjghway. It is essential that all genéra]
highway maintenance operatiohs engure free f}ow of water to safe,auf1ets.
Theréfore, when outlets discharge into natg;al or constructedtditches,-

“periodic checks should be made to be sure £hat the ditches are kept free
of obstructions. . ‘

Special attention is to be paid to the surface water. The in-

TetsJand other structures should always be yept free of any debris that
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may block the flow qf,watef. In cold regions, the presence of surface
-water coujd be very dangerous, especially at intersections. _For instance,
according to "The Design for Canadian Roads and Streetsﬂ_[BZ]L in order
to provide for'adequate drafnage at an intersection, a minimum grade of
0.5% is recommended. Nop only. all iﬁ]ets should be free of debris, bu%
fthis minimum grade should also be respécted. )
Nevgrthe]éss, all structures such as manholes, drop structures,
energy dissipation struc%uhes, §p1ash'b19cks, gtc. should -be periodically
1n;pécted and repaired if ﬁecessaryn After all, as the "Handbook of
Steel Drainage aﬁd Construction Products" [25] states: “Often, a small
repair jdb will preVent,a Jarge repair job, or even comp]etéﬂfailure,

later on.” . o
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6.1 ConNCLUSIONS Ty

*

. made:

1.

Based on the subject presented the following-
o
The slow évacuatfon’of water~fr?m the road foundation is the
main cause of highway failures: Genera]]y, the presence
of water has a detrimental effecg on pavements. In cold
regidns, excess water in payemeA(s js a serious problem

because of'the frost action; even thick sub-fgundations

do not provide a complete remedy (especially in cuts).

The major contributors to the inflow-outflow concept are .

ground-water and surface-water. Ground-water, up to a

certain extent, can be predicted through preliminary sur-

veys; however, no survey will produce information that is

‘ compyete]y\certain. Consequently, the designed drainage

systems should be flexible enough to be modified to suit
the conditions encountered on the site during construc-
tion, if necessary.

Present highway structuies do not permit ofprek evacuation

of excess water. They do not use highly-permeable bases

- 98 -

onclusions are
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together with perforated or~s)otted pipes as a basic compo-

nent of a fypica]r cross sectionk A]sﬂp, the 1ife of highways

built according to present standard'jgpéq%fications are

shorter than the life of those roads which are provided

with special drainage systems.

-

Subsurface drainage has g&zra]]y been Tooked upon as a qual-
itative problem with general solutions, while in reality it
is a quantitatjye problep that warrants defim"ﬁe solutions.
The' scientific approach presented established the fact

that better drainage could be attained by highly-permeable

. base 1aye}*, which is accompahied by perforated or slotted

pipes and outlet pipes. It has also been shown that a

wi'de, shallow base-layer would be muc%§1ower in drainage

‘than a narrow, thick layer of the same material and permea-‘

bility.

/

The drainage system proposed is generally less important in

© £i11 than in cut, because in fill the absence of ground-

water somehow neutralizes the problem. Fairly permeable
Tayers of base and sub-base (in fills) could provide accept-

able drainage without the use of collector pipes.

Special attention should be paid to dirt that is left on

the pavement. In open a'gricu]tura] zdnes, a considerable

. amount of top soil can be found on pavements, especiaﬂy‘

in autumn. This can iﬁfi]trate into the open-graded layer

with the aid of rainfall. =
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7: Ever since the first modern road yas designed at the end of the
| eighteenth century, road engiﬁeers had a negative approach I
. towards spending ap extra amount of money for drainage pur- . o
'pg;es. Considering'a11 factors, ‘the cost of road bui]ding has
. increased by 250% over the last fifteen years. Yet®well-
drained ﬁavementf will almost always be more cost-effective ) ey
than undrained ones, Because the former designs require
smaller quantities of vital construction materials over their

effective jifetime. o \

: . W ' ' R
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6.2 RECOMMENDATIONS
| ¥
¢ This study gives. rise to a number of interesting points that wa e

rant further study. The following are the most important unanswered prob-

Tems: ~Z\ * \ '

k]
1. At the‘;resent time no practical and economical method is avail-

+*

l agle~thag?wi11 keep pavements w;ter-tight for more than a brief
_length of time after construction. Most existing drainage
methods tend to be efpensive for practical use; research is
needed in order to find new practical and ecbnomica] methods

of evacuation of excess water from pavemgnts. « '

2. As far as grouﬁdwaters are concerned more accurate predic-
tion methods should be found through research. Also, more
economical remedies should be sought for immediate groundwater

» [y

problems during the construction period.

~
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In cold regions, no experimental, study has so far been carried

‘out cdncerning the drainage method discussed ‘in this report.

Therefbre, small segments of test roads located in cold regions
should be built according to the design method proposed. In
addition, models representing differe;t conditions should be,

built and tested.

By using highly permeable base-layer materials, where fines are
practically abeent{ajt will be difficult to compact this layer

up to the minimum degree of compaction required by €anadian

\1\ S ecificatiohs Thus, new methods of materials should be dev-

[

e1oped which will increase the compactability of this 1ayer

1 1
w1thout sacrificing its qua11ty of permeability.
Studies should te earried out to overcome the side-effects of
early temporary thawing (e.g. unexpected January -thaw). In
such a period, water that is drained through the base ]layer

freezes upon contact with deeper layers; this freezing inhi-

bits the dra1nab111ty of this layer wh1ch will be saturated and

could harm the pavement during temporary\ nd spring thaw per10ds

In view of highway'méterial shortage, many laboratori&s have been -

o

engaged in finding suitable substitutes. ‘Cloth fabrics for
e%amp]e are successfully used in lower layers of a road. ‘1t has
been suggested that ﬁ]y—esh among its man} uses, can be used as
backfill eround drainage pipes._‘Moéelresearch is needed for f:hd~
ing new materials and for effectively recycltng materials for

re-use.

e e



‘In yrban'areas, the problem of the contamﬁnatﬁbn,of the dpainage
water with toxic materials is becoming more and more serious.
Studies should be carried out to find out appropriate solutions

to this polluting probfem.
| | O

As far as construction cost and economics are concerned, the *

highway_éngineer should undertaké @Rggst feaé%bi1ity ana1ysi§

(for all highway projects) Qhen making a decision on whethe?

to use a drainage system or not. Hence, the answer to the jhteg—

ration of a drainage system into a highway should be obtained

\(ationally rather than intuitively. <

~
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