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Characteristics of Base and Subgrade 
Drainage of Pavements 
SHANG J. LIU, JEV K. JEVAPALAN, AND ROBERT L. l VTTON 

Base courses beneath highway and airport pavements that become saturated 
are reduced in modulus and bearing capacity, and pumping may develop at 
pavement joints. Base-course dra inage is often required to preclude this ma
jor cause of pavement deterioration. A number of theoretical models for 
developing design guidelines for drainage requirements of pavements are dis
cussed; the models include the original one by Casagrande and Shannon. 
which assumed a straight·llne phreatic surface and an impermeable subgrade. 
The infl uence of subgrade drainage on drainage tlmo and tho influence of 
the use of the more theoretically correct parabolic phreatic surface, espe
cially in deep base courses or on flat slopes, are found to be substantial. 
New models are developed to include these features and the calculated results 
are, in general, in good agreement with field data observed on full-scale pave
ments. Example calculations are presented to illustrate the effect of sub
grade drainage on the drainage time for base courses. 

A complex interaction among the pavement section, 
traffic, and environmental conditions influences the 
performance of pavements. Some of the most detri
mental interactions occur more rapidly when excess 
water is in the base course. As the water content 
of the base course and subgrade increases, load
bearing capacity and modulus are reduced signifi
cantly, and pumping, stripping, and disintegration 
of stabilized materials increase. Therefore, proper 
drainage of base course and subgrade must be pro
vided (see Figure 1) • The design of highway sub
drainage requires a proper analysis of the drainage 
characteristics of these two layers. 

Base-course drainage has received considerable 
attention during the last 30 years . Casagrande and 
Shannon (1) made field observations on several air
fields in- the United States to determine the envi
ronmental conditions under which base courses may 
become saturated. Most of the observations were 
limited to the two principal causes for the satura
tion of base courses--frost action and infiltration 
through the surface course. Casagrande and Shannon 
(1) made detailed observations of groundwater levels 
i-;;- the subgrade and in the base course beneath both 
concrete and bituminous pavements at six airfields 
in Maine, Wisconsin, Michigan, North Dakota, and 
South Dakota. The discharge through the base-course 
drainage pipes was also monitored at these fields. 
Based on these observations they concluded that, 
during the thawing period, ice segregation in a 
subgrade may cause ·saturation of an overlying, free-

Figure 1. Cross section of pavement. 

draining base. They also concluded that infiltration 
of surface water through pavement cracks, or joints, 
may cause saturation of a free-draining base that 
overlies a relatively impervious subgrade. Other 
causes for the saturation of bases may be inundation 
of the pavement in an area that might be floode.d 
during certain times of the year or where the natu
ral water table may rise above the bottom of the 
base course. 

Casagrande and Shannon <!.> also performed a sim
plified theoretical analysis of the base-course 
drainage. They assumed symmetry along the axis of 
the pavement and developed the equations that govern 
drainage for one-half of the cross section of the 
base-course layer ABCD. Figure 2 s hows the d r ainage 
process div ided i.nto two parts . I n the firs t part 
the fr ee su rface g r adua lly cha nges from position CD 
to CA becaus e of free dra i nag e through t he open edge 
(CD) of t he pavement . Darcy ' s law and the c ontinu ity 
equation wer e satisfied to establish a relation 
a mong time (t) and x(t) in ter ms of a , L , tt , k1 , and 
n1 , a s shown i n Figure 2. ~ n t he second part o f t he 
f i gu re the f ree s u rface rotates from posi t ion CA to 
CB because of the loss of water through the face CD. 
The su bgrade i s assumed t o be imperv ious through the 
entire flow calculation. Casagrande a nd Shannon (1) 
established a relation among t and h (t) in t erms of 
other parameters mentioned previously. 

Fur ther d e t ails a nd drainage equations are pre
sented in t he followi ng sections of this paper. The 
theoretical results were c ompared with fie l d obser
vat ions by Casag r ande and Shannon (1) , a nd the de
viations between t heory a nd fie l d results are pri
mar ily due to the assumpti o ns that t he phreatic 
surfac e i s a straight line a nd t he subgrade i s im
per v i ous . Later Barber and Sawyer (2 ) presente d 
Casagrande . a nd Shannon ' s (1) equa tions - in the fo rm 
of a dimensionless chart i'See Figure 3). Recentl y 
Cede rgren (3) and Moulton (4) have modified t he 
orig inal definition o f the slope f actor (S) a s the 
reciprocal of the one shown in Figure 3 and have 
presented similar drainage charts in their work on 
highway subdrainage design. 

Casagrande and Shannon (!,) noted that as the 
slope of the pavement (tan a) became flatter or 
the depth of the base (H) became greater , predic
tions differed more widely from observa tions. To 
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Figure 2. Casagrande-Shannon model for base-course drainage. 
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account for this difference Casagrande and Shannon 
(,!) introduced a correction factor that depended on 
these variables. Also, in the cases reported in 
this paper, the base course t ook longer to drain 
than the theory p redicted. Beca us e the Casagrande
Shannon theory underpredicts the amount of time that 
a base course is wet, which is not conservative 
e specially in the deeper and fla t t er pavements , a 
better means was needed for anal y:dng t he drainage 
from base courses. 

In o r der to develop better analytic procedures 
for pavement drainage design, a parabolic phreatic 
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surface and a permeable subgrade were used in this 
research study. The details of these improved ana
lytic mode ls, the numerical results fr om these 
models, a nd their applicability to pavement sub
drainage design are discussed in the following sec
tions. 

ANALYSES OF BASE DRAINAGE 

Drainage of a sloping layer of base course involves 
an unsteady flow with a phreatic surface. The as
sumptions of Casagrande and Shannon (1) lead to the 
simple model shown in Figure 2. In this model the 
center line of the base course (AB) and the bottom 
of the base course (BC) are considered to be imper
vious boundaries. Free discharge is assumed along 
the outer edge of the base course (CD). When drain
age begins, the base layer is assumed to be satu
rated, and the face CO is immediately opened for 
fr ee dra inage. In the Casag r ande-Sha nnon model the 
phr eatic surface is assumed to be a straigh t line 
that r o t ates with time , as s hown in F igure 2 . The 
problem was s o l ved in two pa rts a nd t he s olutions 
were presen ted i n the following d imensionless f orm. 
Noted that U i s the degree of d rainage , s is the 
slope factor, and T is the time factor. 

For horizontal bases, 
Staqe 1: 

0 .;; U .;; 50 percent 

and 

T= 2U2 

Stage 2: 

50 percent .;; U < 100 percent 

and 

T = U/(2 - 2U) 

For sloping bases, 
Stage 1: 

(l a) 

(lb) 

(2a) 

(2b) 

Figure 3. Variation of drainage area with slope factor and time factor (after Casagrande and Shannon I. 
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0 .; U .;; 50 percent 

and 

T = 2 us - S2 In ((S + 2U)/S] 

Stage 2: 

50 percent < U < 100 percent 

and 

T = S + S Jn ((2S - 2US + 1)/(2 - 2U)(S + 1 )] 

- S2 In [(S + l)/S] 

where 

U drained area/total area, 
S = H/L tan a, 
T = tk1 H/n1 L

2 , 

H = thickness of base course, 
L =one-half the width of the pavement, 
a slope angle, 
t • time, 

k1 coefficient of permeability of base 
course, and 

n1 =porosity of base course. 

(3a) 

(3b) 

(4a) 

(4b) 

The Casagrande-Shannon model has been used ex
tensively by Barber and Sawyer Cl>, Cedergren Cl> , 
Moulton (4), and Markow (5) in the form of a chart 
shown in Figure 3. Howevei: the theoretical analyses 
reported by Wallace and Leonardi (2_) indicate that 
the phreatic surface assumes a shape closer to a 
parabola than a straight line. Dupuit's assumption, 
as used in related drainage problems by Polubari
nova-Kochina (7), also suggests that a parabolic 
phreatic surface would yield more realistic results 
for drainage calculations. 

To compare the effects of a parabolic phreatic 
surface with those of the straight line assumed by 
Casagrande and Shannon ( 1) an impermeable subgrade 
was assumed and the resulting drainage equations 
were developed. Two separate stages were identified 
(see Figure 4) and the corresponding equations are 
as follows. 

For horizontal bases, 
Stage 1: 

0 .. u .. 1/3 

and 

T= 3U2 

Stage 2: 

1/3 .;; U < I 

and 

T = (8/9) [1/(1 - U)] - 1 

For sloping bases, 
Stage 1: 

0 .. u .. 1/3 

and 

T = (3/2) SU - (3/8) S2 In [(S + 4U)/S] 

Stage 2: 

1/3 .; U < I 

(Sa) 

(Sb) 

(6a) 

(6b) 

(7a) 

(7b) 

(Ba) 

and 

T = (S/2) - (3/8) S2 In [(3S + 4)/3S) + S In [(9S - 9SU 

+ 8)/3(1 - U) (3S + 4)] 

Figure 4. TTI model for base-course drainage with impermeable 
subgrade. 
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The results of these drainage equations are pre
sented in the form of a dimensionless drainage chart 
in Figure 5. The results from the new model are 
compared with field data reported by Casagrande and 
Shannon (]) on three of their five pavement test 
sections shown in Figures 6 through B. In the Texas 
Trans porta tion Institute (TTI) model, drainage pro
ceeds mor e slowly than in the Casagrande- Shannon 
model but has roughly the same shape. 

The TTI model could be made to better fit the 
field data if drainage were allowed to infiltrate a 
permeable subgrade, thus increasing the initial 
degree of drainage and shortening the drainage time. 

ANALYSES OF BASE AND SUBGRADE DRAINAGE 

Two models were developed to study the influence of 
subgrade drainage on base-course drainage. In these 
models the phreatic surfaces in the base course were 
assumed to be linear and parabolic. The two distinct 
stages of drainage in the first permeable subgrade 
model are shown in Figure 9. In this model the 
properties of the subgrade are defined by the coef
ficient of per meabilit.y Ck 2l and porosi ty (n2). An 
advancing wett i ng fron t (FG) was assumed at an un
known depth of y0 (t) (see Figure 10). The drainage 
problem, similar to that of the Casagrande-Shannon 
model, begins with a saturated base-subgrade com
pos i t e sys t em a nd t he faces EC and DC a re opened 
immed iately to a llow f re e drainage. 'l'o keep t he 
model s impl e a one -dimens i onal flow into t he s ub
grade is assumed <1>· Based on this formulation the 
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velocity of drainage (v) into the subgrade is given 
by 

v = [y0 (t) + h(t) - HJ/ (!h (t)/kiJ - { [y0 (t) - H]/k2}) (9) 

where 

• depth of water in the base course, 
.. penetration of water into the subgrade, 
• coefficient of permeability and po

rosity of the base course, and 
• coefficient of permeability and po

rosity of the subgrade. 

fi!PJre 5. TTI drainage chart with impermeable subgrade. 
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The modified differential equations for this 
model do not yield a set of dimensionless variables 
that permit the preparation of dimensionless drain
age charts. Furthermore, the governing equations 
are too complex to generate any closed-form solu
tions. A numerical integration scheme was used to 
solve these governing equations, and the results of 
four of the five test sections are shown in Figures 
11 through 14. In these plots the results from the 
permeable subgrade using the linear phreatic surface 
model are shown with the field data reported by 
Casagrande and Shannon (1). 

In Figure 11 the field data are enveloped between 
the curves for the impermeable subgrade and the 
subgrade with a permeability that is 10 ti .. s 
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Figure 7. Comparison of results for impermeable subgrade: n, = 0.43. 
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Figure 8. Comparison of results for impermeable subgrade: n, = 0.04. 
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smaller than that of the base course . In Figure 12 
both the initial and long-term drainage occur more 
quickly than predicted by the Casagrande-Shannon 
model. Figures 11 and 12 indicate the need for 
including subgrade drainage in a drainage model. In 
Figures 13 and 14 drainage under field conditions 
takes longer than predicted by the Casagrande-Shan
non model that assumes an impervious subgrade. These 
two figures indicate the need for a base-course 
drainage analysis that can account for longer drain
age periods. These two requirements , taken together, 
suggest that the parabolic phreatic surface model 
with a permeable subgrade may be capabJ.e of more 

Til·lE (D.>.YS) 

realistic predictions. The model includes the same 
two stages that were identified in Figure 4 and 
illustrated in Figure 15. 

Three of the five field cases were studied using 
this model, and the results for two of the field 
cases are shown in Figures 16 and 17, which corre
spond to Figures 13 and 11. Note that in Figure 16 
the field curve follows a trend s imilar to that of 
the two drainage curves (k 2/k1 z K•O and 0.0002) 
given by the current model and lies between the two 
theoretical curves. In this case the permeable 
subgrade model with a parabolic phreat ic surface 
yields results that compare well with field data. 
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Figure 9. Permeable subgrade with Casagrande-Shannon 
drainage model. 
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Figure 10. Definition sketch for subgrade drainage model. 
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Figure 11. Results of Casagrande-Shannon model with permeable subgrades: test section 1. 

lO 

c.::. 

"' 
;i ~o 

~ 
"" 
"' "' 60 "' ~ 
" 

110 

TH\E (rHrlUTES) 

= 23 "' 

=0.l';m 

tan , = 0.015 

~ • ~2-
kl 

kl = 7 .8 m/'Tlin 

ITELD DATA !ROii 
rns.~r.P.AllD[ 1. S!IANNOll 



Transportation Research Record 945 7 

Figure 12. Results of Casagrande-Shannon model with permeable subgrades: test section 2. 
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Figure 13. Results of Casagrande-Shannon model with permeable subgrades: test section 3. 
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Figure 17 shows the parabolic model with a permeable 
subgrade (K = 0.0001) to be in closer agreement with 
the field data than is the Casagrande-Shannon model. 

As a result of these studies and others not re
ported here, the parabolic phreatic surface model 
with permeable subgrades is recommended for future 
drainage analyses. 

APPLICATION TO PAVEMENT DRAINAGE DESIGN 

As an illustration of the importance of subgrade 
drainage, consider a base course 0.8-m (2.5-ft) 
thick and 46-m ( 150-ft) wide with 1 -percent cross 

L = 23 m 

H • o.s "' 

TlllE (l!HIUTES) 

kl= 9.6 m/min 

"1= 0.43 

K 

slope. The base course has its smallest particles 
in the medium sand range and has a coefficient of 
permeability, k 1 o 2.4 m/day (7.8 ft/day), and a 
porosity, n1 = 0.04. The drainage time for 60 
percent drainage of a number of s ubgrade materials 
can be determined as follows (see Figure 18 for 
various values of subqrade permeability): 

For subgrade material that is a plastic clay, 

k2 ~ 0.0024 m/day (0.0078 ft/day), 
K • k2/k1, 

0.001, and 
t 5 days. 
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Figure 14. Results of Casagrande-Shannon model with permeable subgrades: test section 4. 
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Figure 15. Subgrade drainage model with parabolic phreatic surfaces. 
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Figure 17. Results of TTI model with permeable subgrades: case 2. 
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Figure 18. Drainage curves for TTI model with permeable subgrades. 
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For subqrade material that is a glacial till, 

k2 0.0048 m/day (0.0156 ft/day), 
K = 0.002, and 
t 2.5 days. 

For subqrade material that is a silty sand, 

k2 0.24 m/day (0 . 78 ft/day), 
K 0.1, and 
t 84 min. 

L = 23 rn kl = 7.8 m/min 

H = 0.15 m n
1 

= 0 . 4 

ta n a = 0.015 
k2 

K = -
kl 

TIME (11ltWTES) 

L = 23 'Tl kl 2.4 m/day 

1 !1 = 0.8 r.l "1 0.04 

k2 
K • fl T 

JOO 

TIME (DAYS) 

uses the data shown in Figure 18, is used here to 
illustrate the usefulness of the new TTI base-sub
grade d ra i nage model . More ge.ne ral pavement drainage 
design calculations can be perfo r med by using the 
computer program TTIDRAIN, which was used to make 
the calculations reported in this paper. 

CONCLUSIONS 

These calculations show that subqrade permeabil
ity will significantly influence pavement drainage 
and subdrainage design. A specific example, which 

Saturated base courses beneath highway and airport 
pavements are reduced in modulus and bearing capac
ity, and pumping may develop at pavement joints. 
Base-course drainage is often required to avoid this 
major cause of pavement deterioration. A number of 
theoretical drainage models have been discussed 
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including the original one by Casagrande and Shannon 
(1), which assumed a straight-line phreatic surface 
and an impermeable subgrade. The influence of sub
grade drainage on drainage time and the influence of 
the use of the more theoretically correct parabolic 
phreatic surface, especiall y in deep base courses or 
on flat slopes, were found to be t<ubstantial. New 
models were developed to include these features, and 
the calculated results are generally in good agree
ment with field data from full-scale pavements. The 
new models are recommended for future subdrainage 
calculations. 
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Investigation of Moisture-Induced Variation in 
Subgrade Modulus by Cross-Correlation Method 

S.S. BANDYOPAOHYAY AND J.A. FRANTZEN 

ThD change In moisture content of Jubgrado 1olls and its resultant effects on 
structural pavement performance are of Interest to many highway engineers. 
One of tho primary sourcos of moisture in tho subgrade Is water from pre· 
cipitation. The purpose of this research was to ox.amine the feasibility of 
statistically relating tho variation in subgrade modulus with the oorrosponding. 
time history of precipitation. Two locations on KS-4 in northeast Kansas 
were monitored from March through November. Dynamic pavement surface 
deflections wore obtained each week by Dynallcct, ond lime histories of sub
gradc modull were constructed ftom normalized Dynaflect. deflection param
eters. A corrospondlng timo history of precipitation at tho locations was ob
tained from the local U.S. Weather Bureau nation. A crou·correlatlon study 
by computer of the two time series revealed e statistically significant correla· 
tlon between precipitation history and variation in subgradc modulus. The 
tlmo required for the subgrade to reach its woakest stato after a rainfall 
was found to be rather long-up to 3 weeks might be roquirod. The interrela· 
tionship of other factors, such as runoff characteristics and tempeiature, that 
might influence this time delay, was not considered in this study. 

The effect of moisture on subgrade strength is an 
important factor in the evaluation of highway pave
ment performance and for highway design problems. 
Variations in su.bgrade moisture, with corresponding 
changes in volume and strength characteristics of 
subgrade soils, may cause severe damage to pavement. 
The reduction in subgrade strength caused by an 
i nflux of moisture with the consequent increase in 

pavement deflection and decrease in bearing capacity 
is well documented in the literature (1-6). At
tempts to develop mathematical models to iredict the 
variation in pavement deflections with changes in 
subgrade moisture have also been made (7,8). 

Soil moisture migrates as a result -of any force 
that disturbs equilibrium of the soil-water system. 
Several different viewpoints have been expressed in 
the literature concerning forces that cause moisture 
to migrate. A few of the most widely discussed 
hypotheses are hydrostatic pressure, capillary pres
sure, disjoining pressure of aqueous films (often 
referred to as osmotic pressure), chemical poten
tials, and temperature gradients. Moisture may 
migrate through soil in the liquid phase, vapor 
phase, or in a combination of the two, depending on 
the forces that cause pore-water movement. 

Sources of free water must be present for mois
ture· migration to occur in subgrades. The primary 
source of moisture in the subgrade is undoubtedly 
precipitation, which can reach the subgrade in sev
eral ways--seepage of the water into t.he subgrade 
from higher ground, percolation of the water through 
the pavement surface, and mi.gration of the water 
from shoulder slopes or verges. 

Most of the published material is concerned with 




