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Subsurface Drainage of Pavement Structures 
Current Corps of Engineers and 

Industry ...... """11
'""" 

WENDY L. ALLEN 

INTRODUCTION 

Drainage of pavement structures is recognized as a 
key factor in improving pavement performance and 
extending the maintenance-free life of pavement sys
tems. A conservative estimate of the increase in life of 
drained rigid and flexible pavements, as compared to 
their undrained counterparts, is 50 and 33% respectively 
(Forsyth et al. 1987). Incorporation of drainage into the 
pavement structure can also affect the necessary design 
criteria. The American Association of State Highway 
and Transportation Officials' (AASHTO 1986a) design 
procedure allows for modification of the design equa
tions to take advantage of the benefits of drainable 
pavement materials to reduce the structural section of the 
pavement. 

Poorly drained pavements exhibit several different 
types of distress. In flexible pavements, the reduced 
strength of saturated unbound granular base and subbase 
materials weakens the pavement structure, causing ten
sile stresses at the bottom of the asphalt layer, which may 
lead to cracking of the surface course. The weakened 
base and subbase layers may also rut. Additionally, 
water trapped in the asphalt concrete may cause strip
ping of asphaltic cement from the aggregates. In rigid 
pavements, water may cause erosion and ejection of 
subgrade or subbase materials through pumping action 
of the slabs, leading to the formation of voids beneath the 
slabs, and therefore a reduction in foundation support. 
The distresses that may result from or be accelerated by 
reduced foundation support in rigid concrete are fault
ing, comer breaking, transverse and diagonal cracking 
and edge punchout. 

Several agencies have produced guidance on drain
age of pavement structures or are currently studying the 
question. The U.S. Army Corps of Engineers (U.S. 
Army 1988) is producing guidance on permeable base 
materials and continues to update its criteria to include 
better drainage practices. AASHTO has included drain-

age of pavements in the Guide for Design of Pavement 
Structures (AASHTO 1986a,b). The FHWA has pro·· 
duced Highway Subdrainage Design (Moulton 1980), a 
comprehensive document on all aspects of pavement 
drainage. The FHW A is also currently funding a project 
on rehabilitation of Portland cement concrete pavements 
using edge drains (Baumgardner and Mathis 1989). The 
Transportation Research Board has published a Synthe-· 
sis of Highway Practice Report on pavement subsurface 
drainage systems (Ridgeway 1982). Many states have 
been using drainage systems for the last decade or more, 
including California, New Jersey and Oregon, as well as 
the Canadian province of Ontario. 

Pavement drainage systems incorporate features that 
both prevent water from infiltrating into the pavement 
and remove water that has infiltrated. Water is removed 
in two basic ways, a surface or storm drain and a 
subsurface drain. Surface drainage removes much of the 
surface runoff before it can infiltrate through the pave
ment or ground surface. Subsurface drainage should 
remove water that has infiltrated into the pavement 
structure through the surface course, the surface of the 
shoulders, the sides of the pavement structure and the 
sub grade. 

In general, drainage design requires that the engineer 
estimate the design rainfall, surface infiltration and the 
permeability of the base course, specify the filter and 
trench backfill material, and determine the geometry of 
the drain system, the sizing of the pipe, the spacing of the 
outlets and rodent control measures. Reluctance to con
form with practices that improve the drainage of a 
pavement still exists among designers, engineers and 
construction personnel. Their concerns include provid
ing sufficient pavement strength, the high cost of clean 
open-graded aggregates and changes required in con
struction practice to place open-graded aggregates. These 
concerns contribute to an inertia keeping transportation 
agencies and contractors from implementing changes 
that could save future maintenance expenses. 



PURPOSE 

The purpose of this report is to summarize drainage 
criteria for pavements found in Corps of Engineers 
documents. A similar summary of the practices man
dated by p1ivate, state and federal agencies such as the 
American Association of State Highway and Transpor
tation Officials (AASHTO) and the Federal Highway 
Administration (FHW A) will also be presented. These 
two sets of information will describe the current state of 
the practice for drainage of subsurface structures. A 
comparison of the two will allow for discussion of 
present deficiencies in the Corps criteria, as will addi
tional discussion based on current research at CRREL 
that has not yet been incorporated into Corps criteria. 

SCOPE 

For years advocates of well-drained pavements have 
been publishing material detailing the issues of pave
ment drainage. Discussions range from basic introduc
tion of the hydrologic cycle, and definition ofhydrologi
cal terms and quantities, to procedures for estimating the 
time required to achieve a specific degree of drainage, 
and design procedures to achieve this. The scope of this 
report is the design of pavement drainage systems, with 
an emphasis on subsurface drainage. The topics dis
cussed include 1) estimation of precipitation, 2) estima
tion of surface infiltration, 3) flow capacity of base and 
subbase drainage layers, 4) aggregate for drainable base 
and subbase courses, 5) filters, 6) pipes, 7) construction 
and 8) cold regions considerations. Surface drainage is 
included as an integral part of a well-drained pavement. 
Details on the design of catch basins and other fixtures 
of surface drains are omitted. 

The literature reviewed for this report includes that 
produced by the Corps of Engineers, the FHW A, 
AASHTO and several states and universities. The bulk 
of this material originates in the United States, with a few 
articles from Canada included. The information in these 
documents relevant to the design of a drained pavement 
structure will be presented in this report. Additional 
information, such as details of the Corps of Engineers 
construction specifications, are not presented in this 
report. The Corps of Engineers has several series of 
documents that deal with drainage of pavement struc
tures. They are Technical Manuals (designated TM), 
Corps ofEngineers Guide Specifications (CEGS ), Corps 
of Engineers Guide Specification (for) Mobilization 
Construction (MOGS) and Engineer Technical Letters 
(ETL). Technical Manuals give the most complete and 
general discussion of their subject, and typically have 
broader topics. Guide Specifications pertain to more 
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specific topics. Engineer Technical Letters are interim 
documents on criteria that have not yet been perma
nently entered into the Technical Manuals. 

The documents directly related to drainage of pave
ment structures are TM 5-818-2, Pavement Design for 
Seasonal Frost Conditions (U.S. Army 1985), TM 5-
820-1, Surface Drainage Facilities for Airfields and 
Heliports (U.S. Army 1977), TM 5-820-2, Subsurface 
Drainage Facilities for Airfield Pavements (to be up
dated in fiscal year 1989) (U.S. Army 1979), TM 5-820-
3, Drainage and Erosion Control Structures for Air
fields and Heliports (U.S. Army 1978), TM-5-852-7, 
Surface Drainage Design for Airfields and Heliports in 
Arctic and Subarctic Regions (U.S. Army 1981 ), CEGS 
02710, Subdrainage Drainage System (U.S. Army 
1989a), CEGS 02720, Storm Drainage System (U.S. 
Army 1989b), and MOGS 02233, Graded Crushed 
Aggregate Base (U.S. Army 1983a). Other Technical 
Manuals and Guide Specifications in the pavement se
ries reference the above publications with regard to 
drainage. An Engineering Technical Letter that ad
dresses the drainage issue-ETL 1110-3-381, Rapid 
Draining Base Courses for Pavements (U.S. Army 
1988)-is also being revised at this time. Outside of the 
Department of Defense there is quite a body of work on 
drainage of pavement structures that has been produced 
in the last few decades. General material on drainage 
issues can be found in the work of Cedergren (1974, 
1977). This work has spanned decades and involved 
several state, federal and educational agencies. 

ESTIMATION OF 
PRECIPITATION, INFILTRATION 
AND THE FLOW CAPACITY OF 
DRAINED PAVEMENTS 

The first parameter to be determined when designing 
a well-drained pavement is the amount of water the 
structure will have to be able to handle. The precipitation 
that will fall at the specific site, the amount of water the 
pavement surface will allow to infiltrate and the quantity 
of water that the pavement will have to be designed to 
remove in a specified time must be determined before 
materials for the base and subbase course, collector 
pipes and other components can be selected and the 
geometry of the drainage system determined. 

This section includes a discussion of the design 
precipitation event and the amount of water that will 
infiltrate through the surface of the pavement, a short 
discussion of infiltration from snow melt and the melting 
of ice lenses associated with frost heave, and the equa
tions to determine the quantity of water that must be 
removed from the system and that are used to determine 



the thickness of the permeable layers in the 
pavement. 

Precipitation ·1.2 

Predicting the amount of precipitation avail
able to the pavement surface is probably the 
single most important parameter for determin
ing the amount of water that will infiltrate into 
a pavement and therefore needs to be collected 
by the surface drains or removed by the subsur
face drains. The amount of precipitation during 
the design storm chosen, or the amount of snow 
melt predicted, controls the amount of water 
available for infiltration through the pavement 
surface. The duration and intensity of a given 
rainfall event are both influential. Ridgeway 
(1976) believes that duration is the more im
portant factor in determining the amount of free 
water available to the pavement for infiltration. 

Figure 1. Design storm index (in.): 1-hour rainfall intensi~y
frequency data for the lower48 states (after U.S. Army 1988b). 

In the Corps criteria (U.S. Army 1977), the 
drainage system capacity is designed using the rainfall 
rate, Ri, a value in inches per hour, for a given design 
storm. A surface drainage system should be designed to 
remove runoff from the 2-year design frequency rain 
event, unless exceptional circumstances require greater 
capacity. The 2-year design storm is also recommended 
by TM 5-852-7 (U.S. Army 1981) for airfields and 
heliports in arctic and subarctic regions. TM 5-852-7 
additionally discusses hydrological criteria. Subsurface 
drainage systems, under new Corps criteria (U.S. Army 
1988), will be designed to handle infiltration of water 
through the pavement from a design storm of 1-hour 
duration at an expected return frequency of 2 years. 
Figure 1 shows the design rainfall rate for the continental 
United States. 

Cedergren ( 197 4) bases his infiltration estimates on 
design precipitation rates developed for the Federal 
Highway Administration's Guidelines (Cedergren et al. 
1973), whose design precipitation rate is the 1-hr/1-yr 
frequency. Lytton etal. (1990) have developed a precipi
tation model as part an integrated model of climatic 
effects on pavements. This model provides simulated 
raw rainfall data in the form of wet and dry days for each 
month during the period under consideration, and the 
amount of rainfall on each wet day. 

The amount of water available from snow melt is also 
simulated in the model by Lytton et al. (1990). They 
assume that the equivalent amount of moisture that falls 
in the form of snow during the cold season will infiltrate 
into the pavement during the first half of the first month 
of the thawing season, when the average monthly tem
perature rises above 30°F. Nichols (1987) remarks that 
the quantity of water associated with melting snow 
depends not only on the temperature, but also whether or 
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notthere is associated rain, and the degree of compaction 
of the snow during the winter. Nichols does not, how
ever, offer a procedure to quantify the amount of avail
able water. 

Infiltration 
Once the amount of precipitation that will fall on the 

site has been estimated, the portion that will infiltrate 
through the pavement surface into the structure can be 
calculated. Additional infiltration by water resulting 
from ice lenses that form in frost-susceptible soils may 
also be considered. 

Water can infiltrate into a pavement structure through 
the shoulders, the pavement surface or the sides of the 
bottom of the pavement layers. The assumptions made 
about these elements can vary the amount of water 
estimated to have infiltrated through the pavement sur
face. 

For surface drainage design procedures, the Corps 
(U.S. Army 1977) considers the pavement surface to be 
impermeable. However, forthe Corps (U.S. Army 1979) 
subsurface drainage design, the pavement surface is 
assumed to be permeable. 

Ridgeway ( 1976) assumes that Portland cement con
cretes and the dense-graded bituminous concretes used 
in pavement surfaces are virtually impermeable. There
fore, any water infiltrating the pavement surface must 
enter through either construction joints or cracks that the 
pavement will develop through its life. 

The amount of water entering a crack depends on the 
crack length and width. Markow (1982) assumes that for 
cracks, or open joints, covering 50% or more of the 
pavement surface (a highly cracked pavement), 99% of 
all water falling on the pavement area will infiltrate. 



Alternatively, Cedergren (1974) assumes that bitu
minous concrete is a permeable materiaL Cedergren 
( 197 4) reports permeability values ranging from several 
hundred feet per day for unsealed asphalt concrete mixes 
down to virtually zero for well-sealed pavements. The 
design infiltration through a permeable pavement can 
then be calculated as the design precipitation rate multi
plied by a coefficient between 0.50 and 0.67 for Portland 
cement concrete pavements and 0.33 and 0.50 for as
phalt concrete pavements (Cedergren et al. 1973). 

Ridgeway (1976) states that pavement structures 
should be designed to drain the following amount of free 
water that will enter the pavement through its surface. 
For Portland cement concrete pavements 

Q = 0.1 [N + 1 (w;s)] (1) 

and for asphalt pavements 

Q = 0.1 [N + 1 + (W/40)) (2) 

where Q =infiltration amount (ft3/hr per linear ft of 
pavement) 

0.1 =infiltration rate (ft3 /hr per ft of crack) 
N = number of lanes 
W =pavement width (ft) 
S =Portland cement concrete slab length (ft) 

40 =average distance between transverse cracks 
(ft). 

The above design equations are based on data collected 
on Connecticut highways. They may be applicable in 
some areas, but not in others where infiltration rates or 
crack spacing are different. Lytton et al. (1990) use a 
variation of these equations. 

In addition to Ridgeway's equations, Lytton et al. 
(1990) allow use of a second equation generated by 
Dempsey and Robnett (1979) from field data taken in 
Georgia and Illinois. Four Portland cement concrete 
pavements (plain, jointed, continuously reinforced and 
reinforced jointed), with asphalt or bituminous mix 
shoulders, were monitored to correlate outflow from the 
pavement drain with precipitation. A regression equa
tion for the drain outflow was developed for each pave
ment. The equation chosen from Dempsey and Robnett's 
work for inclusion in the work by Lytton et al. was the 
one with the highest regression coefficients ( eq 3 pre
sented in its original units; 1 m3 = 35.3 ft3) 

PO= 0.48PV + 0.32 

where PO = pipe outflow volume (m3) 
PV = precipitation volume (m3). 

(3) 
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The FHWA (Moulton 1980) uses a uniform design 
infiltration rate qi to be estimated as 

l iNe We] k 
qi = c l w + w c s + p 

(4) 

where qi = design infiltration rate (ft3/day per ft2 of 
drainage layer) 

I c = crack infiltration rate (ft3 /day perft of crack) 
N c = number of contributing longitudinal cracks 
We = length of contributing transverse cracks of 

joints 
W = width of the granular base or subbase sub

jected to infiltration 
C

5 
= spacing of transverse cracks or joints 

kp = rate of infiltration, numerically equal to the 
coefficient of permeability, through the 
uncracked pavement surface. 

For Portland cement concrete pavements and most dense
graded, well-compacted bituminous concrete pavements, 
the value of kp in eq 4 is considered relatively insig
nificant and ignored. For cases where k is considered to 
be significant, design values should be based on labora
tory and field tests of the permeability of the surface 
course material. 

Moulton recommends that a value of I c' in eq 4, of2.4 
ft3/day per ft be used for most design applications; 
however, local observations may indicate a need to 
increase or decrease the value of !c. 

For"normal" cracking or joints in new pavements,Nc 
ineq4can betakenasNc=(N + l)whereNisthe number 
of traffic lanes. Where the pavement drainage is to be 
designed for other than "normal" or new pavement 
cracking, N c should be taken as the equivalent number of 
continuous contributing longitudinal cracks. 

Moulton recommends that the "normal" value of C 
. s 
m eq 4 be taken as the regular transverse joint spacing for 
new Portland cement concrete pavements and as the 
anticipated average transverse crack spacing for new 
continuously reinforced Portland cement concrete and 
bituminous concrete pavements. However, "normal" 
transverse cracking as a result of thermal and moisture 
changes can be extremely variable, especially in continu
ously reinforced concrete pavements, where such fac
tors as slab thickness and percentage of reinforcement 
may exert an important influence. Therefore, it is recom
mended that "normal" design values of C 

5 
be developed 

on the basis of local observations of regular transverse 
cracking for the type of pavement under consideration. 
If, however, the pavement drainage is designed for other 
than "normal" cracking, then an average crack spacing 
consistent with the degree of assumed structural damage 
should be selected. 
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For the Corps (U.S. Army 1988) subsurface drainage 
design procedure, the quantity of water that infiltrates 
through the pavement surface is determined by multiply
ing the design rainfall rate by an infiltration coefficient, 
!c. This coefficient will vary over the life of the pave
ment, depending on the type of pavement, surface drain
age, pavement maintenance and on the structural condi
tion of the pavement. Since the variation in the coeffi
cient is very large, a single value of 0.5 is recommended 
for design (U.S. Army 1988). The value of this coeffi
cient may be changed to fit local conditions. The rate of 
water inflow is then computed by (U.S. Army 1988) 

(5) 

where q = rate of water inflow (ft3 per ft of pavement 
per hr) 

L =length of the drainage layer (ft) 
lc = inflltration coefficient (assume 0.5) 
Ri = rainfall rate (in./hr). 

5 

Water may also infiltrate into the pavement through 
the subgrade during frost penetration. This water will 
form ice lenses. As the ice lenses melt, the water will 
have to be removed through the subsurface drainage 
system. Moulton ( 1980) offers an estimate of the design 
inflow rate qm of melt water from ice lenses into the 
pavement base course, based on the frost-susceptibility 
of the soils involved. Moulton's procedure involves two 
figures. First, the average heave of the soil is calculated 
by the laboratory frost heave test or, iflaboratory results 
are not available, estimated using Figure 2. the 
value for frost heave is entered into Figure 3, and with the 
the addition of crp, the stress imposed on the subgrade 
soil by the pavement structure above, a determination of 
qm, the amount of melt water, can be made. 

The rate at which water drains from the consolidating 
soil is at a maximum immediately following thawing, 
and decreases quite rapidly as time goes on. Since the 
maximum rate of drainage exists for only a short time, 
the design inflow rate of the ice lens melt water qm, 
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Figure 3. Estimate of inflow from ice lens melt 
water (after Moulton 1980). 

presented in Figure 3, is taken as the average inflow rate 
occurring during the first day (24 hours) following 
thawing. Although Moulton (1980) states that this is 
quite conservative, it is possible that pavement drainage 
layers designed on this basis might become saturated for 
as much as 6 hours following thawing. If this condition 
cannot be tolerated, then it may be necessary to design 
for more rapid drainage. 

Permeability of soils 
and the quantity of flow 

Once the amount of water that will infiltrate into the 
pavement structure has been estimated, the capacity of 
the base and subbase courses that will function as drain
age layers to transmit flow must be quantified. The 
amount of flow that a base and subbase can transmit 
depends on the permeability of the material, the slope of 
the layer and the area of the material available for flow. 

The coefficient of permeability, slope and thickness 
of the base layer may all be changed to increase the flow 
capacity of the layer. Typically, the thickness of a given 
material is increased to increase the capacity of the layer. 
Additionally, a limitation on the amount of time for a 
required percentage of the free water to drain is often 
specified. 

A discussion of Darcy's Law, typically used to de
scribe the relationship between flow, permeability, gra
dient and flow area, follows. 
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Darcy's law and the permeability 
of soil aggregates 

Darcy's law. Modeling flow of water through soils 
typically involves the assumption that the soil is satu
rated, and that the water flowing is free water that is 
being driven by the hydraulic gradient supplied by 
elevation, often called gravity flow. The equation most 
commonly used to predict the flow of water through soils 
is Darcy's law 

Q =kiA (6) 

where Q = the quantity of flow (L3!T) 
k = coefficient of permeability (hydraulic con

ductivity [LIT]) 
= hydraulic gradient (L/L) 

A = cross-sectional area normal to the direction 
of flow (L 2). 

Darcy's law assumes laminar flow, which may not be 
true for some of the more open-graded aggregates. 
However, Darcy's law may be used for pavement drain
age calculations because the errors caused by using 
Darcy's law are small in comparison to the variability 
and errors introduced by other facets of the drainage 
system, and its design, construction and maintenance. 

Coefficient of permeability. Using Darcy's law re
quires a value for the coefficient of permeability, or 
hydraulic conductivity, k. The coefficient of permeabil
ity, which has units of velocity, is a measure of the ease 
with which a fluid can flow through a given medium. In 
the case of water and soil or aggregate, permeability 
depends largely on 1) the viscosity of the water flowing 
through the soil, 2) the water content or degree of 
saturation of the soil, and 3) the size and continuity of the 
pore spaces or joints through which the water flows, 
which, in the case of soil, depend on the size and shape 
of the soil particles, the density of the soil mass, the 

100 

Cll 80 c: ·o; 
gj 
0.. 60 
c 
Q) 

~ 
Q) 40 
0.. 

~ 
1- 20 

0 
200 10 4 1" 2" 3" 

U.S. Standard Sieve Size and No. 

Figure 4. Typical gradations and permeabilities of open
graded and filter materials ( afterCedergren et al.J973 ). 



Q) 

> 
Q) 

(jj E 
5 0 

0 "' C\1 N 

0 (jj 
z c 

"' :: c 
·u; ~ 

"' Q) 
0 > 

0.. 

c 10 0 

"' ~ 
~ tJ.J 
Q) . 
0.. 0 

0 0 
0 

"' 0.. 

;;-
--... 
.D 

~~0~~ 0.1 .---- 120 g 
.----- 0 

..--- 140 ;:-
1.0 0 

;.....-o 

10 

.D 
0 

"' 10 1 § ., 
0.. 

10° 0 
c 

-[ Q) 

I 0 ·;:; 

Figure 5. Nomograph for estimating the coefficient of permeability of granular 
drainage and filter materials (after Moulton 1980). 

detailed arrangement or structure of the individual soil 
grains and the presence of discontinuities (Cedergren 
1977). 

The Corps (U.S. Army 1979) uses eq 7 to define the 
coefficient of permeability. The equation was developed 
using Poiseuilles' law and is based on flow through 
porous media similar to flow through a bundle of capil
lary tubes 

K =Dl- y_ _e_3 -C 
!l (1+ e) 

where k = the coefficient of permeability 
Ds =some effective particle diameter 

y = unit weight of water 
!l = viscosity of permeant 
e = void ratio 
C = shape factor. 

(7) 

An estimate of the permeability of typical pavement 
materials and soils can also be taken from Figure 4, 
presented by Cedergren et al. (1973) or the nomograph 
by Moulton (1980), shown in Figure 5. The Hazen 
equation for loose filter sands may also give an approxima
tion for the coefficient of permeability (AASHTO 1986b) 

k = 2835 X 100 (D 10) 2 (8) 

where D 10 is the effective grain size of the aggregate. 
Ridgeway (1982) and the Corps (U.S. Army 1979) 

recommend that a correction to the coefficient of perme
ability be made based on the change in the viscosity of 
water with temperature. Over the range of temperatures 
ordinarily encountered in seepage problems, viscosity 
varies about 100%. This variation is shown in Figure 6. 
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The coefficient of permeability will vary with the change 
in viscosity as follows 

where k1 = permeability at temperature 1 
k2 = permeability at temperature 2 
1-LJ = viscosity at temperature 1 
Ill = viscosity at temperature 2. 

(9) 

The value of the coefficient of permeability is strongly 
affected by the presence of air in the soil voids. There
fore, to obtain an accurate laboratory value for the 
coefficient of permeability of the in-situ soil, test speci
men sampling, shipping and preparation must be con
ducted in such a way to prevent intrusion of air into the 
soil sample. 
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Table 1. Permeability based on the 
no.100sieve (after Cedergren 1977). 

Percent by weight 
passing Permeability 

no. I 00 sieve (jt!day) 

0 80 to 300 
2 10 to 100 
4 2 to 50 
6 0.510 20 
7 0.2 to 3 

Darcy's law, with the assumption of saturated flow, is 
appropriate for pavement drainage design because the 
pavement design engineer is interested in unsaturated 
flow as an analysis tool rather than a design tool. That is, 
the engineer is more concerned with the moisture condi·· 
tions caused by unsaturated flow, and their potential 
effect on soil strength, than with designing asubdrainage 
system with the principles of unsaturated flow (Ridgeway 
1982). 

For soils that are not 100% saturated, the higher the 
degree of saturation of the soil, the higher the permeabil
ity. However, the development of a relationship between 
the two is not feasible because of the great influence of 
soil fabric or microstructure on the permeability. 

The influence of soil particle size, void size and 
continuity, soil density and soil structure on the perme
ability of the soil mass are all interrelated. In general, the 
smaller the particles, the smaller the voids that constitute 
the flow channels, and the lower the permeability. Also, 
the shape of the voids has a marked influence on the 
permeability. No simple relationships have been found 
between permeability and grain size except for fairly 
coarse soils with rounded grains. For example, Koenig 
(as cited in U.S. Army 1979) developed a formula for the 
permeability of loose filter sands as k =CD fo where C 
is approximately lOOcm/s (3.3 ft/s) andD 10 is expressed 
in centimeters. 

The more dense a soil, i.e., the smaller the void ratio, 
the lower the soil permeability. From the least to most 
dense condition, permeability may vary 1 to 20 times 
(U.S. Army 1979). As a general rule, the more narrow 
the range of particle sizes in granular materials, the less 
the permeability is influenced by density. 

Generally, in-situ soils also show a certain amount of 
layering. Water-deposited soils usually exhibit a series 
of horizontal layers that vary in grain-size distribution 
and permeability. These deposits can be 1 to 100 times 
more permeable in the horizontal than in the vertical 
direction. Windblown sand and silts are often more 
permeable vertically than horizontally because of voids 
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Table 2. Permeability olf remolded samples 
(after U.S. Army 1979). 

Percent by weight 
passing no. 200 sieve 

3 

5 

10 

15 

Coefficient of permeability 
for remolded samples 

(cmls) (jtlmin) 

0.51x!0-1 w-1 

0.51xl0-2 w-z 

0.5lxi0-3 w-3 

0.5lxJ0-4 !0-4 

left by decayed plant or grass roots. Many variations in 
structure and stratification occur, and an understanding 
of the methods of fonnation of soils aids in evaluating 
their engineering properties. 

Discontinuities in a soil mass greatly affect the per
meability of the material. Holes, fissures and voids 
caused by frost action, alternate wetting and drying and 
the effects of vegetation and small organisms may change 
even the most impervious clay into a porous material. In 
such a case tests on individual samples may be very 
misleading. While this does not affect most problems in 
the field of earthwork and foundation engineering, it is 
of importance to the use of soil for drainage. 

TheCorps(U.S.Army 1979)offersfurtherguidanceon 
the estimation of permeability of pavement aggregates. 
The influence of fines on the permeability of manufactured 
filter aggregates is illustrated by the data in Table 1. The 
table presents ranges in permeability of washed aggregates 
graded from 1 in. to finer than the No. 100 sieve. The 
permeability is reduced more than three orders of magni
tude as the percentage by weight of fine particles smaller 
that the No. 100 sieve is varied from 0 to 7%. 

The coefficient of permeability of sand and gravel 
courses, graded between limits usually specified by the 
Corps for base and subbase materials, depends princi
pally upon the percentage by weight of sizes passing the 
No. 200 mesh sieve (U.S. Army 1979). Table 2 may be 
used for preliminary estimates of the average coefficient 
of permeability of remolded samples of these materials. 
The coefficient of permeability of crushed rock and slag, 
each without many fines, is generally greater than 0.5 
cm/s (0.20 in./s). The coefficient of permeability of 
sands and sand and gravel mixtures may be approxi
mated from Figure 7. 

The coefficient of permeability of a base or subbase 
course in a horizontal direction (parallel to compaction 
planes) may be ten times greater than the average value 
tabulated above. For uniformly graded sand bases, the 
coefficient of permeability in a horizontal direction may 
be about four times greater than the value determined by 
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Figure 7. Permeability chart (from U.S. Army 1979). 

tests on remolded samples. Very pervious base materi
als, such as crushed rock or slag with few fines, have 
essentially the same permeability in the vertical and 
horizontal directions. When more than one material is 
used for the base and subbase, the weighted coefficient 
of horizontal permeability determined in accordance 
with the following formula results in a reasonable design 
value (U.S. Army 1979) 

k = k1 d1 + k2 ch_ + k3 J., + ... 
dl + ch. + d, + ... 

where k = weighted coefficient of permeability 

(10) 

k1, k2 = coefficient of permeability of individual 
layers 

d 1, ~=thickness of individual layers. 

For design, laboratory values of the coefficient of 
permeability from the constant head or falling head 
permeability test should be used when possible. A more 

9 

complete dissertation on fluid flow through porous me
dia is available in texts by Cedergren (1974, 1977). 

Degree of drainage and time constraints 
to achieve drained conditions 

The Corps (U.S. Army 1979) criteria for removal of 
water from a base course or subbase layer are based on 
the degree of drainage. The degree of drainage is defined 
as the ratio, in percent, of the amount of water drained in 
a given time to the total amount of water that can possibly 
drain from a given material. The following 
based on work done by Casagrande, may be used to 
determine the time required for a saturated base course 
to reach a degree of drainage of 50% (U.S. Army 1979) 

2 
t == neD (11) 

2880kH0 

where t =time (days) 
ne = effective porosity 



k = the coefficient of permeability (ft/min) 
D, H0 =dimensions of the pavement base course (ft) 

as shown in Figure 8. 

To estimate the volume of water that can be drained 
from a soil mass in a given time, the effective porosity as 
well as the permeability must be known. Effective po
rosity is defined as the ratio of the volume of the voids 
that can be drained under gravity flow to the total volume 
of soil, as follows (U.S. Army 1979) 

ne = 1-_____}'Q_ (l+Gs we) 
Gs Yw 

where Yct = dry density of the specimen 
Gs = specific gravity of solids 
Yw = unit weight of water 

(12) 

we = effective water content (after the specimen 
has drained water to a constant weight) 
expressed as a decimal fraction relative to 
dry weight. 

Limited test data for well-graded base-course materi
als, such as bank-run sands and gravels, indicate a value 
for effective porosity of not more that 0.15 (U.S. Army 
1979). Uniformly graded soils, such as medium or coarse 
sands, typically have effective porosities of not more 
that 0.25. 

The Corps (U.S. Army 1979) requires that base and 
subbase courses should be able to attain a 50% degree of 
drainage in not more than I 0 days. Since the time 
required to drain horizontal layers is a function of the 
square of the length of the flow path, the flow paths 
should be as shon as possible. This requirement is 
currently being revised in an Engineering Technical 
Letter (U.S. Army 1988). 

AASHTO (1986a) also has a criterion for rating 
pavement drainability based on the time for 50% drain
age of the free water. AASHTO' s rating system is shown 
in Table 3. AASHTO uses the same equation as the 

Figure 8. Pavement dimensions for base course drain
age design (from U.S. Army 1979). 
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Corps does to calculate the time for drainage (eq 11). 
When the time in days determined using eq 11 is 

greater than 10 days, the spacing between drains can be 
decreased until the time of drainage is 10 days or less, or 
a more pervious base and subbase material can be 
selected or a greater thickness of base and subbase used 
to improve the design. For most runways and taxiways 
with widths from crown to edge of not more that 75ft, a 
single line of base and subbase drains along the edges 
should meet the design criteria. In wider pavements, or 
where reasonably pervious base and subbase course 
materials are not locally available, it may be necessary to 
install an intermediate line of drains to provide satisfac
tory base and subbase drainage. 

The degree of drainage to be achieved using the new 
Corps criteria (U.S. Army 1988) is 85% within 1 day of 
the end of the precipitation. The drainage layer is to be 
placed as low in the pavement structure as possible. It 
should have a filter on both the top and bottom, if 
necessary, to protect it from infiltration of finer materials 
from surrounding layers. 

Quantity of flow 
Base and subbase. To simplify the analysis and 

design of base and subbase of drainage, the Corps (U.S. 
Army 1979) assumes that the base and subbase courses 
are fully saturated and that there is no inflow during 
drainage, that the subgrade constitutes an impervious 
boundary, and that the base and subbase courses have a 
free outflow into the drain trench. 

The Corps uses the following equation, derived from 
Darcy's Law, to determine the maximum rate of dis
charge from a saturated base and subbase course of 
dimensions shown in Figure 8 (U.S. Army 1979) 

kHH0 q=--
60D 

(13) 

where q =peak discharge quantity of drain (ft3/s 
per linear ft) 

Table3.AASHTOqualityofdrain
age criteria (after AASHTO 1986b ). 

Quality Water 
of removed 

drainage within 

Excellent 2 hours 
Good 1 day 
Fair 1 week 
Poor 1 month 
Very poor (water will not drain) 



k = coefficient of horizontal permeability 
(ft/min) 

H, H0, and D = dimensions as shown in Figure 8. 

New Corps criteria (U.S. Army 1988) introduce base 
course gradations designed to have much higher perme
abilities than those previously used by the Corps. The 
gradations are called open graded and rapid draining. A 
different equation is used to calculate the flow capacity 
of these two materials. 

The flow capacity of the open-graded and rapid
draining base courses layers, Q in ft3 /ft of pavement, is 
based on the effective porosity (ne) and the volume of 
water draining from the layer in 1 hour. Since the criteria 
require a degree of drainage of 0.85 in 24 hours, the 
assumption is that only 85% of the voids are available for 
storage of water. The capacity of the layer can be 
calculated by the following equation (U.S. Army 1988) 

Q =[0.85 (ne)(h/12)J(L) 

+ k/24(i) (t) (h/12)/2 

where Q =capacity of the drainage layer (ft3 /ft) 
ne = effective porosity 
h = thickness of the drainage layer (in.) 
L = length of the drainage layer (ft) 

(14) 

k = permeability of the drainage layer (ft/day) 

H 

GROUNDWATER 
TABLE AFTER 

L 

I NFI L TRA TION 
THROUGH SHOULDER 
AND DURING DRAINAGE 

DEPTH OF DRAIN BELOW 
ORIGINAL GROUNDWATER 
TABLE NOT LESS THAN 
1 FOOT 

i = slope of the drainage layer (ft/ft) 
t = 1 hour (length of design storm). 

Sub grade. The amount of water that can be removed 
from subgrade soils by a drain depends on the soil 
characteristics, such as hydraulic conductivity, density, 
specific gravity, grain size, particle shape and the loca
tion of the drain with respect to the elevation of the 
groundwater table. Gravity drainage cannot remove all 
the water in the subgrade. Soil particles will retain thin 
adhered films of water and the soil structure as a whole 
will retain water held within the pores by surface-tension 
forces. In fine-grained soils, the amount of water re
tained can result in a significant water content value for 
the soil mass. 

To simplify the analysis of drainage of subgrade 
materials, the Corps (U.S. Army 1979) makes the fol
lowing assumptions: 1) the subgrade is saturated below 
the groundwater table, 2) infiltration has raised the 
groundwater table in the shoulder area adjacent to a 
subgrade drain as shown in Figure 9, 3) no appreciable 
quantty of flow develops from the sub grade beneath the 
paved area, and 4) the drains must have a capacity 
sufficient to collect the peak flow from the shoulder. 
This peak flow occurs immediately after the groundwa
ter table has risen to its maximum height, as shown in 
Figure 9. 

The amount of water discharged by the sub grade soil 
and collected by the drain may be determined using the 

PAVEMENT --

DEPTH OF DRAIN BELOW 
BOTTOM OF BASE AND 
SUBBASE NOT LESS THAN 
1 FOOT 

IMPERVIOUS SOIL OR ROCK 

Figure 9. Groundwater conditions after installation of subdrains (from U.S. Army 1979). 

11 



THICKNESS OF GROUNDWATER LAYER·H (FT) 

u 
I 

0:: 
0 
1-
u 
< 
ll. 

w 
0.. 
< 
I 
(/) 

0 
0 

0.2 

0.4 

0.6 

0.8 

1.0 

10 

"-._ 
!'--.. 

......... 

" ...... ~ 

20 30 

I 

~ I'--., 
........ 

K~ 
I~ ' 

I~ 
........... 

N:<s 
""-. 

following formula (U.S. Army 1979) 

q =khc 
60 

(15) 

where q = dischargequantityofdrain(ft3/sperlinearft) 
k = coefficient of horizontal permeability of soil 

in the shoulder (ft/min) 
h = difference in elevation between the midpoint 

of the pipe and the ground surface at L 
distance from the drain as shown in Figure 9 
(ft) 

c = shape factor dependent upon Land H, where 
H if the thickness in feet of the soil being 
drained as shown in Figure 9; cis determined 
from Figure 10 using£= 50 forak larger than 
10ft/min. 

DESIGN OF 
PAVEMENT DRAINAGE 

Once the amount of water that will enterthe pavement 
system has been estimated, the drainage system can be 
designed. The design of drainage systems involves in
vestigating the site, planning surface grading and ditch
ing, and designing the permeable layers, filters, trenches 
and collector pipe systems. This section will discuss the 
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Figure 10. Thickness of ground
water layer in relation to shape 
factor (from U.S. Army 1979). 

design of surface and subsurface drainage for paved 
roads and airfields, and construction concerns for plac
ing drainage materials. The practice of retrofitting edge 
drains to pavements exhibiting moisture damage will 
also be briefly discussed. 

Drainage systems 
In a well-drained pavement structure, water that is 

introduced to the boundaries of the pavement system 
must be removed, either before it can infiltrate into the 
pavement or soon after it has infiltrated. Surface drain
age removes water from the surface of the pavement 
before it infiltrates, while subsurface drainage removes 
water that has infiltrated into the base and subbase 
through the surface of the pavement, the shoulders, 
laterally from the surrounding soils or vertically from 
beneath the pavement profile. The combination of the 
two functions, surface and subsurface drainage, into one 
network of pipes is not allowed by the Corps criteria for 
airfield pavements (U.S. Army 1979). 

In a well-drained pavement structure, the drainage 
systems can be divided into several components, which 
together function to drain the pavement. These compo
nents include 1) a surface graded to promote runoff, 2) 
ditches, 3) a permeable base or subbase, or both, 4) a 
drainage trench to hold the collector pipe, 5) collector 
pipes, 6) filters to prevent soH migration into the pipes 
and more open-graded aggregates, 7) inlets or catch 



basins, and 8) outlets. Construction methods to facilitate 
installation of improved drainage systems should also be 
considered in the overall design. 

Surface drainage 
Surface drainage provides for the channeling and fast 

removal of surface water. A typical surface drainage 
system includes surfaces graded to promote runoff, 
ditches, catch basins, collector pipes, and perhaps curbs 
and gutters. No subdrainage system can perform accept
ably without the problem of surface runoff first being 
adequately addressed. New Jersey reports that "to mini
mize the amount of surface water entering the pavement, 
it is obvious that every effort should be made to have a 
fully effective surface drainage system" (Kozlov 1984). 
As a part of the surface drainage effort, pavement cracks, 
through which a large percentage of the infiltrated water 
flows, must be sealed. 

Subsurface drainage 
A subsurface drainage system is designed to remove 

1) water that has infiltrated through the pavement sur
face and shoulder area of the pavement, 2) melt water 

TURF 

a. One gradation of filter material. 

from ice lenses formed during frost penetration into the 
structure and 3) groundwaterin areas of high water table. 
Subsurface drainage may be categorized, according to 
its purpose, as 1) base and subbase course drainage, 2) 
subgrade drainage and 3) intercepting drainage. Base 
and subbase drainage remove water from surface infil
tration and ice lens melt, subgrade drainage removes 
groundwater and intercepting drainage removes water 
that may flow laterally into the pavement structure. 

Base and subbase drainage 
Base and subbase course drainage typically comists 

of a permeable base or subbase layer, and buried perfo
rated and unperforated drain pipes laid parallel and 
adjacent to pavement edges with pervious backfill mate
rial connecting the base and subbase course to the drain. 
The top of the sub grade beneath paved shoulder areas 
should be sloped to provide drainage to subsurface 
drainage pipelines. Additional lines of pipe may be 
required beneath large paved areas with relatively flat 
slopes to obtain adequate base and subbase course drain
age. Sketches of typical base and subbase drains are 
shown in Figure 11. 

MIN 0/ST 3' PAVEMENT 

BASE AND SUBBASE COURSE: 

TOP OF SUBGRADE 

6"MIN 

AVEMENT 
MIN DIST 3' 

TURF 

b. Two gradations of filter material. 

COMPACTED FINE 
FILTER MATERIAL 

BASE AND SUBBASE COURSE 

COMPACTED COARSE 
Fl LTER MATERIAL_ 

TOP OF SUBGRADE 

Figure 11. Typical details of base and subbase drains (from U.S. Army 1979). 
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Base and subbase course drainage is required by the 
Corps in the following cases (U.S. Army 1979, 1988): 

1. For all rigid pavements, and for flexible pavements 
having a structural thickness of 8 in. or more and where 
the subgrade permeability is less thmn 20ft/day, except 
where it can be shown that water will not be a factor. 

2. Where frost action occurs in the subgrade beneath 
the pavement. 

3. Where the groundwater rises to the bottom of the 
base or subbase course as a result of either seasonal 
conditions, ponding of surface runoff, or consolidation 
of soil under the weight of the base and subbase course 
(U.S. Army 1979). 

4. At locations where the pavement may become 
flooded and the water will not drain on its own because 
of the impermeability of the sub grade. Subsurface drain
age is required if the subgrade coefficient of permeabil
ity is smaller than the value shown in Table 4 for the 
given depths to the groundwater table. Where subgrade 
soils vary greatly in coefficient of permeability with 
depth, care should be exercised in determining the need 
for base and subbase course drainage. 

5. At the low point oflongitudinal grades in excess of 

2%, except where the sub grade coefficient of permeabil
ity is 1 x I0-3 ft/min or greater. 

Sub grade drainage 
Subgrade drainage primarily removes water from 

subgrades with high groundwater tables. These drains 
generally consist of either buried drainpipes or open 
ditches. The type, location, depth and spacing of drains 
depend upon the soil characteristics and depth to ground
water table. Sketches of a typical subgrade drainage 
installation and layout using pipe are shown in Figure 12. 
Subgrade drainage is required at locations where sea
sonal variation of the groundwater may raise the top of 
the water table to within 1 ft of the bottom of the base or 
subbase course. 

Intercepting drainage 
Circumferential or intercepting drainage is provided 

to intercept groundwater under artesian pressure found 
flowing in pervious foundation strata or water flowing 
horizontally from springs toward the pavement section. 
The type and depth of drains depend upon the soil and 
groundwater conditions. These drains may consist of 

DISCHARGE TO SURFACE 

T AINAGE SYSTEM ------·-----------, SHOULDER 

FLUSHING AND OBSERVATION l MANHOLE 
RISERS I MIN. SLOPE= 0.0015 

--A>- -

TURF, 

GROUNDWATER TABLE 

AFTER~RAINAGE 

6" 
MIN 

PAVEMENT 

BASE AND 

SUBBASE COURSE 

-COMPACTED FILTER MATERIAL 

GROUNDWATER TABLE AFTER DRAINAGE 

a. Subsurface drainage system. 

b. Cross section of subgrade drain. 

Figure 12. Typical details of sub grade drains (from U.S. Army 1979). 
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Table 4. Subgrade permeability with relation 
to groundwater depth (after U.S. Army 1979) 

Depth to groundwater 
table (ft) 

<8 

8-25 

>25 

Minimum coefficient of 
sub grade permeability, k 

(jt!min) 

lxJo-5 

lx!0-6 

lxJo-7 

either subsurface drainpipes or ditches. Certain applica
tions may use methods such as dry wells that are de
signed to drain a perched water table into a lower 
groundwater reservoir. A schematic of a typical pipe 
installation is shown in Figure 13. Intercepting drainage 
is required where seeping water in a pervious stratum 
will raise the groundwater table locally to a depth ofless 
than 1 ft below the bottom of the base and subbase course. 

The pipes used for the the different subsurface drain
age systems-base and subbase, su bgrade and intercept
ing drainage-are typically combined into one system. 

Preliminary site investigation 
Initial investigations to determine site conditions and 

the soil parameters for use in the design of a subsurface 
drainage system should include many of the tasks al
ready planned for the general site investigation for the 
design of the structure. Topographic surveys and aerial 
photogrammetric studies of the project area are required 
to locate all streams, ditches, wells and natural reservoirs 
and establish general soil and groundwater conditions. 
Topographic surveys and photogrammetric studies also 

. -
bl •• 

SE.EPAGE FROM 
HIGHER ELEVATIONS 

I 

I 
RANDOM 

BACKFILL 

I 

I 
FILTER 

MATERIAL~ _ 

provide a graphical record showing the extent, bound
aries and surface features of soil patterns occurring at the 
ground surface, the presence of vegetation and the slopes 
of terrain. 

A thorough study of the soils from the site and! site 
conditions that affect the soil behavior is also needed. 
Specifically, soil characterization tests to determine soil 
strength, compressibility, swell and dispersion charac
teristics, in-situ and compacted unit dry weights, coeffi
cient of permeability, in-situ water content, specific 
gravity, grain-size distribution, effective void ratio and 
frost-susceptibility are required. Groundwater condi
tions with location and depth of permanent and perched 
groundwater tables should be reported and soil profiles 
drawn. The profiles should indicate the range of coeffi
cients of permeability of major soil strata encountered 
and the elevations ofknown and anticipated fluctuations 
of the groundwater table drawn. 

Surface drainage design 

Swface grading 
To provide a hydraulic gradient great enough to 

promote surface runoff, the road should be crowned or 
super-elevated. An adequate crown also eliminates 
ponding on the road surface. The grading requirements 
mandated by the Corps for the pavement surface are as 
follows (U.S. Army 1977): a minimum gradient of 1.5% 
in the direction of drainage is recommended, except for 
rigid pavements where 1.0% is adequate or when exist
ing grades, arid or semiarid conditions, the presence of 
non-cohesive and free-draining subgrades, and the loca
tions of existing drainage structures indicate that a lower 
gradient will be acceptable. Nichols ( 1987) recommends 

SUBGRAOE 

PERVIOUS STRATUM 

IMPERVIOUS 

Figure 13. Typical intercepting drain (from U.S. Army 1979). 
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across slope of0.125 to 0.25 in./ft (1.04 to 2.08%) for an 
asphalt surface. For an aggregate surface Nichols sug
gests a cross slope between 0.5 and 0.75 in./ft ( 4.17 to 
6.25%). 

Shoulders 
Paved shoulders can decrease the amount of water 

infiltration substantially. Observations by the state of 
West Virginia indicated that on new drained pavements, 
the shoulder areas may be the primary source of infiltra
tion (Baldwin and Long 1987). 

Work in the province of Ontario has resulted in 
pavement designs that include edge drains and paved 
shoulders to help alleviate moisture infiltration during 
the winter and spring months. Ontario has observed that 
during the winter, snow banks that have built up along 
the roadside restrict the drainage of water from the 
pavement surface. Melt water, which results from salt
ing and the warming effect of sunlight on the black 
asphalt surface, remains on the pavement until it either 
infiltrates through cracks or unpaved shoulders, or evapo
rates. The province of Ontario advocates partially paved 
shoulders to reduce infiltration of surface water 
(MacMaster et al. 1982). 

Ditching 
Ditches should be constructed so that the grade as

sures proper velocity of flow to help keep the channel 
clear. Regular maintenance and cleaning will prevent 
accumulation of debris and encroachment of vegetation. 
The channel should also be regularly checked for erosion 
damage. 

To increase the capacity of the surface drainage 
system, the Corps allows temporary surface ponding of 
the water adjacent to the runway and taxiway aprons on 
airfield pavements (U.S. A.'111y 1977). However, the 
possible damage to pavement sub grades and base courses 
as a result of occasional flooding must be considered. 
Also, ponding of water should be avoided in arctic and 
subarctic regions (U.S. Army 1981). 

Base and subbase course design 
Numerous studies have advocated the use of perme

able, open-graded base courses to eliminate moisture 
related pavement problems, such as excess pore water 
pressures, which may cause pumping, and channelization 
of flow under Portland cement slabs (Dempsey 1982). 
The characteristics of a drainable base course are sum
marized by Kozlov ( 1984 )-it must be open enough to 
drain water in a reasonable length oftime, yet with low 
enough flow rates to prevent internal erosion; it must be 
dense enough to support traffic loads; and it must possess 
filtration characteristics compatible with base and sub
base materials. 
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Drainable base course materials have coefficients of 
permeability much greater than those of the dense
graded base courses that are commonly used to provide 
high structural Cedergren (1977) has advo
cated materials with permeabilities of greater than 1000 
ft/day. These materials are typically well- or open
graded gravels with a very small amount of fines. 

A reservation to using these open-graded materials is 
their instability and tendency to rut under construction 
traffic. and Hoffman (1987), however, report 
that instability of the base course was not a problem 
during construction. varies with the particular 
gradation of the aggregate. If a stability problem does 
occur, it can be alleviated by the use of smaller size 
"choke" stone with the open-graded gravels, or stabiliz
ing the aggregate with asphalt or Portland cement. 

Stabilization with asphalt and Portland cement means 
using just enough binder to completely coat each indi-
vidual aggregate and bind the layer together. In 
their experimental test section, the West 
Virginia of Transportation (DOT) used 2% 
of asphalt by weight, and encountered no stability prob
lems during construction (Baldwin and Long 1987). 

Segregation of the open-graded aggregate has also 
been reported. Smith et aL (1964) report that dampening 
the mixes during can help control this prob
lem. 

After under the action of traffic, fine-
grained subbase or sub grade materials have the potential 
to migrate into the changing the gradation of the 
layer and thus reducing the permeability of the drainage 
material (Dempsey 1982). Use of appropriate filter ma
terials, aggregate or geotextile, will eliminate this migra
tion. Alternatively, stabilization or modification of the 
subgrade soil may also be effective in preventing intm
sion of the sub grade into the base course (Barenberg and 
Tayabji 1974). 

Despite potential several agencies are now 
using open-graded base courses. The New Jersey DOT 
(Kozlov 1984) advocates the use of ASTM no. 57 stone, 
choked with a no. 9 stone in a 50/50 blend, to provide 
construction New Jersey also advo
cates an asphalt stabilized base course that consists of 
bitumen, an agent and aggregate with the 
gradation shown in Table 6. This gradation can be 
obtained by modification of the ASTM no. 8 stone with 
large size aggregate (Kozlov 1984). 

The Pennsylvania DOT requires the placement of an 
open-graded subbase directly below rigid concrete slabs. 
The gradation of the aggregate is shown in Table 7 
(Highlands and Hoffman 1987). Other state and federal 
agencies are using similar materials. 

A restriction on the percentage of material passing a 
certain sieve size is typical for permeable base courses. 



Table 5. ASTM aggregate 
gradations (after ASTM 
1987). 

Table 6. New Jersey gradation 
(after Koziov 1984). 

Allowable 

Allowable 

percent passing 

Sieve size percent passing 

Sieve size 

1.5 in. 
1 in. 

0.5 in. 
No.4 
No.8 

No. 57 stone 
100 

95-100 
25-60 
0-10 
0-5 

No.9 stone 

1 in. 
0.75 in. 

0.5 in. 
0.375 in. 

No.4 
No.8 

No16 

No. 200 

100 
90-100 
85-100 
60-90 
15-25 
2-10 
2-5 

Table 7. Pennsylvania open-graded 
aggregate (after Highlands 1987). 

Sieve size 

Allowable 

percent passing 

0.375 in. 100 
No.4 85-100 

No.8 

No. 16 

No. 50 

10-40 

0-10 

0-5 

For the portion passing the no. 200 
sieve, 2% by weight of the total mix 
of mineral filler should be added. 
The bitumen content for the mix is 3 
±0.5% by weight of the total weight 
of dry aggregate and mineral filler. 

2 in. 
0.75 in. 

0.375 in. 
No.4 

No. 16 
No. 200 

100 
52-100 
36-65 
18--40 
0-12 
0-5 

The percentage passing the no. 100 and 200 sieves and 
the 2.00-mm sieve are typically chosen for restriction. 
The coefficient of permeability of sand and gravel materi
als, graded between limits usually specified by the Corps 
for cement or asphalt stabilized material, depends prin
cipally upon the percentage by weight of particles pass
ing the no. 200 sieve(U.S.Army 1979). The influence of 
fines on the permeability of manufactured filter aggre
gates is illustrated by the data in Table 1. The table 
presents ranges in permeability of washed aggregates 
graded from 1 in. to finer than the no. 100 sieve. The 
permeability is reduced more than three orders of mag
nitude as the percentage by weight of fine particles 
smaller that the no. 100 sieve is varied from 0 to 7%. 
Nichols (1987) suggests less than 10% fines (e.g., silt) in 
gravel base course materials. 

For the last several years, the Corps only recom
mended one gradation for drainable base course materi
als, and this material was only required in areas that 
experienced seasonal frost. This gradation is designated 
as "free-draining" base material. The manual for pave
ment design in for seasonal frost areas (U.S. Army 1985) 
defines the specifications for the free-draining base 
course. The manual states: 

" that if the combined thickness, in inches, of 
pavement and contiguous bound base courses is 
less than 0.09 multiplied by the design freezing 
index (this calculation limits the design freezing 
index at the bottom of the bound base to about 20 
degree-days), not less than 4 inches of "free 
draining" material shall be placed directly be
neath the lower layer of bound base or, if there is 
no bound base, directly beneath the pavement 
slab or surface course." 

If the structural criteria for design of the pavement do 
not require granular unbound base other than the 4 in. of 
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free-draining material, the material in the 4-in. layer 
must be checked for conformance with the filter require
ment. If it fails the test of conformance, an additional 
filter layer meeting those requirements must be provided 
(U.S. Army 1985). 

The free-draining base material contains 2.0% or less, 
by weight, passing the no. 200 sieve (Table 8). Screening 
and washing the material may be necessary to meet the 
gradation requirements. The material in the 4-in. layer 
must also conform with the filter requirements pre
scribed by the Corps. 

Table 8. Free-draining, open-graded and 
rapid-draining aggregates (after U.S. Army 
1989b). 

Drainage layer material 
Free· Rapid- Open-

Sieve draining draining graded 
designation base base base 

1.5-in. 70-100 100 100 

l-in. 45-80 70-100 100 

0.75-in. 55-100 90-100 

0.5-in. -60 40-80 40-80 

0.375-in. 30-65 30-50 

no.4 20-50 10-50 -5 

no. 8 0-25 0-2 

no. 10 16-40 

no. 16 0-5 

no.40 5-25 

no.!OO 0--10 

no. 200 0--2 



mixes (after U.S. 

Percelli 

Permeability fraclUred 

and To the stability and strength or to 
prevent degradation ofthe aggregate during han

and open-graded mixes 
may be stabilized either with choke stone or a 

(friday) faces* LA abrasion binder. The choke stone is a hard, durable crushed 

Rapid-
draining 90% for 80 CBR 
material 1000-5000 75% for 50 CBR >3.5 0.9< X <4.0 

Open-
graded 90% for 80 CBR 
material >5000 75% for 50 CBR 

* Corps of Engineers method. 
t Uniformity coefficient = D wl D 10. 

**Coefficient of curvature= Dlo/(D 10 x D60). 

A new Corps document (update of U.S. 1988) 
defines two new gradations for permeable base courses 
and eliminates the need for the older free-draining base. 
Based on recent literature reviews, site visits and labora
tory work conducted by the Waterways Experiment 
Station, this draft Engineering Technical Letter advo
cates the use of coarser graded aggregates for the drain
age layer within the pavement system. The two base 
materials are defined as follows: rapid-draining base 
with a permeability between 1000 and 5000 ft/day and 
open-graded base with a permeability exceeding 5000 ft/ 
day (Table 8). Additional properties of the mixes are 
shown in Table 9. 

The drainage layer is to be placed as low in the 
pavement structure as possible. It should have a filter on 
both the top and bottom, if necessary, to protect it from 
infiltration of finer materials from sunounding layers. 

The layer thickness h required is calculated by setting 
the capacity (eq 14) equal to the infiltration (eq 5), which 
results in the following equation (U.S. Am1y 1988) 

h = 48 FRL /[ 40.8 + ki]. (16) 

If the term (ki) is small in comparison to the term ( 40.8 
neL ), which is typically the case for long drainage paths, 
than the equation can be simplified to 

h = (FR)/(0.85 ne) 

where L = length of drainage path (ft) 
F = infiltration coefficient 
R = design rainfall (in./hr) 

ne = effective porosity 

(17) 

k =permeability of the drainage layer (ft/day) 
= slope of the drainage path (ft/ft) 

h =thickness of the drainage layer (in.). 

In no case should the !thickness of the drainage layer be 
less than 4 in. 

aggregate 90% fractured faces. 
The Army 1983) defines a piece 

<30 
of aggregate as having fractured faces if it has 
two or more freshly fractured faces with the area 
of each face at least equal to 75% of the 

<30 
smallest midsectional area of the piece. When 
two fractures are contiguous, the angle between 
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of the fractures must be at least 30° to 
count as two fractures faces. The ratio of the D 15 
of the coarse aggregate to the D 15 of the choke 
stone must be less than 5 and the ratio of the D50 
of the coarse aggregate to the D50 of the choke 

stone must be greater than 2. 
Both cement and are acceptable binders, and 

only or cement paste to coat the aggre
gate should be used. The voids should not be filled with 
excess binder. 

Filte1· 
In systems for pavement structures there are 

three locations where filter layers, either appropriately 
graded aggregates or geotextile fabrics, are typically 
found: 1) between the base or subbase course and the 

2) around the drainage trench, and 3) around 
nM+r,·Mc•rl collector pipe. If the trench backfill itself 

as a filter between the base 
course and the pipe, a filter around the perfo
rated pipe, or an additional filterforthe sub grade around 
the may not be required. 

Filter material used to backfill the drainage trench, or 
between an open-graded base course and sub grade, must 
meet three 1) it must prevent finer 
material from piping or migrating into the drainage layer 
or and clogging it, 2) it must be permeable enough 
to carry water without any significant resistance and 3) 
it must be to cany loads applied to it, and 

uaJLl!a 5 coto the pipe or provide for distribution of 

Observation has shown that fine-grained subgrade 
soils will into a coarse, open-graded overlying 
gravel or crushed stone base course under the kneading 
action alternatively, the open-graded aggre-
gates will be sub grade soils under the the 
stresses induced traffic. 

Barker indicates that the major consideration 
to be placed between the base or 
is to keep the base course material 

from into the subgrade. This implies that the 
most important aspect ofthe layer design is the structural 



strength, with the permeability and relative size 
being secondary considerations. Such a should be 
designated as a separator than a filter 
and should be of subbase 
somewhat more permeable than the 

S ubgrade fines are 
base courses, however, during the Trn,~T-'mP 
(U.S. Army 1985). For this reason, 
perform as a filter course is between 
and base course materials if the base course does not 
meet specifications discussed below to 
tion of the sub grade material into the base in areas that 
experience seasonal frost. 

Filters over subgrade 
for frost areas 

In seasonal frost areas, a minimum of 4 in. of the 
bottom of the base course is as a filter 
(l,J.S. Army 1985). The filter is for both 
rigid and flexible pavements. The thickness offilterdoes 
not reduce the the required thickness 
base layer or the amount of flow that the 
must carry. 

The filter layer should consist 
screenings or similar material, and the 
filter material should be in accordance with 
granular filter criteria mandated the with the 
added overriding limitation that the material must be 
non-frost-susceptible, or of frost groupS 1 S2. 

The 4-in. minimum filter thickness is determined 
primarily construction 
Greater thicknesses should be 
Over weak subgrades, a6-in. 
necessary to support construction 
provide a working platform 
tion of the base course. 

Aggregate filters and trench 
In Corps documents 

fill material is often called filter 
role as a filter between base course 
als, or both, and perforations in the When 
the backfill is specified so that it serves as a filter, the 
aggregate prevents the movement of the soil 
being drained, is permeable vWJUf',H 

to enter the pipe, and yet is coarse 
into open joints and perforations of the 
should be designed to maintain greater 
outflow capabilities in the direction off! ow. It must also 
carry any vehicle loading to be 
damaged. 

Typically, the backfill used in trench drains is the 
same material as that used for the base course. If this 
material is not graded so that it meets filter 
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criteria between it and the surrounding soil or between 
the material and the then either an 
additional or filter is required. 

A minimum thickness of 6 in. of granular filter 
material should be around all types of subsur-
face drains From the standpoint of 

construction and lower costs, a single layer of 
filter material should be used whenever possible. If 
several of filter material are required, each layer 
must be designed in accordance with the filter criteria 
stated in this section. 

The criteria for the gradation of 
filters and pipe perforation sizing are intended 
the soil from entering the 

filter or in quantities. The criteria are 
based on the particle si-zes of the filter material and the 
protected soil. 

The criteria for movement of particles of 
the soil into or through the filter or filters are 

1 

::;s (18) 

and 

:::; 25 . (19) 

The above criteria are used for the protection of all 
soils for medium to highly plastic 

without sand or silt particles, which by the a:bove 
require multiple-stage filters. For these clay 

size of the filter may be as great as 0.4 mm 
and the above criteria will be disregarded (U.S. 

This relaxation in criteria for protecting 
medium to highly will allow the use of a 

"'"··-'"''"'v filter however, the filter must be 
and have a coefficient of uniformity of not 

20 to minimize the tendency of the gradation 
to For clays, filter tests will be 
conducted to evaluate the effectiveness of the proposed 
filter material. Additional information on the use of 

filters with clays is given 

are in backfilled trenches, no 
ends should be allowed and the filter material 

in contact with must be coarse enough not to enter 



the perforations or openings. To prevent clogging of the 
pipe with filter material, the following criteria must be 
satisfied (U.S. Army 1979). For slots 

85% size of filter material 
slot width 

and for circular holes 

85% size of filter material 
hole diameter 

> 1.2 (20) 

> 1.0. (21) 

For sub grade water to reach the pipe easily, the filter 
material must be many times more pervious than the 
protected soil. The following criterion ensures sufficient 
permeability of the backfill material (U.S. Army 1979) 

15% size of filter material 
15% size of protected soil 

;::: 5. (22) 

In specifying a suitable filter material, the gradation 
of filters within the zone of frost penetration should be 
examined with respect to frost-susceptibility. For the 
design of filters in frost-susceptible areas, the criteria 
stated previously should be taken into account. 

If there is a problem finding a gradation that satisfies 
both the criterion that it be a filter for the drained soil and 
the requirement to prevent migration into the pipe open
ings, a geotextile may be used in the place of an addi
tional granular filter layer. Between the filter fabric and 
the protected soil, requirements stated pertaining to the 
adjacent granular material should be satisfied. This use 
of filter cloth is restricted to situations where the soil to 
be protected is sand (SW, SP, SW -SM). For protection 
of the pipe openings, a filter fabric with openings ap
proximately the size of the no. 40 sieve, wrapped around 
open joints of unperforated pipe or around the entire 
length of perforated of unperforated pitpe, is appropriate. 
Additional information on geotextile filters follows. 

Moulton (1980) has adopted several of the Corps 
filter criteria for his design procedure. Moulton specifies 
eq 12, 13, 16 and 20 with the addition of the following 

D5 filter ;::: 0.074 mm. (23) 

The requirement of eq 20 can be waived if the soil to be 
protected is a medium to high plasticity clay. When the soil 
to be protected contains a substantial amount of coarse 
material, the design should be based on the gradation of the 
portion finer than the l-in. sieve (Moulton 1980). 

Geotextile filters 
With the increase in the number of manufacturers, 

and the different properties of the fabrics that can be 
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obtained, the use of geotextiles in filter applications has 
become more common. Both the Corps and other agen
cies recommend geotextile fabrics if they are properly 
specified for the soils with which they are to interact. 

Geotextile filters are defined by Corps criteria (U.S. 
Army 1989a) as pervious sheets of polyester, nylon or 
polypropylene filaments, woven or otherwise formed 
into a uniform pattern with distinct and measurable 
openings. The guide specification for subdrainage sys
tems provides a blank for specifying a grab strength of 
the fabric in accordance with ASTM D 1682 testing. The 
fabrics should also be resistant to deterioration from heat 
and ultraviolet exposure. 

The most extensive criteria provided by the Corps 
(U.S. Army 1989a) for geotextile filter fabrics are based 
on values of the Equivalent Opening Size (EOS), Per
cent Open Area (POA), and the permeability of the 
geotextile (Ks) as shown in Table 10. The EOS is defined 
as the number of the U.S. standard sieve having openings 
closest in size to the largest openings in the fabric. The 
EOS is used to specify both woven and nonwoven 
geotextiles, and is a means of evaluating the piping 
resistance of the fabric. The POA is used only for woven 
geotextiles, and is intended to assure adequate flow 

Table 10. Geotextile criteria (after U.S. Army 1989). 

Protected soil passing 
no. 200 sieve 

Piping 
maximum EOS 

(mm)* (%) 

<5 

5-50 

50-85 Dss 
Upper limit 

on EOS is EOS 
(mm) = 0.212 mm 

(no. 70 U.S. 
standard sieve) 

> 85 D85 
Lower limit on EOS 
is EOS (mm) = 0.125 

mm (no. 120 U.S. 
standard sieve) 

MinimumPOA 
Woven Nonwoven 

10% Ks 

4% K ** s 

4% Ks 

* When the protected soil contains appreciable quantities (20 to 30%) 
of material retained on the no. 4 sieve, use only the soil passing the no. 
4 sieve in selecting the EOS of the filter fabric. The EOS requirement 
should be specified as a range to allow for manufacturing tolerances. 
The smallest sieve opening size of the EOS range should not be smaller 
than the openings of a U.S. Standard Sieve Size no. 120 (0.125 mm). 
It is preferable to specify a filter fabric with openings as large as 
allowed by the criteria. 
t D85 is the grain size in millimeters for which 85 percent of the sample 
by weight has smaller grains. 
** K, is the permeability of the protected soil. 



Table 11. Geotextile 
1989a). Fil.terfabrics 
surrounded at !east 6 in. of 
fabric is used to line a trench, the collector 

backfill material. 

Type Minimum 

Tensile lOOib 

Elongation 15% 

Puncture 40lb 

Tear 25 lb 

Test 

ASTM D 1682 grab test, l in. square 
and 12 in. per minute constant rate of 
traverse. 

ASTM D 1682, determine apparent 
breaking elongation. 

ASTM D 3787, except polished steel 
ball replaced with a 5/16-in.-diameter 
solid steel cylinder with a hemispheri
cal tip centered within the ring clamp. 

ASTM D 1117. trapezoidal tear strength. 

'"'-"Aj'"'"~ resistance to clogging 
test is used for both woven 

and nonwoven fabrics and measures the of the 
fabric to pass water without any soil on or in the fabric. 

Geotextile strength vary with the appli-
cation of the fabric and construction Expe
rience has shown that when a heavier nonwoven fabric 
is used, the bedding material can often be reduced in 
thickness or completely eliminated. Recommended val
ues are shown in Table 11. 

Ridgeway (1982) recommends the 
filter fabrics as a design guide 
for drainage systems. AASHTO presents filter 
fabric criteria that are very close to those by 
the Corps (Table 

Position of filter fabric 
The FHW A (Baumgardner and Mathis 

vas sed State DOTs to find out how 
age for rigid concrete pavement construction. They 
found that the placement of filter fabric is the 
most difficult and controversial item in the edge drain 
design. Three distinct are repmted. 

a b 

In the first approach, the entire perimeter of the trench 
is wrapped in filter fabric to separate the backfill from 
the subgrade, base, subbase and whatever material cov
ers the trench (Fig. 14a). Any fines that may erode from 
or migrate through the base course have the potential to 
clog the filter fabric. The Corps (U.S. Army 1989a) 
requires that if a geotextile is used to line the drainage 
trench, the pipe should be separated from the fabric by a 
minimum of 6 in. of granular backfill. 

The second approach leaves the interface between the 
trench backfill and the base and slab open. Therefore, 
any fines washed through the base will not clog the 
fabric, but may clog the pipe itself. This approach would 
have the shortest time to drain and thus the least time of 
saturation (Fig. 14b). 

The third approach is a compromise in which the pipe 
itself is wrapped in a filter fabric and the trench is 
backfilled with a material that meets the filter require
ments for the surrounding soils, such as a coarse sand 
(Fig. 14c). This backfill material will have a coefficient 
of permeability much lower than the open-graded aggre
gates used in the other two approaches. 

The Corps (U.S. Army 1989a) requires that when 
filter fabrics are used to wrap collector pipes, at least 6 
in. of granular material should surround them. 

Baumgardner and Mathis (1989) point out that in all 
of these approaches any erodible fines in the base course 
will still be washed out. The difference in the approaches 
is the manner in which fines are handled. 

Baumgardner also noted that there is no way to 
prevent a filter adjacent to a material with a high percent
age of fines from eventually clogging. If there are no 
voids between the filter material cloth and the adjacent 
material to be drained or if the voids are small, the filter 
won't clog as rapidly, and will function for a longer 
period. If, however, voids are present between the mate
rial to be drained and the filter, soil particles can go into 
suspension and will eventually clog the filter; therefore, 
filter fabrics need to be in intimate contact with the 
material to be drained. 

Collector 
To remove water quickly once it has been collected 

by the base and subbase, the sub grade or other pervious 

c 

in subsurface drains (after Baumgardner and Mathis 1989 ). 
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Table 12. AASHTO geotextile criteria (after AASHTO 1986b ). 

I. Piping resistance (soil retention-all applications). 

A. Soils with 50% or less particles by weight passing U.S. no. 200 sieve: 

EOS no. (fabric)~ 30 sieve. 

B. Soils with more than 50% particles by weight passing U.S. no. 200 sieve: 

EOS no. (fabric)~ 50 sieve. 

Notes: 

I. Whenever possible, fabric with the lowest possible Equivalent Opening 
Size (EOS) no. should be specified. 

2. When the protected soil contains particles from l-in. size to those passing 
the U.S. no 200 sieve, use only the gradation of soil passing U.S. no. 4 sieve 
in selecting the fabric. 

II. Permeability. 

Critical! severe applications* Normal applications 

k (fabric)~ 10 k (soil) k (fabric)~ k (soil) 

*Woven monofilament fabrics only: percent open area~ 4.0 and EOS no. 100 sieve. 

III. Chemical composition requirements and considerations. 

A. Fibers used in the manufacture of civil engineering fabrics shall consist of a long 
chain synthetic polymer, composed of at least 85% by weight polyolephins, 
polyesters or polyamides. These fabrics shall resist deterioration from ultraviolet 
exposure. 

B. The engineering fabric shall be exposed to ultraviolet radiation (sunlight) no 
more than 30 days total in the period of time following manufacture until the 
fabric is covered with soil, rock, concrete, etc. 

IV. Physical property requirements (all fabrics).* 

Grab strength (ASTM D-1682) 
(minimum strength in either principal direction) 

Puncture strength (ASTM D-751-68)t 

Burst strength (ASTM D-751-68)** 

Trapezoid tear (ASTM D-1117) 
(any direction) 

Fabric 
unprotected protectedtt 

180 lb 80 lb 

80 lb 25lb 

290 lb/in.2 130 lb/in.2 

50 lb 25lb 

* All numerical values represent minimum average roll values (i.e., any roll in a lot 
should meet or exceed the minimum values in the table). 
t Tension testing machine with ring clamp, steel ball replaced with a 5/16-in.-diameter 
solid steel cylinder with hemispherical tip centered within the ring clamp. 
** Diaphragm test method. 
tt Fabric is said to be protected when used in drainage trenches or beneath/behind 
concrete (Portland or asphalt cement) slabs. All other conditions are said to be unpro
tected. Examples of each condition are: 

Protected: Highway edge drains, blanket drains, smooth, stable trenches less 
than 10 ft deep. In trenches in which the aggregate is extra sharp, 
additional puncture resistance may be necessary. 

Unprotected: Stabilization trenches, interceptor drains on cut slopes, rocky or 

caving trenches or smooth, stable trenches more that 10 ft deep. 
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strata, perforated pipes are placed adjacent to the water
bearing material. From the perforated pipes, it is typical 
to use solid-walled pipe to remove the water from the 
vicinity to ditches or over embankments, which will 
channel the water to a natural water course or some other 
area away from the pavement. 

The top of the sub grade beneath paved shoulder areas 
should be sloped to provide drainage to subsurface 
pipelines. A sketch of a typical base and subbase drain is 
shown in Figure 11. 

Perforated collector pipes are typically placed longi
tudinally, along one or both edges of a pavement, within 
the shoulder, with pervious backfill material connecting 
the base and subbase course to the drain. For airfields, or 
large parking areas where placing the drain only at the 
edge of the pavement would result in a drainage path of 
unacceptable length, drains are placed typically along a 
center line or at some other interval beneath the pave
ment. In especially wet areas, and sometimes in rigid 
pavement construction, drains are place transversely 
within the pavement. In the case of jointed Portland 
cement concrete pavements, drains have been constructed 
under the joint areas to remove water that will infiltrate 
at this area if the joint sealer does not provide complete 
protection (Better Roads 1990). 

The practice of extending the base course to the 
surface of the ground on the embankment slope beyond 
the shoulder, or "day lighting" the base course, and not 
including a collector pipe, is not recommended. It is 
common for this type of system to become clogged and 
cease to function. 

Transverse drains 
Transverse drains are typically used in areas where 

the grade of the road is greater than the slope or cross 
slope of the section and, therefore, water is more apt to 
run parallel to the centerline than perpendicular and out 
of the pavement section. Sag curves are typical location 
for transverse drains. 

Recently, the state of Wisconsin has been placing 
transverse drainage under transverse joints on newly 
constructed Portland cement concrete to channel water 
as soon as it enters the pavement system (ACPA 1989). 

Longitudinal drains 
The drain itself can be constructed in several different 

methods and still be effective. A trench drain with a 
perforated pipe and backfill graded to provide both a 
permeable path and a filter for the surrounding soil is 
common. The use of a geotextile envelope, either around 
the pipe itself or around the backfilled trench, is a 
common method to provide a filter between adjacent 
soils or the soil and the perforated pipe. Geocomposites, 
or fin drains, are gaining popularity and with new tech
nology can easily be placed without a large amount of 
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backfill. Geocomposites also lend themselves to retrofit
ting into thin slots cut in the pavement and base course 
along the lane-shoulder interface. 

Sub grade drains 
The Corps requires (U.S. Army 1979) that subgrade 

drain pipes be placed at a depth of not less than 1 ft below 
the bottom of the base and subbase course and not less 
that 1 ft below the groundwater table. Frequently, depth 
of cover is controlled by frost conditions or loading 
requirements. Subgrade drains are generally required 
only at pavement edges. 

Intercepting drains 
Intercepting drains are placed in the impervious layer 

immediately below the intercepted seepage or water 
bearing layer where it is at a reasonable depth (Fig. 13). 
The construction of intercepting drains requires careful 
workmanship and close supervision to allow for the 
varying slope and direction of the seepage layer. 

The amount of water collected by an intercepting 
drain is often difficult to determine. In general, 6-in. 
drainpipe in lengths of not over 1000 ft will have ad
equate capacity (U.S. Army 1979). 

Specification of pipes 
Various types of standard manufactured pipe may be 

used in subsurface drainage systems. The type of pipe 
selected should meet design requirements for site condi
tions such as soil type, required loading and amount of 
cover. Issues of cost and the availability of pipe should 
be considered. The following types of pipe are listed by 
the Corps (U.S. Army 1979) as available-perforated, 
bell and spigot, cradle invert (skip), porous concrete, 
bituminized fiber, farm tile and plastic. 

Pipe selection involves consideration of factors in
cluding strength under either maximum or minimum 
cover provided, pipe bedding and backfill conditions, 
anticipated loadings, length of pipe sections, ease of 
installation, resistance to corrosive action by liquids 
carried or surrounding soil materials, suitability of joint
ing methods, provisions for expected deflection without 
adverse effects on the pipe structure or on the joints or 
overlying materials, and cost of maintenance (U.S. Army 
1978). 

Except for long intercepting lines and drains at sites 
with extremely severe groundwater conditions, the Corps 
(U.S. Army 1979) states that 6-in.-diameter pipes are 
satisfactory for all subsurface drainage installations. 
However, infiltration calculations for subsurface flows 
( eq 15) should be used to check if the flow available will 
be too great for the capacity of a 6-in. pipe. 

The nomograph shown in Figure 15 may be used to 
design drainpipes for subsurface drains. The values to be 
used for the coefficient of roughness n are as follows: 
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Figure 15. Nomograph for airfield drainage (from U.S. Army 1979). 
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n 

Clay, concrete, bituminized 
fiber and asbestos-cement 0.013 

Bituminous-coated or uncoated 
corrugated metal pipe 0.124 

The recommended minimum slope for subdrain pipes 
is 0.15 ft in 100ft (U.S. Army 1979). 

Moulton (1980) indicates the pipe diameter should be 
4 in. for a pipe slope greater than 0.004 and 6 in. for a 
slopebetween0.002and0.004.AASHT0(1986b)speci
fies a pipe size of 6 to 12 in. 

To check the capacity of standard sized drains, the 
Manning equation for flow in an open channel and other 
appropriate fluid flow equations may be used. Consider
ation of the appropriate roughness factors for the pipe 
material specified should be given. 

Geocomposite drains are placed similarly to conven
tional trench drains, up against the edge of the pavement 
lane, under the shoulder The University of 
Illinois and others have done research on 
the flow capacities and performance of these 
drainage composites (Dempsey 1987). The 
fin-drain, as many geocomposites are called 
owing to their geometry, will perform as 
well as or better than more traditional pipe 
and trench methods if properly "'-"~"'u"'u 
and placed. 

The collector drain pipe should have a 
minimum grade of 1% for smooth and 
2% for corrugated pipe. Collector pipes 
should be a minimum of 4 in. in diameter. In 
areas of large groundwater flow, a 6-in.
diarneterpipe should be used (Nichols 1987). 

mined by the Corps procedure (U.S. Army 1978). The 
trench for subdrains in seasonal frost areas should be 
backfilled with free-draining, non-frost-susceptible 
material. Within the depth of frost penetration, gradual 
transitions should be provided between non-frost-sus
ceptible trench backfill and frost-susceptible subgrade 
materials around drains placed beneath pavements. This 
will prevent detrimental differential frost heave, particu
larly if the design is based on reduced sub grade strength. 

Drain trench geometry 
AASHTO (1986b) dictates that the drainage trench 

be 1.5 ft wide with a minimum of2 in. of bedding under 
the drain pipe. The depth of the pipe will be 2 to 5 ft into 
the subgrade. 

The geometry of the drainage trench recommended 
by the FHW A (Moulton 1980) is 1.5 ft wide with a 
minimum of 3 in. of bedding under the drain pipe. 
Typically, a drain is placed with the top of the pipe 
almost even with the bottom of the base course, as shown 
in Figure 17. The FHW A specifies only that the drain be 
placed within the subgrade in frost areas (Fig. 18). 

Depth of cover 
over drainage pipe 

Figure 16. Geocompositefin drain (after Dempsey 1987). 

Depth of cover over drain 
on loading and frost requirements. 
of loads are of principal concern--dead 
loads consisting of the weight of the trench 
backfill and pavement, plus stationary sur
face loads, and live or moving loads, includ
ing the impact loading of vehicles or air
craft. Live loads are more the 
shallower the pipe is buried. Cover require
ments for different design aircraft wheel 
loads mandated by the Corps (U.S. Army 
1978) are not included here. 

In seasonal frost areas, the depth of cover 
to the center line of pipe shouldn't be less 
than the depth of frost penetration as deter-

a 

b 

Figure 17. FHWA shallow drains (after Moulton 1980). 
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b 

Figure 18. FHWA deep drains (after Moulton 1980). 

I'-~Pa~v~e~m~e~nt~~----~S~h~ou~ld~e~r----~ 
ACor PCC 

/

- Keep joints as well 
sealed as possible 

c 

d 

ometries from several sources are shown in 
Figures 19 and 20. 

Manholes, observation basins, 
outlets and risers 

Outlets for the collector pipe provide a 
way to convey the water away from the pave
ment into the surface drainage system, and 
can also be used to maintain the pipe. The 
location of the outlets will he somewhat af
fected by topographic and geometric features 
and the overall drainage pattern. The maxi-
mum spacing for outlets, however, has been 
cited by several agencies as approximately 
500ft (Kozlov 1984). 

Drainage outlets should be designed in 
such a way as to keep out small rodents, prevent 
erosion around the outlet and allow for mowing, 
either by flagging the outlet so it can be avoided 
(most typical), or constructing it in such a way 
that a mower could run over it without causing 
the outlet or the mower damage. The use of 
protective headwalls, made of steel, concrete or 
some other durable material, to protect the outlet 
pipe is typically recommended. Where outlet 
pipes aren't subject to backwater or flooding, 
grates or heavy screen should be placed at the 
outlet to prevent vandalism or inhabitation by 
rodents. However, if debris is washed through 
the pipe, it may be caught in the screen, and will 
plug the outflow. If an outlet is subjected to 
flooding, a check or flap valve should be used to 
prevent back-flow (U.S. Army 1978). 

Manholes, observation basins and risers are 
installed on subsurface drainage systems to pro
vide access to the buried pipe to observe its 
operation and to flush or rod the pipe for clean
ing. Manholes on base and subbase course or 
sub grade pipe drains should be at intervals of not 
over 1000 ft, with one flushing riser located 
between manholes and at dead ends. Manholes 
should be provided at principle intersections of 
several drains. 

Figure 19. Typical base course and drain configurations (after 
AASHTO 1986b). 

Risers are typically vertical pieces of pipe 
with either a constructed angle or a piece of 

The New Jersey DOT (Kozlov 1984) advocates 3 in. 
of bedding beneath the pipe, and a depth to pipe of 12 in. 
from the bottom of the pipe to the top of the sub grade or, 
in frost areas, at least 12 in. from the bottom of the pipe 
to the frost line. Nichols ( 1987) advocates a deep trench 
when frost may penetrate and freeze the water in a 
shallow trench. Some additional standard drainage ge-
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flexible pipe attached to the horizontal drain pipe 
(Fig. 21). The attachment is made so that an inserted 
cleaning device (i.e., a sewer rodder) would be guided 
downstream. They should be placed at intervals within 
the pipe that allow the cleaning device to extend from 
one riser to the next, typically 200-250 ft. Each riser is 
capped to stop debris from entering the system 

The Corps specifies (U.S. Army 1978) details on 
drainage fixtures. Inlets and box drains are specified, as 
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Retrofit edge drains 
Where pavements were not built with 

drainage and have begun to show moisture
related distress, it is becoming more com
mon to retrofit the pavement with an edge 
drain to try to alleviate the problem. 

Perforated or Slotted Pipe 
6- 12 in. Diameter 

The experience with retrofit edge drains 
varies. New Jersey DOT (Kozlov et al. 1982) 
reports that pumping action under Portland 
cement concrete pavements was only par
tially arrested by the retrofit of edge drains, 
and that eventually the under drains became 
clogged with pumped fines. 

a 

1/2 in. Stone Chips or Pea 
Gravel Trench Backfill 

Hallin (1988) reports that retrofitting edge 
drains on concrete pavements with erodible 
bases having a high percentage of fines, such 
as typical dense-graded bases, may not be an 
effective rehabilitation technique. Several 
states have reported that when edge drains 
were added to pavements where the base had 
a high percentage of material passing the no. 
200 sieve, edge drains may actually acceler
ate distress. The edge drains are believed to 
permit fines to erode from the base, creating 
voids beneath the pavement. When filter 
fabrics are included in these systems, the 
fabric become clogged and the drains cease 
to function. 

Slotted Corrugated Plastic 
Pipe 4 to 6 in. Diameter 

Approx. 4 in. Wider 
Than Pipe Diameter---1-----oo--1 

b 

Figure 20. Typical drain trench details (after AASHTO 1986b). 
Construction 

Flow_,_ 

End Cap 
(flush with ground) 

6" Non-perforated 
Riser 

Underdrain T 
Figure 21. Typical riser. 

well as criteria for headwalls, drop structures, check 
dams, chutes, stilling basins, gutters, open channels, 
erosion control and riprap protection. Drainage during 
construction is also given a short discussion. These 
subjects will not be discussed further in this report. 
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Base and subbase 
Placement of the rapid-draining and open-graded 

mixes is relatively new and requires following certain 
guidelines. The material must be placed in such a way to 
prevent or minimize segregation and obtain a uniform 
layer thickness. The rapid-draining material requires 
extra care in stockpiling and handling. 

The Corps permeable Open-Graded and Rapid-Drain
ing Mixes (OGM and RDM) may be best placed with an 
asphalt paver (U.S. Army 1988). To ensure proper 
compaction, lift thickness should be kept at 6 in. or less. 
If choke stone is used on the open-graded mix, it should 
be placed after compaction of the final lift. The choke 
stone is spread in a thin lift not more the 1.2 in. thick 
using a spreader or the paver, and worked into the surface 
of the OGM with a vibratory roller and wetting. 

To determine the compaction effort required for the 
OGM and RDM aggregates, a test section is recom
mended (U.S. Army 1988). The test section should be 
closely monitored to determine when crushing of the 
aggregate becomes excessive. Experience has shown 
that sufficient compaction can be obtained with six 
passes or less of a 1 0-ton vibratory roller. Unstabilized 



material should be kept moist during compaction. As
phalt-stabilized material must be compacted at a some
what lower temperature than standard dense-graded 
mixes. In most cases it will be necessary to allow the mix 
to cool to less that 200°F before compaction (U.S. Army 
1988). West Virginia allows asphalt stabilized materials 
to cool to approximately 130 to 150°F before compac
tion is attempted (Baldwin and Long 1987). 

After compaction, the drainage layer should be pro
tected from contamination by fines from the construc
tion traffic. It is recommended that the surface layer be 
placed as soon as possible after placement of the drain
age layer. Precautions must be taken to protect the 
drainage layer from disturbance by the equipment plac
ing the surface layer. Only tracked pavers should be 
allowed for paving on unstabilized base courses. Truck 
drivers should avoid rapid acceleration, hard braking 
and sharp turns on the completed drainage layer. 

Filter material 
The major difficulties in construction ofthe filter are 

the problem with compaction in a restricted working 
space and the tendency toward segregation of particles 
(U.S. Army 1979). Segregation of coarse particles re
sults in the formation of voids through which fine par
ticles may wash from the subgrade material. A material 
with a high coefficient of uniformity will tend to segre
gate during placement; therefore, a coefficient of unifor
mity less than 20 is recommended. For the same reason, 
filter materials should not be skip graded. Segregation 
can best be prevented by placement of moist material. 
However, moist placement of sand may cause bulking of 
the sand particles. The use of water during installation of 
the filter material will collapse the structure of the bulked 
sand, therefore aiding in compaction and forming satis
factory transition zones between the various materials. 

Kozlov ( 1984) reports that the best method for build
ing underdrains in roadways is first to construct all 
subbases. If required, the top of the subbase is then 
stabilized and the filter cloth barrier is placed to provide 
a construction platform and to prevent the intrusion of 
subbase fines into the overlying drainage layer. This is 
followed by the construction of the collection system. 
Finally the drainage system is placed. 

COLD REGIONS 
CON SID ERA TIONS 

Preventing damage to pavements in cold regions is of 
particular concern because of the action of freeze-thaw 
cycling. If a pavement does not drain well, frost-suscep
tible soils will be more likely to heave because of the 
water retained within the structure. In the spring, water 
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resulting from melting ice lenses will cause thaw weak
ening of the pavement structure, making it more prone to 
damage by traffic loads. In some areas this behavior 
results in roads being closed to heavy truck traffic during 
the spring thaw season to prevent damage. 

During warm plowed granular shoulders and the 
base under the asphalt surface may thaw slightly because 
of their dark surfaces. As they thaw, more water can 
penetrate into the pavement. The area adjacent to the 
pavement, under the insulating effects of the snow bank, 
will remain frozen, as will deeper areas of the structure, 
fmming a bathtub for the thawed material. If, during the 
night, the pavement refreezes, heaving will occur. Re
peated freeze-thaw cycles in the late winter and early 
spring over-stress the asphalt and cause longitudinal 
cracking to develop at the pavement edge. In time these 
cracks propagate and may eventually cause pavement 
breakup, especially in thin asphalt pavements (MacMaster 
et al. 1982). 

Several issues arise when designing pavement drain
age systems to be installed in cold regions. Previously, 
the gradations and filter requirements for base courses of 
pavement in seasonal frost areas were discussed. The 
following discussion deals with some additional con
cerns, such as 1) the influence of depth of frost penetra
tions, 2) differential pavement icing and 3) frost heave of 
drainage fixtures and pipes. 

In a study by CRREL for the state of New Jersey, the 
data indicated that pavement profiles with open-graded 
base courses had frost penetration equal to or slightly 
less than that beneath similar pavement profiles without 
drainage layers. The stabilization of the open-graded 
material has no influence on the depth offrost penetra
tion within the pavement (Berg 1978). 

Another consideration voiced is whether or not the 
low conductivities of the open-graded drainage layers, 
as compared to the thermal conductivities of conven
tional base and subbase material, will cause the pave
ment smface over an open-graded drainage layer to 
become icy before the pavement without a drainage 
layer does. Owing to the small nature of the difference 
between the thermal conductivity between open-graded 
layer material (0.54 Btu/ft hr °F) and the base and 
subbase course materials used in the particular study 
investigated (about 1.1 Btu/ft hr °F), no significant 
difference in surface conditions between the two pave
ments is anticipated (Berg and McGaw 1978). However, 
no data have been collected to support this conclusion, to 
the author's knowledge. 

Drains, culverts and other utilities are frequently sites 
of severe differential heaving of pavement surfaces. 
Differential frost heave may result in both fatigue of the 
pavement, which may lead to cracking, and unaccept
able roughness of the pavement surface. Also, heaving 
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of the pipe may cause it to break or become misaligned. 
Detrimental effects of heaving of frost -susceptible soils 
around and under drainage pipes are a principal consid
eration in the design of drainage systems in seasonal 
frost areas. Thefreezingofwaterwithin the system, with 
the exception of icing of the inlets, is of secondary 
consideration, provided the hydraulic design assures 
minimumvelocityofflow. TheCorps(U.S.Army 1979) 
provides guidance on the control of differential frost 
heave at drainage structures such as inlets and culverts. 

The Corps (U.S. Army 1978) recommends that the 
placement of drains under the pavement should be 
avoided, if possible, and where the pipes must be placed 
under the pavement, wide trenches that provide transi
tions should be used and the pipes placed before place
ment of the base course. Methods for placement of base 
and subbase drain pipes and pipes that must be placed 
beneath paved surfaces in cold regions are shown in 
Figure 22. Excavating into an existing pavement and 
base course for placement of drains is not recommended 
because placing backfill in the excavation to recreate the 
same frost heave characteristics as the adjacent pave
ment is nearly impossible. 

The Corps (U.S. Army 1981) provides specifications 
for storm drainage systems in permafrost and other arctic 
and subarctic regions, which are defined as having 
temperatures in their coldest month below 32°F, the 
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mean temperature for the warmest month above 50°F 
and in which there are less than 4 months having a mean 
temperature above 50°F. 

CONCLUSIONS 

The criteria produced by the Corps of Engineers for 
drainage of pavement structures and the practices of 
those outside the Corps do not vary greatly. This is 
principally because of the Corps guidance being pro
duced by WES that requires the use of the rapid-draining 
and open-graded materials. Also, much of the work done 
for the Corps, or incorporated into the Corps literature, 
has been disseminated into the mainstream work by the 
authors of the Corps work themselves, or by others. For 
years the Corps has either had in their employ or con
tracted with people who are the leaders in their fields, 
and many of these are the staunchest advocates of 
drained pavements. 

For designing drainage systems for cold regions, 
Corps and other criteria are both somewhat lacking. A 
prediction of the drainage capacity needed to provide for 
snowmelt, especially on roads and small runways where 
the snowbanks and the geometry of the section may 
conspire to allow for a continuous flow of meltwater 
across the pavement surface (i.e., super-elevated curves) 



is not present in the Corps criteria. In the outside sector, 
Texas A&M and some others have begun to incorporate 
snowmelt into their required capacities. While a qualita
tive discussion of the effects of temperature, degree of 
compaction, albedo and rainfall on the melt rate of snow 
banks can be produced, there is, however, no model that 
realistically quantifies the amount of water available for 
infiltration into a pavement system from snowmelt. 

For cold regions engineering, everywhere in the drain
age literature that the potential for damage to and by the 
mower is mentioned, the word snowplow should be 
inserted during the winter months. Flagging may have 
limited use when weather conditions obscure the view of 
the plow operators, and therefore all drainage fixtures 
should be flush with the ground surface. If the material 
around the drain is going to tend to heave, the fixtures 
may need to be below the ground surface. 

If a fixture such as a riser or outlet is going to have a 
removable cap or a grate, a connection of some type 
should be made to tie the cap to the pipe, so that if it gets 
knocked off it can be replaced. Or the maintenance truck 
should be supplied with extra caps to replace lost ones. 

In one issue the Corps has made a point that is seldom 
seen in drainage designs from other agencies, except by 
chance. The use of broad, sloping trenches for pipes 
under paved surfaces is necessary to prevent differential 
frost heave in the section. The Corps also has designs for 
catch basins and other structures to mitigate differential 
frost heave. 

In all sectors, from the Corps through the rest of the 
pavement community, the principles of good drainage 
are well known. The high cost of pem1eable aggregates, 
and the extra care needed to place drainable bases and 
collectors, are the main factors that prevent the regular 
construction of well-draining pavements. 
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