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Laboratory and Field Studies of Channeling and Pumping 

BARRY J. DEMPSEY 

Conditions that cause pumping and channeling in pavement systems were stud­
ied in the laboratory and the field. Laboratory pavement model tests indicated 
that dense-graded crushed·stone base courses would experience channeling and 
pumping under dynamic loading conditions. An open-graded crushed-stone 
base did not pump, but subgrade intrusion caused permanent deformation of 
the pavement slab. The University of Illinois test track was used to study six 
asphalt concrete pavement systems and four PCC pavement systems. It was 
found that asphalt concrete pavements on both the nonstabilized and bitumin­
ous stabilized open-graded layers performed well under repeated wheel loads. 
Tho pavement on a well -graded crushed-stone base d isplayed the poorest per­
formance. The PCC pavement slab on an open-gra<led base course did not 
pump, whereas that on a dense-graded base course displayed residual and dy­
namic pore·water pressures that led to pumping. Field investigations show that 
pumping continues to be a problem in pavements. However, it is indicated 
that the use of load transfer at povemont joints, nonerodible base materials, 
good drainage practices, and consideration of climatic condi tions can lead to 
pavements that will perform well during the design life. 

Channeling is defined as the localized erosion of 
base, subbase, or subgrade materials caused by 
flowing water. To occur, it is necessary to have a 
concentration of water great enough to produce the 
necessary flow, an erodible material, and sufficient 
velocity of flow to cause erosion. In contrast, 
pumping occurs when the pore-water pressure buildup 
induced by heavy wheel loads is high enough to cause 
the ejection of material and water through cracks 
and joints in a pavement slab. 

The presence of erodible material and water in 
the base, subbase, or subgrade hastens the pumping 
process and leads to loss of foundation support. 
Recent research work by Phu and Ray (1) and by 
Dempsey, Carpenter, and Darter (~) indicates that 
the velocity of water ejected through channels, 
cracks, and joints can be high enough to cause 
disintegration, erosion, and subsequent pumping of 
stabilized bases in addition to unbound bases in 
rigid pavements. 

Large deflections caused by excessive moisture 
content in the support materials beneath the slab 
are major problems that affect rigid pavement per­
formance. All failures in the rigid pavement sec­
tions at the AASHO Road Test were preceded by pump­
ing of material from beneath the concrete slab (3). 
Both Yoder (_!) and Cedergren (_~) noted damage - to 
airport runways and taxiways caused by pumping. 
These observations were especially prevalent where 
pavement overload and channelized traffic had oc­
curred. The major forms of distress modes in rigid 
pavements associated with pumping have been identi­
fied by many investigators as faulting (6-10), 
corner breaking (10-12) , transverse and di;g~al 
cracking (10,13,14), and edge punchout (10,15). 
Additional discussions of pumping and water-related 
d !stresses in pavement systems can be found else­
where (16-19). 

OBJECTIVES 

This study was conducted to evaluate the mechanisms 
of channeling and pumping in pavement systems by 
using laboratory and field investigative procedures. 
The specific objectives of this study were as fol­
lows: 

1. Evaluate pumping and channeling in the labora­
tory by use of a model pavement section, 

2. Evaluate pumping and channeling under flexible 
and rigid pavement sections on the University of 

Illinois test track facility, and 
3. Conduct field investigations of pumping and 

channeling. 

LABORATORY MODEL INVESTIGATION 

General 

A laboratory study of the mechanisms and results of 
channeling and pumping in a model pavement system 
subjected to periodic short-duration loading was 
completed. Load-induced pore-water pressures in the 
pavement system were examined with respect to both 
time and position in the pavement. The study was 
conducted on a pavement model composed of a sub­
grade, crushed-limestone base, and portland cement 
concrete (PCC) surface with an asphalt-concrete 
shoulder. Channeling and pumping were investigated 
for three test series by using different gradations 
of crushed limestone as the base-course material. 

Equipment Development 

In order to measure the dynamic pore-water pressures 
in the pavement model, it was necessary to develop a 
piezometer that could indicate the change in pres­
sure at the instant that loading was initiated. 
Conventional piezometers that employed porous stones 
or similar devices were not adequate because of 
clogging by the fine-grained materials of the base 
and slow response time. Piezometers that utilized 
membranes gave erroneous results because of the 
effective soil pressures against the membrane at the 
instant of loading. After several pilot studies, 
the piezometer shown in Figure l was developed. It 
consisted of a small hollow sphere the two halves of 
which fit snugly together. Small holes about 1 mm 
(0.04 in) in diameter were placed in the outer half 
of the sphere. The inner half of the sphere was 
connected to a small stainless steel tube that was 
in turn connected to a pressure tr-ansducer . A thin 
rubber membrane was stretched between the two sphere 
halves before they were sealed together. The inner 
spherical half and the tube to the pressure trans­
ducer were then filled with water to transmit the 
pressure impulses to the transducer. When the 
piezometer is placed in a saturated soil or granular 
material, the effective stress generated by the load 
is resisted by the sphere, whereas the pore-water 
pressure can be transmitted through the small holes 
to the membrane. 

Preliminary tests showed that the piezometer 
functioned well for pore-water pressures that ranged 
from O to 138 kPa (0-20 psi) and pressure durations 
of 0.1-1.0 s. Pressure tests between a conventional 
piezometer and the designed piezometer showed excel­
lent correlations. However, the conventional piezo­
meter became plugged with fine material after only a 
few hundred load applications, whereas the designed 
piezometer remained unplugged and operational after 
20 000 load applications. 
base material during repeated loading, a transparent 
Plexiglas tank 117 cm (46 in) long, 30.5 cm (12 in) 
wide, and 89 cm (35 in) deep was constructed. Holes 
were drilled through the side of the tank for in­
stallation of the piezometers. The piezometers were 
extended to the center of the tank about 12.7 cm (5 
in) from the inner face so that boundary conditions 
could be kept to a minimum. 
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Figure 1. Piezome1Br for 
measuring dynamic pore-wa1Br 
pressure. 
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Figure 2. Profile of pavement model. 
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Figure 2 shows a profile view of the pavement model 
as placed in the Plexiglas tank. An AASHTO A-6 soil 
was used as the subgrade material for the pavement 
model. The subgrade was compacted into the tank in 
10.2-cm (4-in) lifts at an average dry density of 
1882 kg/m' (ll7.5 pcf) and water content of 14.8 
percent based on AASHTO T-99 . The maximum dry 
density of the soil was 1698 kg/ m' (106 pcf) and 
optimum moisture content was 14 percent. riezo­
meters were placed in the subgrade at the locations 
shown in Figure 2. 

Three pavement mode l tests were conducted by 
using three different crushed-limestone gradations 
as the base course. In test order, the base courses 
consisted of Illinois CA-7, CA-6, and CA-9 grada­
tions. Table 1 shows the gradation specifications 
for the different base-course materials. Table 2 
shows the gradations and Figure 3 shows the grada­
tion curves for the materials actually used in the 
model tests. The saturated hydraulic conductivity 
(coefficient of permeability) for the three aggre­
gate base-course gradations is shown below (1 cm/s = 
0.3 ft/day): 

Aggregate 
Gradation 
No. 
CA-6 
CA-7 
CA-9 

Saturated 
Hydraulic 
Conductivity 
(cm/s) 

2.1 x 10 " ' 
202.0 x 10"' 
80.0 x 10 "' 
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Table 1. Illinois specifications for aggregate gradations. 

Sieve Size (% passing) 
Grada-
lion 37.5 25 19 12.5 9.5 4.75 1.18 300 
No. mm mm mm mm mm mm mm µm 

CA-6 100 95±5 75±15 45±10 25±15 
CA-7 JOO 95±5 45±15 5±5 
CA-9 JOO 97±3 60±15 30±15 10±10 

No te : 1 mm = 0.04 in . 

Table 2. Initial aggregate gradation and that at center of load after testing. 

Sieve Size (% passing) 
Grada-
lion 37 .5 25 19 12.5 9.5 4.75 1.1 8 300 
No. mm mm mm mm mm mm mm µm 

Initial Gradation 

CA.-7 !00 98.1 89.Q 1£4 .Q 2!l .!l 4 .4 () 0 ()() 

CA-9 JOO 97.5 94.4 65.5 51.5 30.0 11.5 2. 1 
CA-6 100 93 .0 82.5 73.5 59.7 43.8 30.5 11.3 

Gradation at Center of Load After Testing 

CA-73 JOO 98 .1 89.0 64.0 29.9 4.4 0.0 0.0 
CA-9 JOO 95.6 88.2 59.7 48.4 31.3 13.8 3.3 
CA-6 JOO 97.3 86.4 72,3 57 .4 42.4 18.2 7.0 

Note: 1 mm = 0.04 in. 
8 Actual gradation of CA-7 was not determined but judged to be the same as prior to 

testing. 

Figure 3. Gradation curves for base courses used in model tests. 
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l\a ahown in Figure 2, each ba&e course was con­
structed to a thickness of 12. 7 cm ( 5 in) and in­
strumented with piezometers at locations Pl and 
Pl5. The subgrade was not replaced during the 
series of base-course tests. The base course was 
completely saturated before placement of the con­
crete surface. 

A 12.7-cm (5-in) plain PCC slab was cast in place 
on the base for each of the three test series and 
allowed to cure at least seven days prior to loading 
tests. 

An asphalt concrete shoulder section 12.7 cm 
thick was placed next to the concrete slab as shown 
in Figure 2. The joint between the concrete slab 
and asphalt concrete shoulder was not sealed. The 
concrete slab was loaded through a steel plate 20. 3 
cm (B in) in diameter placed 35.6 cm (14 in) from 
the joint between the shoulder and concrete slab. 

Te s t i ng Procedure 

The testing procedure was developed to determine the 
pore pressure in the saturated base material and to 
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Figure 4. Pavement model prepared for dynamic testing. 

evaluate channeling and pumping caused by repeated 
loads. Figure 4 shows the pavement model prepared 
for dynamic testing. The piezometer system was 
connected to a multichannel recorder. The surface 
of the pavement was covered with water to ensure 
that the granular base course and subgrade remained 
saturated during the test. 

The pavement section was loaded so that each 
pulse exerted by the 20.3-cm-diameter plate remained 
constant regardless of the slab deformation. The 
load was increased from 137.9 kPa (20 psi) to 551.5 
kPa (BO psi) in 137.9-kPa increments to provide four 
pressure levels. Each pressure level was maintained 
for 1 h with 4 s between loads and a load duration 
of 0.1 s. After testing at the 0.1-s duration, the 
duration was increased to 1.0 s and the slab was 
loaded for 5 min at each of the pressure levels. 
After initial testing, the pavement model was dy­
namically loaded at one of the pressure levels for 
24 h with 4 s between loads and a load duration of 
0.1 s. The piezometer readings were monitored at 
different time intervals during each test period. A 
tracer dye was injected into the base course at 
various times so that flow paths and channels could 
be traced. 

After each pavement model had been tested with 
dynamic loading, the concrete slab and asphalt 
shoulder were removed and the base course was exam­
ined. Base-course samples were obtained at differ­
ent locations in the pavement model and a gradation 
analysis was conducted. 

Analysis and Disc ussio n of Model Study Results 

Several piezometers were placed in the subgrade in 
order to record the change in pore-water pressure 
during loading. However, because of the high den­
sity and low permeability of the A-6 subgrade, 
complete saturation was not achieved and the changes 
in pore pressure were not recorded. 

The first gradation of base material tested was 
CA-7. As determined from Tables 2 and 3 and Figure 
3, CA-7 would be considered a coarse-graded material 
with reasonably high permeability. 

In the CA-7 base, it was found that the pore 
pressures generally decreased with distance and 
depth from the load. It was found that at no time 
and at no point in the base did the change in pore 
pressure exceed 2.1 kPa (0.3 psi). No specific 
paths of water movement were determined except for 
the fact · that the water near the sides of the test 
tank and near the concrete slab and asphalt shoulder 
joint was forced to the surface during loading. It 
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was also found that different load durations of 0.1 
s or 1. 0 s had little effect on the excess pore 
pressure in CA-7. 

The CA-6 base-course test provided different 
results than the CA-7 base course, and pore-pressure 
changes in excess of 20.7 kPa (3 psi) were observed 
during loading. Table 2 and Figure 3 show CA-6 to 
be a dense-graded aggregate with a low permeability. 
The variations in pore pressure were extremely 
erratic with position in the base course and no 
pattern could be discerned. However, separate and 
distinct flow paths were seen in this base-course 
material, as shown in Figure 5. It appeared that 
small air bubbles trapped between the particles 
during saturation would rise to the surface during 
loading and create a path that water, carrying soil 
particles, would follow. Large amounts of fine­
grained material, most of which passed the 75-µm 
(No. 200) sieve, were pumped along the sides of the 
slab (joint between tank wall and slab) and through 
the joint between the slab and the shoulder to the 
surface of the slab. 

The pore-water pressure results from the test by 
using the CA-9 base-course material were similar to 
those from using the CA-6 material and peaked at 
about 20. 7 kPa. As seen in Table 2 and Figure 3, 
CA-9 has an intermediate gradation between the CA-7 
and CA-6 material. CA-9 is not considered to be a 
highly permeable material, as has been shown above. 
Figure 6 shows some of the fine material from CA-9 
being moved toward the bottom of the joint between 
the concrete slab and asphalt- concrete shoulder. As 
found with the CA-7 base course, load durations of 
0 .1 or 1. 0 s had little effect on the excess pore 
pressures in the CA-6 and CA-9 base courses. 

Figure 7 shows the excess pore-water pressure at 
several positions in the CA-6 base course as the 
load is increased from 0 to 551.5 kPa (0-80 psi) 
(see Figure 2 for piezometer locations). The gen­
eral trend was an increase in pore pressure as the 
load increased and a dimini shing rate of increase as 
the load became larger. The highest pore pressure 
occurred directly below the loading plate. The 
somewhat erratic changes in pore pressure recorded 
at P2, Pl2, and Pl4 may be caused by instrumentation 
error or by changes in the base-course material 
during the loading sequence. It was found during 
testing that the pore pressures would increase 
uniformly with load as long as the local aggregate 
structure remained unchanged. 

Figure B (top) shows more clearly the influence 
of number of load applications at various stress 
levels on pore-water pressures in CA-6 and CA-9 base 
courses. The top diagram in Figure B shows a gen­
eral trend for the pore pressure to increase as the 
number of loads increases; the bottom diagram shows 
more erratic pore-water pressure changes with load 
applications on the CA-6 and CA-9 materials. The 
fact that the pore-water pressures vary considerably 
with position in the base may indicate that channels 
are created that allow passage of water and the 
transfer of fine materials as noted in Figures 5 and 
6. 

It would appear that the magnitude of pore-water 
pressure is an important factor affecting degrada­
tion, channeling, and pumping in granular base­
course materials. No pumping or degradation was 
observed in the CA-7 base course, in which the 
pore-water pressures never exceeded 2.1 kPa. How­
ever, the base courses composed of CA-6 and CA-9 
experienced pore-water pressures greater than 20. 7 
kPa and displayed pumping and degradation problems. 

According to Phu and Ray (1), aggregate degrada­
tion and pumping can be exp;cted in unbound base 
courses when the water velocity exceeds 5 m/s (16.4 
ft/s). In pavements the ejected water velocity can 
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be estimated from the following energy equation: 

where 

Zp = distance from datum to location in base, 
VP = water velocity in base, 

Figure 5. Flow paths of wamr in CA-6 base coune. 

Figure 6. Fine mamrial moving toward concrete slab and asphalt concrete 
shoulder joint in CA·9 base course. 

Figure 7. Influence of applied load on exceu pore-water pressure in CA-6 
base course. 

o.~ 

20 40 60 80 
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(lpsl •6.89kPa) 

(1) 
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g, = acceleration of gravity, 
Pp •pore-water pressure in base, 
Yw • unit weight of water, 
z0 = distance from datum to pavement surface, 
v0 = water velocity at pavement surface, 
Po a pore-water pressure at pavement surface, 

and 
hf • friction losses. 

If it is assumed that the datum and water level 
are at the pavement surface and that friction losses 
are negligible, solution of Equation 1 for a depth 
of 30.5 cm (12 in) below the pavement surface and an 
excess pore pressure of 20, 7 kPa would indicate an 
ejected water velocity of about 6.4 m/s (21.1 ft/a). 
This value exceeds that established by Phu and Ray 
(,!) for degradation and pumping. A similar computa­
tion for the CA-7 base course by using an excess 
pore-water pressure of 2.1 kPa gives a velocity of 
2.0 m/s (6. 7 ft/s), which ts below the criteria of 
Phu and Ray (1) • 

The buildup of excess pore-water pressures in the 
CA-6 and CA-9 base materials was a major cause 
and/or result of pumping, degradation of the aggre­
gate, and deformation of the concrete slab. There 
was no appreciable pore-water pressure buildup in 
the open-graded CA-7 aggregate and there was no 
observed pumping or aggregate degradation. However, 
there was considerable slab deformation on the CA-7 
base course. Inspection of the CA-7 base material 
after testing showed that substantial amounts of A-6 
subgrade material had intruded into the lower por­
t ion of the base course. Subgrade intrusion was not 
found to be a problem in the CA-6 and CA-9 base­
course materials and permanent deformation of the 
slabs on these materials was actually less than that 
on the CA-7. However, examination of the changes in 
gradation of these base-course materials before and 
after testing showed trends that indicated channel­
ing, degradation, and pumping. 

Figure 8. Influence of number of load applications on exceu pore-water 
Pl8HUl8. 
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Figure 9. CA·6 base·coune gradation changes along interface between concrete 
slab and base course. 
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Figure 10. CA·6 gradation changes directly beneath load. 
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Figure 11. CA·6 base-course gradation changes at joint between concrete slab 
and asphalt concrete shoulder. 
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Table 2 shows the base-cou.rse gradations before 
testing and beneath the center of the load after 
testing. All aggregate gradations used were within 
the limits of the Illinois Standard Specifications 
(Table 1) prior to testing. 

Figures 9-11 show before and after testing re­
sults at various locations in the CA-6 base-course 
material used in the pavement model. Figure 9 
indicates that considerable change in gradation 
occurred at the interface between the concrete base 
and the base course (piezometers Pl, P2, P3, P4, and 
PS, Figure 2) during repeated loading. The relative 
change in gradation indicates ·that most of the 
material passing the 10-mm (3/8-in) sieve size was 
displaced or pumped from directly beneath the slab. 
Figure 10 shows CA-6 base-course gradation changes 
beneath the load (piezometers PJ, PS, and Pl3, 
Figure 2). In general there was some decrease in 
the percentage of fine material passing the 4. 75-mm 
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Figure 12. CA·9 base-course gradation changes along interface between concrete 
slab and base course. 
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Figure 13. CA-9 base-course gradation changes directly beneath load. 
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Figure 14. CA·9 base-course gradation changes at joint between concrete slab 
and asphalt concrete shoulder. 
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(No. 4) sieve. The gradation changes in Figure 10 
would indicate some displacement and pumping of fine 
base-course material. Figure 11 shows relative 
base-course gradation changes directly beneath the 
joint between the concrete slab and asphalt-concrete 
shoulder. It is noted that the percentage of base­
course material less than 10 mm has decreased sub­
stantially. Visual inspection of the base course 
also indicated that a considerable amount of fine 
material had been pumped or displaced. Some of the 
fine material along the top of the base course was 
found to migrate toward the bottom of the base. 
Also, large accumulations of base-course fines were 
found on the surface of the concrete slab and shoul­
der at the conclusion of testing. 

Figures 12-14 show the relative gradations for 
the CA-9 base-course material before and after 
testing. Figure 12 shows that substantial gradation 
change occurred directly beneath the concrete slab 
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(piezometers Pl, P2, P3, P4, and P5, Figure 2) 
similar to that shown in Figure 9. It is hypothe­
sized that the fine material migrated toward the 
bottom of the base course or was pumped out. The 
decrease in percentage of larger material would 
indicate that some degree of degradation may have 
occurred. As with the CA-6 material, the CA-9 
material passing the 10-mm sieve was displaced or 
pumped. There was not a large amount of change i n 
the base-course gradations directly under the load 
(Figure 13) or under the joint between the pavement 
edge and the shoulder (Figure 14) • However, there 
was an increase in the material smaller than about 2 
mm (O.OB in), which would indicate that some degra­
dation had occurred. Substantial fine material was 
also observed on the surface of the pavement slab 
and sltoulder at the completion of the test. 

Inspection of the CA-7 base-course material 
showed that there were no major gradation changes 
resulting from repeated loadings. No gradation 
sarnplin9 '"!as accoJnpl j shed 
the base where subgrade 
however. 

i n thE! l ower portion of 
intrusion had occurred, 

In the testing program, the CA-9 base course was 
tested under 15 000 load applications, whereas the 
CA-6 base course was tested under 35 000 load appli­
cations. The difference in the number of loads 
resulted from mechanical difficulties during testing 
of the CA-9 material. Also, there is no doubt that 
some of the differences in the base-course grada­
tions before and after testing were caused by test­
ing errors and material variability. 

Al though there are probably some gradation dif­
ferences resulting from the testing methods, there 
are some notable trends in the data. In both the 
CA-6 and the CA-9 base courses, the materials larger 
than the 10-mm s i eve size did not degrade and pump, 
whereas those smaller did experience degradation and 
pumping. This is substantiated in the test with the 
CA-7 base material in which approximately 95 percent 
of the ma t er i a l was retained above the 10-mm sieve 
size and no pumping or appreciable gradation changes 
occurred. The largest gradation change occurred 
directly beneath the slab on the base-course surface 
followed by change in gradation below the shoulder. 
A smaller gradation change is noted as samples are 
taken deeper into the base course beneath the load 
or below the shoulder. In the pumping observations, 
water and soil directly beneath the slab were force­
fully pumped up along the joint between the slab and 
tank wall and up t hrough t he joint between the slab 
and the shoulder. The major flow path in the model 
appeared to be toward the shoulder and up through 
the joint; less material was moved as distance from 
the shoulder increased. Visual inspections of the 
model during loading revealed that, as the number of 
loads increased, water turbulence became more evi­
dent under the slab and near the shoulder. Even 
though a clear and concise distribution of excess 
pore pressures could not always be recorded, it was 
found that the maximum pressures developed near the 
base of the slab and near the shoulder (along the 
path of pumping) • 

The development of flow channels was observed in 
the granular base materials. Although these chan­
nels provided for water movement and therefore the 
dissipation of pore-water pressures during loading, 
they also provided a pathway for the movement of 
fine materials. Since the channels contribute to 
the displacement and pumping of fine base and sub­
grade materials, they are probably not an asset to 
pavement performance. 

Examination of the permeabilities of the base 
materials helps to explain why the CA-6 and CA-9 
base courses developed higher excess pore pressures 
then the CA-7 base course did. Table 2 shows that 
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CA-7 is much more permeable than CA-6 and CA-9. 
Consequently, the dissipation of excessive pore 
pressures was extremely rapid in CA-7, and the base 
course did not experience water channeling or pump­
ing. 

TEST TRACK I NVESTIGATION 

Gener a l 

As a bridge between laboratory testing and full­
scale road tests, the testing of prototype pavement 
sections in a traffic-simulating testing operation 
can sometimes provide much information. Because the 
prototype sections are nearly f u l l scale, tests 
performed on the test pavement provide information 
indicative of field behavior. Since close control 
of construction, climate, and traffic loading is 
possible, the performance of the pavement and the 
effect of the variables can be determined. 

Ahlberq and Barenberg (20) have reported on the 
use of t-he University of i llinois test track to 
model p avement systems and evaluate pavement des ign 
and performance . The test trac k has been found to 
provide a flexible method for e valuating t he influ­
ence of water and drainage on pavement performance. 

In an agreement between the University of Illi­
nois and the New Jersey Department of Transportation 
(NJDOT), the test track was used to conduct a study 
entitled Evaluation of Drainage Systems for Pave­
ments. This study, under the supervision of Baren­
berg, was concerned with the evaluation of open­
graded bases under f lexibl e a nd Iigid p avements . 

As part of the study to e va luate channeling and 
pumping , a request was made to a naly ze a numbe r of 
New Je r sey pavement s ections be i ng t ested at the 
Illinois test track . 

The specific objectives of the study were to 
measure and evaluate the saturated hydraulic con­
ductivity of open-graded bases and to investigate 
pumping and channeling in the pavement system. 

Test Track 

A schematic diagram of the University of Illinois 
test track is shown in Figure 15. A more thorough 
discussion of the geometrics of the test track can 
be found elsewhere (~). 

Construction of the test sections and the transi­
tion zones between them is done at a scale similar 
to that of actual pavements. This procedure allows 
for more uniform control and better simulation of 
actual pa vement construction. Mi x i ng e qu ipment 
prepares batches of material 136 kg (JOO lb) or 
greater. The material is t he n d istributed in the 
appropriate section and leveling frames trim the 
material to the desi red thickness in each section. 
Compaction is done with small maintenance equipment 
such as vibratory plate compactors, vibratory 
rollers, or mechanical impact compactors. 

Pavemen t Test Sections 

Six asphalt pavement sections were tested in the 
first phase and four PCC pavement sections were 
tested during the second phase. The six asphalt 
concrete and four PCC pavement sections are de­
scribed in Table 3. The original design thicknesses 
are scaled down so that the 1451-kg ( 3200-lb) sin­
gle-wheel load [551. 5 kPa (BO psi) tire pressure] 
used in the test track induces a similar stress­
strain response as would occur with a 4082-kg 
(9000-lb) dual-wheel load. 

A special feature of the drainage layer study was 
the need to test the hydraulic capabilities of the 
test sections. To facilitate these measurements, 
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plastic sheeting was placed on each side of the 
cross section from the silty-clay (AASHTO A-6) 
subgrade to the base-course material and extended 
from the inner to outer pit wall. Next to the inner 
curb, each section was provided with an inflow 
trench so that water could be input uniformly into 
the layer immediately beneath the drainage material. 
For the sections with open-graded drainage layers, 
water was confined by impermeable surfaces so that 

Figure 15. Schematic diagram of University of Illinois pavement test track. 
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Table 3. Description of test sections used in test track. 

Teat Pit 

Layer Thickness (in) 

Section No. 

Section 2 4 

Phase I: Asphalt Concrete Pavement Sections 

Medium aggregate bituminous concrete 2 
Bituminous stabilized base course 3 
Bituminous stabilized open-graded layer 
Nonstabilized open-graded layer 
Lime-fly ash stabilized (SA) 
Lime-fly ash stabilized sand-gravel mixture 
Well-graded crushed-stone base (SA) 4 
Well-graded silty gravel (I B) 8 

2 
3 
2.5 

4 
s 

Phase 2: Portland Cement Concrete Pavement Sections 

PCC 3 
Nonstabilized open-graded 2 
Lime-fly ash stabilized (IC) 2.S 
IC with 5 percent clay fines 3 
IC with 8 percent clay fines 2.5 4 
Filter cloth (Bidim) No No 

Note: 1 in= 25 mm. 

2 2 
3 3 
2.5 

2.S 
2 

4 2.S 
s 5 

3 3 
3 3 

4 4 
No Yes 

l.S 
2 
2.S 

2 

2.5 
s 

6 

2 
3 
2.S 

3 

6 

7 

it flowed into the drainage layer a distance of 30.S 
cm ( l ft) , after which it could then flow as it 
would in the field (section had a l percent trans­
verse slope). An outflow trench was constructed 
next to the outer curb for each of the pavement 
sections. 

Test Re s ults and Discussion 

The drainage layers evaluated in the six asphalt­
concrete pavement sections consisted of a bituminous 
stabilized open-graded (BSOG) layer, nonstabilized 
open-graded (NSOG) layer, and a well-graded 
crushed-stone base (SA) (Table 3). Small piezo­
metric tubes were placed at various locations in the 
drainage layers in different segments of the test 
track for the purpose of measuring the hydraulic 
heads necessary for determining the saturated hy­
draulic conductivity. 

BSOG was found to have an average saturated 
hydraulic conductivity of 1.8 cm/s (SlOO ft/day) at 
the end of the test. NSOG had a slightly higher 
conductivity of 1.9 cm/s (S386 ft/day). The well­
graded crushed-stone base (SA) had an average con­
ductivity of s.2x10-• cm/s (lS ft/day). [It was 
noted that in some locations the SA base had a 
conductivity less than 3.Sx10-• cm/s (1 ft/day).] 

Evaluation of the pavement sections based on 
rutting and roughness indicated that the NSOG layer 
gave the best performance. The BSOG layer perfor­
mance was evaluated to be slightly below that for 
NSOG. As expected, the crushed-stone base (5Ai 
displayed poor performance. There was no indication 
of pumping in any of the test sections and there was 
no indication of channeling in the drainage layers 
when the pavement sections were excavated after 
completion of the test. 

In the PCC pavement sections (Table 3), the NSOG 
material was prepared by blending two aggregates (57 
and 9, supplied by NJDOT) on a 50-SO basis. The 
final gradation of this material is given below (1 
mm = 0.04 in): 

Sieve Size 
25 mm 
19 mm 
12.5 mm 
9.S mm 
4.75 µm 
2.36 µm 
425 µm 

Percent Passing 
98 
78 
62 
53 
35 

5 
0.5 

The subbase material lC (Table 3) was a blend of 
pit-run gravel, river sand, and silt proportioned to 
meet the requirements of the lC material as speci­
fied by NJDOT. A gradation of this material along 
with the laboratory and in situ densities and the 
measured saturated hydraulic conductivities at two 
different densities are as follows (1 pcf 16 
kg/m'i l ft/day= 3.5x10-• cm/s): 

1. Sieve size and percent passing: 19 mm, 911 
4. 75 mm, 761 300 µm, 131 150 µm, 91 75 µm, Bi 

2. Compaction moisture content, 5.5 percent: dry 
in-place density (avg), 120 pcfi dry maximum density 
T-99, 129 pcfi and 

3. Permeability: 135 pcf, 1.2 ft/dayi 129 pcf, 
1.8 ft/dayi 120 pcf, none. 

The permeability of the NSOG material was mea­
sured under a vertical head and found to vary from 
approximately 0.9 to 1.8 cm/s (2500-5100 ft/day) 
with densities from around 1762 to 1842 kg/m' 
(110-115 pcf). The mean value for the permeability 
of the NSOG materials was determined to be 1.2 cm/s 
(3400 ft/day) with an average density of 1810 
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Figure 16. Dynamic pore-water 
pressure for section 4. 

Figure 17. Residual pore-water 
pressure for transition section with 
1C material and 8 percent clay. 

Figure 18. Dynamic pore-water 
pressure for transition section with 
1C material and 8 percent clay. 
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kg/m, (113 pcf). Through use of the dynamic 
piezometer shown in Figut"e ·1, the residual and 
dynamic pore-water pressures were measured at the 
bottom o f the PCC slab in sections 2 and 4 and at a 
transition section composed of 19.l cm (7.5 in) of 
lC material with 8 percent clay. The piezometers 
were placed next to the wheel path. 

Figure 16 shows the dynamic pore-water pressure 
for section 4 in which the NSOG material was used. 
Figures 17 and 18 show residual and dynamic pore­
water pressures, t"espectively, in a dense-graded 
aggregate transition section. Section 2 was already 
pumping when the pore-water pressure measurements 
were started and showed pressure responses similar 
to those in Figure 18. Pore-water pressures in 
sections l and 3 were not tested. 

Figure 16 shows that the dynamic pore-water 
pressure developed in the saturated NSOG material 
was only about 0.5 kPa (0.07 psi). There was no 
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residual pore-water pressure development noted in 
the NSOG material. 

In Figure 17 the residual pore-water pressure 
development in the dense gravel material was about 
2.2 kPa (0.32 psi). With the low confining pres­
sures, a31 found in this pavement system, the 
pressure is probably adequate to start liquifaction 
of the base-course material. Figure 18 shows dy­
namic pore-water pressures in the dense gravel once 
pumping and channeling have started. The maximum 
saturated pore-water pressure is about 5 kPa (O. 72 
psi). A pressure of 5 kPa would convert to a pump­
ing head of about 51 cm (1.7 ft). It is interesting 
to note the negative pressures of about 1.2 kPa 
(0.17 psi) that occur as the wheel load passes over 
the piezometer. 

Based on the limited test track study, it is 
hypothesized that loads on dense- graded base-course 
mate rials first cause residual pore-pressure buildup 
and liquifaction, which are followed by dynamic pore 
pressure <iTJd pumping once the channel for the pres­
sure outlet is formed. 

A more thorough discussion of the data and find­
ings of this study will be published in a final 
report to the NJDOT. 

FIELD INVESTIGATION 

General 

Both qualitative and quantitative field investiga­
tions of pumping and channeling were conducted in 
the FHWA project on improving subdrainage and shoul­
ders of existing pavements. Pumping was found to be 
distinguishable and a major cause of distress in 
concrete pavements in numerous states. The evidence 
of channeling in pavement systems was not easily 
determined and not as apparent as pumping when 
distress mechanisms are evaluated. 

Field Investigation Results 

Evidence of pumping and loss of material beneath 
concrete pavement sections was found in climates 
ranging from semiarid to wet. It was apparent that 
both the frequency and magnitude of rainfall were 
related to pumping. 

It was found that pavements located on long 
gradients in rolling topography were often most 
vulnerable to pumping and bleeding of water and 
fines from the support materials. Figure 19 shows 
water and fine material flowing out from beneath a 
jointed concrete pavement system located on a long 
gradient. It is probable that water channeling also 
exists in this pavement system. In some areas with 
rolling topography, pavement cuts through the top of 
a hill will often intercept groundwater sources, 
which will cause water flow along the pavement 
profile. This condition is easily recognized by the 
growth of cattails or other water plants in the 
ditches at the crest of the hill. 

Figure 20 shows that pumping can be associated 
with continuously reinforced pavement systems as 
well as with jointed pavement systems when the 
distress state becomes severe. Furthermore, surveys 
of pavements in Illinois showed evidence of disinte­
gration and pumping in subbases composed of cement 
aggregate mixtures (CAM) and bituminous aggregate 
mixtures (BAM). Figure 21 shows disintegrated BAM 
that has been pumped out from beneath a section of 
continuously reinforced concrete pavement. 

Figure 22 displays a cement-treated subbase after 
the concrete pavement slab has been removed (from 
Woodstrom of the California Department of Transpor­
tation) . The channeling that has occurred at the 
interface between the slab and cement-treated sub-
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base can be noted by the light areas formed by grout 
injection. 

Figure 23 shows a section of pavement being 
prepared for a patch. Even though there was a 
longitudinal subdrain next to the pavement edge, the 
water did not freely drain from the pavement sec­
tion. Even after several hours, water was still 
visible next to the pavement edge. Inspection of 
the pavement section indicated that fine material 
was responsible for blocking the flow of water to 
the longitudinal subdrainage trench. 

Field investigations generally showed that 
water-related distresses in the mainline pavement 
also extended to the shoulder. Shoulder drop-off 
resulting from the ejection of base course or sub­
grade fines from beneath the shoulder and disinte­
gration and e rosion of the shoulder material a long 
the joint be t ween pavement and shoulder were evident 
in numerous pavement systems inspected. These joint 
openings would often be more than 2.5 cm (1 in) 
wide, and water could frequently be seen in the 
joint. 

Field investigations and drainage studies by 
Dempsey and Robnett ( 21) have indicated that the 
joint between pavement and shoulder contributes to 
most of the water infiltration into a pavement 
system. Subdrainage outflow studies on pavement 
test sections in Georgia and Illinois indicated that 

Figure 19. Water and fine material flowing out from beneath jointed concrete 
pavement on long gradient. 

Figure 20. Pumping associated with continuously reinforced concrete 
pavement. 

9 

water infiltration into the pavement section could 
be substantially reduced by edge sealing. Table 4 
shows outflows measured at the two test sites and 
indicates the differences in infiltration volume for 

Figure 21. BAM pumped from beneath continuously reinforced concrete 
pavement. 

Figure 22. Channeling marks at interface between concrete slab and cement· 
treated base. 

Figure 23. Patching continuously reinforced concrete pavement with edge 
drain. 
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Table 4. Statistical data based on percentage of pipe outflow. 

Mean (x) Coefficient of 
Section (%) Variation (V) (%) SD(%) 

Georgia G 1 unsealed 30.6 61.1 18.7 
Georgia G 1 sealed 0.7 194.0 1.4 
Georgia G2 sealed 
Illinois II unsealed 26.0 76.5 19.9 
Illinois II sealed 16.4 69.5 11.4 
Illinois 12 unsealed 52.l 36.7 19.l 
Illinois 12 sealed 11.6 28.4 3.3 

Note: Percentage of pipe outflow= [(pipe outflow volume)/(precipitation 
voJume)J x 100. 

Figure 24. Effect of loss of pavement edge support on critical stresses and 
deflections. 
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unsealed and sealed edge joint conditions. In the 
Georgia G2 section, both the transverse and the 
longitudinal joints were sealed, and no measurable 
outflow was observed over the duration of the test. 

Analysis and Discussion of Field Results 

In a National Cooperative Highway Research Program 
project report, Darter and Snyder (22) studied the 
distress t ypes and mechanisms of 966~m (600 miles) 
of jointed reinforced concrete Interstate pavement 
in Illinois. Of 204 projects 11urveyed they fonnn 
137 that displayed evidence of pumping. Of the 137 
projects that displayed pumping, in 20 percent there 
was high-severity pumping; in 32 percent, medium-se­
verity; and in 48 percent, low-severity. 

Although the jointed reinforced concrete pavement 
sections surveyed had granular subbases, a survey of 
continuously reinforced concrete pavements in Illi­
nois showed evidence of disintegration and pumping 
of CAM and BAM subbases (15). In the report summa­
rizing the results of the field survey, the follow­
ing quote was made concerning the BAM subbase that 
is predominantly used in continuously reinforced 
concrete pavement systems (15): 

During the field surveys, numerous edge punchouts 
were observed as the maintenance crew removed the 
broken concrete. There was frequently a consid­
erable amount of free moisture within the failure 
area and the BAM subbase was disintegrated and 
had been intruded by fine-grained soil. 

A major result of pumping is the loss of support 
under the concrete slab, which can cause high 
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stresses and deflections that then lead to an accel­
erated rate of distress. Based on pavement stress 
analysis, Figure 24 <lll shows that, as loss of 
support increases , the maximum stresses and deflec­
tions increase and the point of maximum stress moves 
in from the edge. For example, as the loss of sup­
port moves in 60 cm (2 ft) from the pavement edge, 
the tensile stress in the slab increases 132 percent 
and edge deflection increases about 75 percent. This 
loss of support is responsible for much of the 
faulting, longitudinal cracking, corner cracking, 
and punchouts observed in concrete pavement systems. 

Laboratory studies and field observations indi­
cate that the pumping mechanisms vary depending on 
the type of base course used. From laboratory and 
field studies, it is observed in unbound granular 
base courses that fine materials are generally 
displaced throughou t the full depth as a result of 
load-induced pore-water pressures. In stabili zed 
bases such as CAM and BAM, the fine materials are 
generally removed er eroded from th~ interface 
between the concrete slab and stabilized base or 
stabilized base and subgrade. In both the unbound 
bases and stabilized bases there can be either 
intrusion or pumping of the subgrade materials. 

In a recent study of problems caused by the 
presence of water i n concrete pavements, Phu and Ray 
(1) developed rel ati onships for determining the 
critical water velocity that wouid cause erosion of 
the subbase course. They showed the relative water 
velocities causing erosion in unbound and stabilized 
subbases subjected to zero and nine freeze-thaw 
cycles . Phu and Ray <.!l i nd i cated that an unbound 
grave l does not resist the expulsion of water on the 
order of 5 m/s (16.4 ft/s) and pumping of the fi nes 
will occur rather frequently. They indicated that 
pumping at this water ve locity is more severe in 
pavements without dowels than in those with dowels. 

Phu and Ray (.!) have found that water velocities 
ranging from O.l to l m/s (0.3-3.3 ft/a) were suffi­
cient to displace fines from the top to t he bottom 
of the subbase or from the interior toward the 
exterior pavement joints. During the study of 
partial d isplacement they foun~ tha t a suction 
pressure is often produced in the water beneath the 
concrete slab with passage of load. The development 
of suction pressures was also found with the passage 
of load during the test track study phase of this 
project (Figure 18) • 

The ejection of water is a function of pressure 
and it is influenced by the joint opening. In 
general there is a decrease in the water ejection 
vel ocity as the size of the joint opening i ncreases. 
Important factors causing pumping are slab curling 
and the development of a cavity beneath the concrete 
pavement slab. A water-filled cavity of 0.5 mm 
(0.02 in) or greater can create expulsion water 
velocities great enough to cause pumping under 
normal loading conditions. It is for this reason 
that eroded cavities beneath concrete pavements must 
be sealed to prevent serious water problems after 
pavement rehabilitation. 

When pumping problems in jointed concrete pave­
ments are evaluated, it is important to understand 
the i nfluence of slab thickness. Based on work at 
the Laboratoire Centrale des Ponts et Chaussees 
(1.il , the following quotation is presented concern­
ing concrete slab thickness: 

Today, studies ba$ed upon the observation of 
stair- stepping (faulting) and the precise record­
ing of deformations on exper imental thick-slab 
sections have de·monstrated quali tatively that the 
dissymmetry of slab-end deformat i ons was not 
substant ially modified and that an increase in 
th i ckness could only change the stair-stepping 
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Figure 25. Areas 
representing traffic limits 
with and without dowels 
depending on erodibility 
and climate ~onditions. 

rate. For example, a 10 percent increase in slab 
thickness can reduce stair-stepping by only about 
25 percent when the subbase is treated. 

In current design practice, slab thickness is 
determined so as to avoid slab fatigue cracking, 
and not with a view to optimum load transfer at 
joints. As regards pumping and stair-stepping, 
they are usually approached in terms of factors 
other than slab thickness. Further, several 
countries do not take the existence of dowels 
directly into account in the practical calcula­
tion of motorway slab thicknesses. In fact, if 
joint behavior is to be sufficiently modified, 
the cost of increasing the thickness of the 
concrete slab is such that other arrangements are 
more effective (less erodible foundation, dowels 
for example). Structural design studies in 
different countries moreover confirm this obser­
vation. An increase in thickness is considered 
only when it allows other simplifications, which 
is the case for example with very thick slabs 
resting directly on a porous subgrade (4/60 mm 
particle size, for example). 

In order to show the interaction among traffic, 
climate, subbase materials, and joint load transfer, 
the laboratory <l!l developed the three-dimensional 
space represe ntation shown in Figure 25 (~) • 
Figure 25 provides a qualitative model for the 
interactive parameters that need to be considered in 
pavement design in order to minimize pumping and 
erosion. Two material properties of great impor­
tance to pumping are compressibility and saturated 
hydraulic conductivity (permeability). 

From this research study it is felt that subbases 
beneath existing pavement systems must be drainable 
if subdrainage systems are to be effectively used. 
It is hypothesized that subdrainage systems will 
have little influence on pore-water pressure buildup 
and pumping in subbases with Ks < 0.009 cm/s (25 
ft/day), some influence for Ks = 0.009-0.09 cm/s 
( 25-255 ft/day), and appreciable influence for Ks 
>. 0.09 cm/s. 

It is evident that climatic conditions are impor­
tant to pavement rehabilitation and design. Field 
studies indicate that load transfe~ at the pavement 
joint will improve pavement performance. It is also 
apparent that the stability, strength, and drain­
ability of the base-course materials are very impor­
tant factors influencing the long-term performance 
of the pavement system. 
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SUMMARY AND CONCLUSIONS 

Summary 

Conditions that cause pumping and channeling in 
pavement s yst ems were studied in the l aborator y and 
field. Labora tory pavement model t ests i nd i cated 
that dense-graded crushed-stone base courses would 
experience channel ing and p umpi ng under dynami c 
loading conditions . An ope n-g raded crushed-s tone 
base did not pump, but subgrade intrusion caused 
permanent deformation of the pavement slab. 

The University of Illinois test track was used to 
study six asphalt-concrete pavement systems and four 
PCC pavement systems. It was found that asphalt­
concrete pavements on both NSOG and BSOG layers 
performed well under repeated wheel load. The 
pavement on a well-graded crushed-stone base dis­
played the poorest performance. The PCC pavement 
slab on an open-graded base course did not pump, 
whereas that on a dense-graded base course displayed 
residual and dynamic pore-water pressures t hat led 
to pumping. 

Field investigations show that pumping continues 
to be a problem in pavements. However, it is indi­
cated t ha t t he use o f load tr a ns fe r at pavement 
joints, none r od i ble ba s e materials , good drainag e 
practices , a nd conside ra t i on o f c limat i c conditions 
can lead to pavements that will perform well during 
the design l ife. 

Conclusions 

From the research on channeling and pumping the 
following conclusions are presented: 

1. Excess pore pressure, developed as a conse­
quence of loading, will increase as the applied load 
increases. 

2. Excess pore pressure will increase as the 
number of loads increases. 

3. Excess pore pressure will increase as the 
permeability of the base course decreases and mate­
rial compressibility increases. 

4. Excess pore pressure beneath a pavement 
system with a fine-grained base material can reach 
at least 20.7 kPa (3 psi), which is sufficient 
pressure to pump fine-grained material to the sur­
face. 

5. Materials in the base of a pavement system 
smaller than the 10-mm sieve size are subject to 
degradation and pumping. 

6. Although channeling may aid drainage, it is 
detrimental from the standpoint of displacement of 
fine base and subgrade materials and pumping. 

7. Climatic conditions must be considered in 
pavement rehabilitation and design. 

8. Load transfer devices at pavement joints can 
decrease faulting and pumping. 

9. Stabilized bases and subbases can improve 
pavement performance. 

10. Stabilized bases and subbases must be de­
signed to resist erosion by water. 

11. Stabilized open-graded bases and nonsta­
bilized open-graded bases in combination with a 
subdrainage system can improve pavement performance. 

12. Subgrade intrusion must be considered when 
open-graded materials are used as subbases. 

13. Pavement layer drainability must be consid­
ered in the design of subdrainage systems. 
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Subbase Permeability and Pavement Performance 
GARY L. HOFFMAN 

Problems of premature pavomont and <houfder distress in Pennsylvania have 
been attributed to eKcess water in the standard, dense-graded subbose. An BK· 
porimontal project was constructed to demonstrate the fo81ibifity of providing 
good support and good Internal drainago to the single fayer of subbaso with a 
two-layer system at a competitive cost. An additional long·torm objective of 
:ho project was to determine tho significance of tho permeability of subbaso 
fayer materials on pavement performance. Five types of subbaset , ranging 
from a very Impermeable cement-stabilized material to a very pormoab1e and 
uniformly graded crushed aggregate, wore incorporated Into tho project. Tho 

study documented the manufacturing of the various materials and tho asso­
ciated unit costs. Base materials with permeabilities 3 orders of magnitude 
more than that of the standard subbase were placed for only a 5 percent in­
crease in cost. The ability of the contractor to handle, place, and pave on the 
various subbases was evaluated. In-place permeabilities were measured with 
the field permeability test device developed by L.K. Moulton of West Virginia 
University to statistically determine permeability by variation within a mate­
rial section and between the five material sections. Initial pavement roughness 
measurements were made on the concrete pavement in each e><perimental sec-
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tion, and these measurements indicated no loss in construction quality with the 
use of the more permeable interlayers. Underdrain system outlets were instru­
mented so the rates at which the various subbase materials carry off infiltrated 
surface water could be determined throughout the long-term evaluation. 

The current Pennsylvania Department of Transporta­
tion (PennDOT) specification for crushed-aggregate 
subbase (PA 2A) was developed over a number of years 
as a result of extensive testing, evaluation, and 
field performance monitoring. The gradation spec i ­
fications were chosen to provide (a) the necessary 
strength and stability to support construction 
equipment, the pavement, and subsequent traffic; (b) 
drainage; and (c) a material that could be manufac­
tured with adequate quality control at reasonable 
cost. The specification was developed as a compro­
mise that would best meet the above criteria. 

Several problems of premature pavement and 
shoulder distress have been attributed to excess 
water in the pavement system, and questions have 
been raised as to the adequacy of the current PA 2A 
subbase to provide sufficient drainage for the pave­
ment system. Laboratory permeability tests of the 
2A subbase indicate a range in the coefficient of 
permeability of 1 x 10"' to 1 x lo-• cm/s. This 
range of permeability represents a very slow to 
nearly impermeable material. Field permeability of 
the subbase is varied because of in situ gradation 
variations at the same job site and seems to be 
higher in some cases than indicated by the labora­
tory tests. Recent field permeability tests con­
ducted as part of a nationwide study by L.K. Moulton 
and Roger Seals of West Virginia University (ll on 
PennDOT subbase indicate permeabilities in the range 
of 10" 1 to 10' 2 cm/s, 

This experimental construction project was de­
vised to demonstrate the feasibility of providing 
good support and good internal drainage at a com­
petitive cost to our current subbase. These facts 
were recently demonstrated in a similar project i n 
Kentuck~' (.~), An additional long-term objective of 
the project was to determine the significance of the 
permeability of subbase layer materials on pavement 
performance. The subbases were to represent a range 
in permeability from impermeable to very permeable . 

The project field site was located on traffic 
route 66 (Legislative Route 203) in Armstrong 
County, Pennsylvania. Five sections of base/ subbase 
materials representing a range of permeability con­
ditions from impermeable (aggregate-cement) to very 
permeable (PA 2B aggregate) were constructed. The 
standard design was the placement of 25 cm of rein­
forced concrete pavement (RCP) on 33 cm of PA 2A 
densely graded aggregate subbase (control section) • 
In the experimental sections, other materials were 
placed as an interlayer between the PA 2A subbase 
and the RCP as shown in the pavement cross sections 
(Figures 1-5). The total thickness of the experi­

mental interlayer and the subbase was 33 cm for all 
sections. Each experimental section was between 304 
and 509 m long and was constructed in adjacent sec­
t i ons in both the northbound and southbound lanes of 
the four-lane divided highway, 

MATERIAL PROPERTIES 

Laboratory Testing 

Laboratory testing was done to determine the parti­
cle size distribution curves, the maximum dry den­
sities, and the corresponding permeabilities of each 
of the five material types. All aggregate material 
was a glac ial sand a nd gravel that was shipped from 
Davison Sand and Gra v·el 's Tarrtown Flats source. 

The specified gradation limits for the standard 
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PA 2A gradation, the high-permeability (HP) grada­
tion, and the unstabil ized PA 2B gradation are shown 
in Figure 6. The PA 2A and the HP materials are 
both well graded, but the HP material has coarser 
fragments than the PA 2A throughout its entire par­
ticle size distribution. The PA 2B gradation band 
is narrow, and this material is uniformly sized. 
The actual distribution curve of the unstabilized 2B 
material is close to the coarser side of the speci­
fied gradation band, whereas the distribution curve 
for the 2B material used in the stabilized asphalt­
treated permeable material (ATPM) mix is close to 
the finer side of the specified band. 

Laboratory densities, porosities, and permeabili­
ties are given in Table l. A source specific grav­
ity of 2. 61 was used for all calculations. Nat­
urally, the stabilized aggregate-cement base 
material had the highest maximum density, lowest 
porosity, and slowest permeability--of the order of 
10-1 crn/s . The well-graded standard PA 2A subbase 
material (control) had the next highest maximum 
density, a low porosity, and a slow permeability--of 
the order of lo-• cm/s. The ATPM and HP material 
had intermediate maximum densities, porosities, and 
permeabilities, of about 2 and 6 cm/s, respec­
tively. The unstabilized PA 2B material had the 
lowest maximum density, highest porosity, and fast­
est permeability--nearly 8 cm/s. 

The laboratory permeabilities, except for the 
aggregate-cement, were determined by standard 
constant-head test equipment and by falling-head and 
constant-head testing with a piece of equipment that 
was fabricated in-house. Because the aggregate­
cement was nearly impe rmeable , its permeability was 
determined by using core samples set up in a triax­
ial test ing device. Laboratory permeabili ty testing 
indicated that the s pecified HP gradatio n included 
unnecessary fines. The material finer than approxi­
mately the 2.00-rnrn (U,S, No. 10 standard) sieve size 
readily migrated within the HP gradation matrix 
under the imposed hydraulic conditions. This migra­
t ion of about 5 percent of the material appreciably 
d ec reased the measured permeabi lities with time as 
the test progressed. 

Field Testing 

Field permeability testing was performed by using 
the fie l d permeability test device (FPTD) de veloped 
by Lyle Mo ulton and Roge r Seals at West Vi rginia 
University. Sc hematic diagrams o f t he wa t er source 
subsystem and the plate/probe subsystem for this 
FPTD are shown in Figures 7 and 8. This field test­
ing provided information to statistically compare 
(a) the laboratory permeabilities to field perme­
abilities, (b) the variability of permeabilities 
within a give n material section, (c) the variability 
of permeabilit ies among the various sec t ions , and 
(d) the differences in permeabilities measured in 
two orthogonal directions (90° apart) at the same 
test location. 

Field permeability measurements were recorded at 
only one location in the PA 2A subbase because of 
difficulties in obtaining legitimate results at a 
number of other locations in this material section. 
A field permeability of 1 x 10' 2 cm/s was calcu­
lated for one direction and of about 6 x io-' cm/s 
in the orthogonal direction at this one location. 
Much difficulty was encountered in establishing flow 
through this layer without the occur r ence of piping 
immediately be neath the plate. It was believed that 
the field permeabilities of the 2A material (10- • 
cm/s from laboratory testing) for the most part were 
near or below the lower testing capability of the 
FPTD equipment. The recorded measurements at this 
one location may have been erroneous also or they 
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may have been factual, indicating a more permeable 
zone. No field tests were attempted in the imperme­
able aggregate-cement base layer after the diffi­
culty that was encountered in the moderately slow­
permeability 2A material. 

Testing the ATPM, the HP material, and the PA 2B 
coarse aggregate was relatively successful and pro­
vided interesting statistical data, which will be 
discussed in the next section. Tests were made at 
different locations in each of these sections, and 
multiple measurements were taken in each of two 
(K1 and K2) orthogonal directions. For the most 
part, the 45° arrow halfway between these two rows 
of probes was aligned with the fall line of the 
grade. The test locations in the ATPM, the HP, and 
the 2B sections were randomly chosen to provide both 
longitudinal and transverse coverage of the section 
material. In-place density measurements were made 
with a Troxler nuclear gauge at the FPTD test loca­
tions. Because of the high void ratio and uncon­
fined instability of i:.he 2B agg:regate, fi~ld densi­
ties were not obtained in this material; however, a 
density was approximated from laboratory design 
data. Void ratios (e) and porosities (n) were 
calculated by using a source specific gravity of 
2.61, These field density and porosity data are 
listed in Table 2. 

CONSTRUCTION DETAILS 

The entire job, which included the expe rimental sec­
tions, was bid on a competit ive basis . The unit 
prices received from the selec ted contractor for the 
different base/su bbase materials are as !:ollows (1 
in = 2.5 cm; $1.00/yd 2 = $0.83/m'): 

Interlayer 
Interlayer and Subbase 

Section Onl :x'. !$i'.'.xd l l ($£'.'.;td') 
1, aggregate-cement 10.00 13.50 

(6 in} 
2, ATPM (5 in) 5. 40 9.40 
3, PA 2B aggregate 4.30 6.80 

(8 in} 
4, HP (8 in} 4. 30 6.80 
5, PA 2A subbase (8 in) 4.00 6.50 

The five sections of different base/subbase ma­
terials were constructed in July 1980 without major 
difficulties or delays even though the contractor 
was unfamiliar with some of these materials. The 
25-cm-thick RCP pavement was placed in August 1980 
by conventional fixed-form methods withnnt inci­
dent. A 7-m-wide (two lanes) pavement was poured 
mono l ithic ally . 

The pavement base d r ain system was typical 
thro ughou t all the test sec tions a nd wa s const ructed 
in accordance with rec ently i mplemented des i g n and 
material changes. The longitudinal trench was ex­
cavated 33 cm (the depth of the subbase) away from 

Figure 1. Aggregate-cement test area. 

Travel Lon• t Shoulder 
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the travel lane and shoulder edge of the pavement in 
both the northbound and southbound directions on 
tangent sections. The perforated plastic drain pipe 
was then placed, and the trench was backfilled with 
PA lB crushed aggregate (pea gravel} • The plastic 
drain pipe was 12 cm in diameter, semicircular, and 
outlets were through the slope or into drop inlets. 
outlet spacings ranged from 30 to 182 m and were 
typically of the order o f 91 m. In al l c ases , the 
e xperimental permeable layer was brought i n t o in­
timate contact with t he PA lB trench backf ill mate-

Figure 2. Asphalt-treated permeable material test area. 

Travel Lane , I Shoulder 

Figure 3. 28 aggregate test area. 

~one I• Should1r 

10" R.C.C. PAV 'T 
4 ecec 
5 11 2A 

Figure 4. High-permeability test area. 

Figure 5. Standard subbase control area. 
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Table 1. Laboratory test data for material types. 

Material 

Aggregate-cement 
2A subbase 

ATPM 

HP 
2B subbase 

lid max (pcf) 

138.1 
124.9 

106.9d 
112.7 

110.0 
102.9 

Note: 1pcf=16 kg/m 3, 

a Trlullll·l~l pcrmcnbllhr . 
bS1ondnrd con.st 11H1t·hcad pi:im1eameter. 
~f'11brh:ot d r1:1J11ng•lUtf!.d le;st. 

Jndlc nu1s 6-d minlmu1n. 
eF11brieft lcd connanl ·h ecid IQ:!lt. 

Ilmin (%) 

16 
23 

34 
31 

32 
37 

K (cm/s) 

l.Oxl0"7b 

l.8x l0"\ 
3.7xJO"\ 
7.4xl0"4 

I. Ix 10·2; 
2.3x I Oo 

0 
2.4xJ0°c 
6.4x 10° c 
7.6xJ0° 

rial to ensure a continuous flow path. 
To periodically measure outflow from the base 

drain system in the various base/subbase sections, 
14 accessible outlets were selected for moni taring. 
Point measurements will be made at various time 
intervals after rainstorms at these locations. A 
tipping bucket with a continuously recording counter 
was installed at the outlet at the downslope end of 
the ATPM section. This tipping bucket will provide 
data to determine flow-rate changes with time after 
rainstorms. A standard weather bureau rain gage was 
also installed at the site to better predict the 
infiltration of surface water into the pavement sys­
tem from these particular rainstorms, 

Figure 7. Schematic of fresh and salt water C- Adj. Valve 
subsystem. 

tlllrOQlll 
, Tank 

1 gal~ l L 

15 

RESULTS 

Pavement roughness measurements made on the new 
reinforced concrete pavement are listed in Table 3 
and indicate the paving control afforded by the 
various bases. The average pavement serviceability 
indices (PSis) for the stabilized aggregate-cement 
and ATPM base sections were 0. 2 to O. 3 higher than 
the unstabilized aggregate base sections. This 
tends to indicate that these stabilized bases pro­
vided a more stable and/or uniform platform on which 
to pave. The PSI averages for the unstabilized 
aggregate sections ranged from 3.81 to 3. 87, an 
insignificant difference. This indicates that there 
was little difference in the contractor's ability to 
provide a high-quality pavement surface on the PA 
2B, the HP, and the PA 2A (control) material sec­
tions. Comments regarding the difficulty in main­
taining a uniform grade on the PA 2B base appear 
unfounded when these roughness measurements are com­
pared. PSI measurements made one year after con­
struction indicated the same roughness rela tionship 
among the sections as the initial measurements. 

A detailed visual inspection of the pavement sur­
f ace made 15 months after construction revealed that 
most of the transverse and longitudinal joints were 
well sealed and in excellent condition. The hot 
poured sealant was cracked, debonded, or removed on 
a small percentage of transverse joints. No spall­
ing, faulting, or cracking was encountered. 

Statistical methods were applied to the permea­
bility data to calculate the means and deviations of 
the calculated permeabilities within each test sec­
tion, to compare the average field permeabilities 
with the average permeabilities determined in the 
laboratory, to compare permeabilities in the K1 
and K 2 orthogonal directions at the same location, 
and to relate the average field permeability with 
the average material porosity. 

The field permeability means and standard devia­
tions for each base material section are given below 

Finl Adj. Valve 

Soll Watit blk 

Saline ' Slug" 
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Figure 8. Schematic of plate and probe subsystem. 

1 in= 2.5 cm 

Water 
Injection -­
Probe 

HiQh 
Probe 

Low 
Probe 

Table 2. Field density and porosity data. 

Table 3. Initial roughness measurements. 

Material Station 

Aggregate-cement 125+95-140t-09 
ATPM 758t-00-772+50 
PA 2B 772+50-782+50 
HP material 822+50-839+75 
Control A 745+00-758+00 
Control B 806t-00-8 21 +00 
Avg• 

Plate 

Sensing pro bis 

0'7-,~-4:.:::,... 1.__ Wires to probes. 
(Electricol sensiflQ) 

--Tubes to probes. 
(Pressure sensing) 

45° Arrow for 
---~~~ Plate Alignment 

I" C to C Typ. 

Material Station Offset (ft)" ow w(%) od(pcf) 

Aggregate-cement Data obtained from mix design 138.l 
testing 

2A subbase 73!+75 12 R 134.3 6.1 126.7 
738+50 12 L 133.5 6.4 125.5 
739t-OO 20 R 133.5 7.1 124.6 
754+45 10 R 133.5 7.0 124.8 

Avg 125.4 
ATPM 758+44 26 R 107.8 107.8 

768+20 14 R 101.0 101.0 
770+85 10 R 106.5 106.5 
772+10 19 R 112.1 112.1 

Avg 106.9 
HP subbase 829+44 BR 102.0 7.5 94.5 

829+90 15 R 114.0 7.5 106.5 
830+35 7R 106.0 6.9 99.l 
831+00 18 R 109.3 7.3 102.0 
833+70 6R 104.2 6.5 97.7 

Avg 100.0 
2B subbase Data derived from field concrete 93.2 

design data 

Note: 1 rt= 0.3 m; I pcf = 16 kg/m 3• 

aR =right side of pavement; L =left side of pavement. 

Northbound or Eastbound Southbound or Westbound 

Travel Lane Passing Lane Travel Lane Passing Lane Section Avg 

3.96 4.00 4.02 3.95 3.98 
3.88 4.16 4.14 4.08 4 .07 
3.78 4.00 3.95 3.76 3.87 
3.84 3.79 3.83 3.78 3.81 
3.93 3.70 3.76 3.84 3.8 1 
3.98 3.62 3.78 3.93 3.83 
3.90 3.88 3.91 3.89 

8 Average of northbound or eastbound lanes, 3.89; average of southbound or westbound lanes, 3.90. 

n(%) 

0.19 16 

0.29 22 
0.30 23 
0.31 23 
0.30 23 

23 
0.49 33 
0.59 37 
0.51 34 
0.43 30 

33 
0.72 42 
0.53 35 
0.64 39 
0.60 38 
0.67 40 

39 
0.75 43 
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for both the K1 and K2 orthogonal directions: 

Material Kl K2 

2A x 1.4 x io-• x • 6.3 x io-• 
s . 0.2 x io- 2 (?) s 0.1 x io-, (?) 

ATPM x 1.9 x 2.1 
s • 1.1 s 1.3 

HP x = 6.1 x = 6.3 
s • 3.7 s 3.0 

2B x 2.7 x • 8.4 
s 0.7 s " 2.3 

The questionable field measurements in the standard 
PA 2A material (control) indicated the slowest per­
meability, although the aggregate-cement would obvi­
ously have been slower if field measurements had 
been attainable. The average permeabilities of 
ATPM, HP, and the PA 28 material were similar and 
nearly 1000 times more permeable than the dense­
g raded PA 2A subbase. The means and standard devia­
tions were also very similar for both the Ki and 
K2 orthogonal di r ections in the ATPM and HP mate­
rials. This indicated that, when the average data 
in these sections are considered, the direction of 
testing at any test location made little differ­
ence. However, there was a significant difference 
between the means and standard deviations for the 
K1 and Ki directions in the 28 material, thus 
indicating that directional differences in material 
permeabilities existed. The HP material exhibited 
the largest deviation of permeabilities, which 
indicated the greatest variability between test 
locations in the same material test section. This 
variation could be explained by the fact that the 
2.00-mm sieve size material was unstable within the 
total HP matrix. With the segregation of these 
fines, as noted during laboratory permeability test­
ing and during transport by the producer, varied 
in-place gradations and hence permeabilities existed 
in both transverse and longitudinal directions. 

The average field and laboratory permeabilities 
for each material type were compared to determine 
the relative performance of the FPTD against stan­
dard laboratory methods. The correlation coeffi­
cient (R = 0.996; m = 0.9lli i = -0.03; n = 4) for 
the data shown below indicated a significant corre­
lation at the 99 percent confidence level: 

Laboratory Field Avg 
Material Av9 (cmLsl !cmLsl 
2A 4,3 x lo -• i.o x 10- 2 <?> 
ATPM 2.4 2.0 
HP 6.4 6.2 
2B 7.6 6.6 

The average permeabilities determined in the field 
with the FPTD compared very favorably with the aver­
age laboratory permeabilities for each of the four 
material types that were evaluated. 

Field permeabilities were compared with the cor­
responding material porosities calculated from nu­
clear gauge densities at the test locat i ons. These 
data showed a significant relationship between 
permeability and porosity: generally, the greater 
the porosity, the higher the permeability. The 
relationship is significant at the 95 percent level 
of confidence for all points listed above. This 
good relationship existed in part because all the 
aggregates came from the same source. 

CONCLUSIONS 

Base material with significantly higher permeabil­
ities (3 or more orders of magnitude) than the stan­
dard PA 2A can be manufactured with adequate quality 
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control at a competitive cost. The contract price 
for the original standard design of 33 cm of subbase 
was $6. 50/yd • ($5. 44/m 2) • The subs ti tut ion of 
20 cm of PA 28 or HP material as an interlayer on 
top of 12 cm of subbase increased the comparable 
cost to $6.80/yd 2 ($5.69/m'), about 5 percent 
more. The substitution of 12 cm of ATPM on top of 
20 cm of subbase increased the comparable cost to 
$9.40/yd 2 ($7.86/m')--about 45 percent over the 
cost of 33 cm of subbase. This ATPM cost increase 
would not be so great in a flexible pavement design 
where a higher structural coefficient and a de­
creased required thickness, as compared with the 
standard subbase, would be used. 

Adequate stability to support construction equip­
ment was provided by the more porous, open-graded 
base materials. All sections of various bases were 
constructed without major difficulties or delays 
even though the contractor was unfamiliar with some 
of these materials. Pavement roughness measurements 
on the new reinforced concrete pavement indicated 
that the stabilized aggregate-cement and ATPM sec­
tions had PSI values O. 2-0. 3 higher than those of 
the unstabilized or unbounded sections. The PSI 
values in the unstabilized open-graded materials 
were equal to or slightly better than the standard 
PA 2A dense-graded subbase now specified by Penn­
DOT. These same roughness relationships existed 
after 15 months of service life. 

The three open-graded materials had adequately 
high permeabilities, but the permeability of the PA 
2A subbase was unsatisfactorily low. The more 
porous ATPM, PA 28, and HP materials exhibited field 
permeabilities of the order of 10° cm/s, whereas 
the standard PA 2A subbase had measured permeabil­
ities of io- 2 to io-• cm/s. Excellent relation­
ships existed between measured laboratory and field 
permeabilities for the same materials. Field test­
ing results indicated that permeabilities measured 
in two orthogonal directions at the same location 
generally were not significantly different. Perme­
abilities varied by as much as one order of magni­
tude within a material section because of gradation 
segregation resulting from placement practices. The 
more fines that existed in the material or the more 
"gap"-graded the material was, the greater was the 
propensity for this segregation to occur. 

Porous ma te rial gradations used f or d r ainage 
interlayers s ho uld have mini mal material passing the 
2.00-mm sieve si ze . The minus 2.00-mm sieve size 
material in the HP gradation did not add to the 
material stability and migrated through the coarser 
matrix. Even as much as 5 percent of this fine, 
migrating material could significantly alter the 
permeability at various locations in the base layeri 
moreover, it could clog the longitudinal pavement 
base drain system. 

The pavement was performing satisfactorily in all 
the various base layer sections one year after con­
struction. No distinct differences in pavement per­
formance due to the improved base drainage were 
evident at that time. Pavement and drainage system 
performance will continue to be evaluated until a 
relationship has been determined. 
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Pavement Drainage in Seasonal Frost Area, Ontario 
J.B. MACMASTER, G.A. WRONG, AND W.A. PHANG 

During the last two decades, full-width granular construction filter courses; im· 
p:-c'!ed ditching, trenche~, and draine; am::! ax!2-!oad ccntro!s h!!'!e al! bee~ irr!­
plemented on Ontario highways. In spite of this, pavement damage during late 
winter and spring continues to be a problem for the Ontario Ministry of Trans· 
portation and Communications. This paper illustrates how this problem is 
compounded in seasonal frost areas. During warm winter days, melt·water 
from deicing salts enters the partly thawed base. Trapped there by frozen 
subbases and shoulders, it creates differential heaving during subsequent freez· 
ing periods. Two experiments carried out to explore the problem of pavement 
edge cracking are described briefly. These tests include the use of plastic pave· 
ment edge skirts and partial-width paved shoulders. The success and practical· 
ity of the paved shoulders prompted the Ministry to use them on a continuing 
basis. The Ministry has been using plastic pipe pavement edge drains since 
1978 to improve the drainage of rigid pavements. Details are given on how the 
drains are placed with trenchless plows; an innovative and very successful in­
stallation technique. The Ministry's limited use of open-graded drainage layers 
is touched on briefly. In the area of preventive maintenance, the discussion 
centers on preliminary studies on the use of primed and surface-treated 
shoulders HS waterproofing measutes. Routing and sealing of cracks has also 
become a significant feature of the Ministry's program in upgrading the per­
formance of pavements and prolonging the life of overlays. 

It is generally acknowledged by highway agencies 
that, of all the environmental factors that ad­
versely affect the performance of pavements, water 
is the most significant. Excess moisture in gran­
ular base and subbase layers leads to high pore 
pressures under the dynamic loading of traffic. 
These high pore pressures tend to overcome the fric­
tional forces between the granular particles and 
cause a reduction in the bearing capacity of the 
base. This in turn causes an increase in stress in 
the wearing course. 

Cedergren and Godfrey (],) claim that inadequate 
drainage of excess moisture in the otruotural oco­
t ion leads to premature damage of the pavement. 
Ratios of damage caused by traffic impacts on pave­
ments with free water versus those with little or 
none and the tests that determined them are as fol­
lows: Western Association of State Highway Offi­
cials (WASHO) Road Test (2), up to 70 000:1; Ameri­
can Association of State - Highway Officials (AASHO) 
Road Test (]_), up to 40:1 (Cedergren analysis of 
Liddle data); University of Illinois Circular Test 
Track (_!), 100:1 to 200:1 (Cedergren analysis of 
test data) • 

In Ontario, as in other seasonal frost areas, 
weakening of the pavement occurs during the spring 
when the subgrade beg ins to thaw. The thaw period 
can spread over several weeks, particularly in 
northern Ontario where the frost has penetrated more 
than 3.0 m (10 ft) below the surface. However, this 
spring effect may, in the southern parts of Ontario, 
be repeated several times during the winter, since 
the base layer is subjected to periodic thaw cycles 
caused by deicing salts. 

In the past 15-20 years, designers have developed 
various changes in the physical structure of pave-

ments and in the materials used in highway construc­
tion. This reflects the attempt to improve the 
performance of roadways, in part by maintaining a 
low moisture content in pavement structures. 

Subdrains have been installed at various loca­
tions within the right-of-way to intercept water 
that might otherwise enter the base and subbase. 
Pipes have been located below di tchlines to lower 
high water tables in the subgrade and cut slopes. 
Drains have also been placed in the outer edges of 
the shoulders to help drain the pavement structure 
when it was impossible to provide side ditches of 
adequate depth. Such treatments, although effec­
tive, were limited in scope and constructed to deal 
with specific problem locations. 

In the early 1960s, the Ontario Ministry of 
Transportation and Communications (MTC) switched 
from a core, or earth shoulder, design to full-width 
granular construction in order to provide lateral 
drainage of the pavement structure. At the same 
time, the specifications of the base and subbase 
mater ials being used in Ontario were being altered 
(made more dense) to achieve greater stability to 
cope with the increasing volume and weight of traf­
fic loads. However, while the densities and bearing 
capacities of these aggregates were increasing, the 
permeability values were decreasing, thus reducing 
the effectiveness of the full-width lateral drainage. 

In more recent years, some highway drainage ex­
perts have vigorously promoted the use of an open­
graded drainage layer within the pavement struc­
ture . These layers of ma terials that exhibit high 
permeability may be constructed full width and 
daylighted at the side slopes or designed to outlet 
into a collector drain installed beneath the 
shoulder. Cedergren (5) advocates that such a 
drainage layer have labo~atory permeability rates of 
6000 m/day (20 000 ft/day) in areas where frost 
penetrates below the depth of the drainage layer. 
He cautions, however, that actual field values are 
likely to be of the order of 2100-3000 m/day (7000-
10 000 ft/day). 

In this report, experiments are described that 
demonstrate the pavement structure drainage problem 
in a seasonal frost area of Ontario and the steps 
that are being taken to avoid or reduce the damaging 
effects. These include limited use of very perme­
able drainage layers but principally relate to 
provision of partly paved shoulders and pavement 
edge pipe drains. 

SOURCES OF WATER 

Although it is known that excess moisture adversely 
affects the performance of roadways in any climate, 
pavements in seasonal frost areas are subject to 
additional stresses at certain times of the year (§_) • 
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Figure 1. Snowmelt trapped by plowed snowbanks. 

Figure 2. Spring breakup due to poor subsurface drainage. 

During the winter, most precipitation remains 
frozen above ground in the form of ice and snow . 
Snowbanks created by winter plowing operations tend 
to restrict the movement of water produced from 
salting operations or direc_t sunlight (Figure ll . 
This melt water remains on the granular shoulders 
long enough to infiltrate the base and subbaae 
layers and enter through cracks in the pavement . 
During warm winter days the granular shouJ.der ad­
jacent to the pavement may thaw slightly, due to the 
heat-absorbing qualities of the asphaJ.t . Tbe stand­
~ng water can then penetrate and further saturate 
the base. While the granular base beneath the pave­
ment thaws, the remainder of the shoulder, insulated 
by the snowbanks, remains frozen . The result is a 
trough or bathtub effect in which water is trapped 
beneath the surface. During the night, this mois­
ture freezes and causes the pavement to heave . 
Repeated freeze-thaw cycles in late winter and early 
spring overstress the asphalt and cause longitudinal 
cracking to develop at the pavement edge. In time, 
these cracks progress inward toward the wheel-track 
area and when pavement courses are thin [less than 
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Figure 3. Plastic edge skirts in gravel shoulder. 

40 mm (1.5 in) J eventually cause pavement breakup. 
Frozen drainage ditches can also aggrevate the bath­
tub effect and result in pavement breakup such as 
that in Figure 2. 

INVESTIGATION OF TREATMENTS AND 
PARTLY PAVED SHOULDERS 

In southwestern Ontario, .a study of thin asphalt 
surfacing failures resulting from edge cracking 
indicated that moisture was entering the base via 
the shoulder and causing excessive heaving of tbe 
asphalt <11 · Experiments were conducted to see 
whether directing the water away from the pavement 
edge would improve the performance. 

Pavement Edge Skirts 

In this test, 0. 2-nun ( 8-mil) polyethylene sheeting 
was draped into a shallow trench excavated in the 
shoulder (8). One edge of the sheeting was tacked 
to the old surface with asphalt cement and then 
covered with a strip of natural rubber membrane 0.3 
m (1 ft) wide to provide protection against the hot 
overlay (Figure 3) • Tbe trench was backfilled and 
the roadway resurfaced. Monitoring consisted of 
crack surveys, deflection measurements, and measure­
ments for frost heaving. 

Partly Paved Shoulders 

This experiment was carried ou.t on a newly con­
structed county road. Through the test section, the 
40-mm lift of asphalt was extended by 0.9 m (3 ft) 
on e·ither side of the two-lane road. Monitoring was 
similar to that carried out in the skirted sec­
tions . The most significant results concerned the 
heaving pattern of the pavement within and adjacent 
to the test sections in both experiments. As shown 
in Figure 4, the skirts and partly paved shoulders 
produced similar results. Not only was the magni­
tude of heaving reduced in each case, but the dif­
ferential heaving between the central portion of the 
roadways and the edges _of the pavement was signifi­
cantly reduced. 

These results confirmed that (a) much of the 
excess moisture that enters the pavement structure 
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Figure 4. Cross-section heave measurements at partly paved 
shoulder and skirt sections. 
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does so from the surface and (b) changing the flow 
pattern of this surface water reduces the detri­
mental effects of frost on the pavement, especially 
at the point where wheel loads are greatest. 

Paved Shoulders 

While the preceding experiments produced similar 
results, economics dictated that, for province-wide 
applications, placing a single lift of asphalt con­
crete 0.6 m (2 ft) wide on the existing gravel 
shoulder adjacent to the driving lane was a more 
feasible treatment . The 0.6 m served nearly as well 
as O. 9 m in keeping surface water away f rem the 
pavement edge. MTC has constructed partly paved 
shoulders for the past four years in accordance with 
criteria listed below; fully paved sholders are used 
in urban freeway sections where traffic volumes 
exceed 20 000 annual average daily traffic (AADT) : 

1. Two-lane highways where AADT = 4000 within 
next five years, 

2. All four-lane undivided highways, 
3. Four-lane divided highways where AADT 

20 000 within next five years, 
4. All of TCH-401, 
5. Route continuity, and 
6. Special locations determined by highway ac­

cident rate and high maintenance demand. 

Partly paved shoulders are generally placed when 
resurfacing is scheduled and are constructed in­
tegrally with the traveled lanes. In 1980, problems 
occurred on some resurfacing projects in Eastern 
Ontario when the edges of partly paved shoulders, 
paved to the same crossfall as the driving lane ( 2 
percent), heaved to such an extent that water was 
trapped on the driving lane. This prompted the 
construction of experimental sections on TCH-17-N 
near Petawawa. With the use of a new, adjustable 
screed extension, 0.6-m partly paved shoulders were 
placed at 2 and 6 percent crossfall. No construc­
tion problems were encountered in placing the 
shoulders at 6 percent crossfall, and measurements 
taken through the following winter and spring re­
vealed that, although some heaving did occur, the 
shoulders always maintained a positive crossfall. 

Assured that there would be an adequate supply of 
screeds available to accommodate paving contractors, 
MTC issued a directive in June 1980 stating that 
partly paved shoulders would be laid at 6 percent 
crossfall in the future. 

11"1 . =JOO mm 

PAVEMENT STRUCTURE DRAINAGE SYSTEMS 

Pavement Edge Drains 

Poor pavement performance is not restricted to con­
ventional flexible pavement structures. Rigid 
structural sections, such as portland cement con­
crete and composite designs, develop distresses that 
can be attributed to excess moisture within the base 
and subbase layers. Common distresses include 
faulting at joints and cracks, settlement and corner 
cracking of slabs, and deterioration of the under­
side of the concrete. 

In the early 1970s, the above problems were be­
coming prominent on concrete pavement in Ontario. 
Most of the concrete paveme nts under the j urisdic­
tion of MTC are found on expressways and multilane 
facilities such as TCH-401. Surveys carried out in 
southwestern Ontario revealed multiple transverse 
cracking and serious deterioration of the underside 
of the slab. Breakdown of the concrete was quite 
prominent at joi nts . Free water was discovered 
beneath the pavement in many areas, which lent sup­
port to the opinion that the permea bility rates of 
bases and shoulders are not high enough to permit 
proper lateral drainage of the structural section. 
I t was evident t ha t in order to prevent complete 
failure of the pavement and p r olong the serv i ce life 
of rehabilitative tre;itme.nts, some form of oontinu­
ous drainage system was required. 

A survey carried out by AASHTO in 1975 l.2.l re­
vealed that a small number of states were installing 
edge drains to provide drainage for transportation 
facilities. Polyethylene pipe appeared to be the 
most common type of drain used. Some states em­
ployed equipment such as chain or wheeled trenchers 
with automatic backfilling apparatus capable of 
placing an envelope of free-draining filter material 
around the pipe. 

In 1976, MTC investigated the possibility of 
installing subdrains along the edges of concrete 
pavements. The pipe chosen was 100-mm ( 4-in) per­
forated polyethylene tubing. In order to keep 
installation costs down, it was decided to place the 
tubing in the shoulder by using a trenchless plow 
(Figure 5) • Both tubing and plow are quite familiar 
in the area of farm drainage . 

An 0.8-krn (0.5-mile) test section was constructed 
on TCH-401 near Chatham, Ontario (10). Polyethylene 
tubing 100 mm in diameter wrapped in a knotted poly­
ester filter sock was plowed into the shoulder at 
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both edges of the 7.2-m (24-ft) concrete pavement. 
The d rai ns were offset about 0.3 m (12 in) from the 
edge of the s l a b a nd l ocated at subgrade level s o 
that t he pipe had about o.s m (20 in) of cover . No 
attempt was made to place any spec i al backfil l 
around t he pipe , and outlets were provided at 75-m 
(250-ft) intervals . Results were evide nt almost 
immediately . Discharge was noted by maintenanc e 
stafI on a regular basis during the summer a nd fall 
(Figure 6). 

Figure 5. Installing plastic pipe subdrains by using trenchless plow. 

Figure 6. Discharge from pavement edge subdrain. 

Figure 7. Layout of pavement edge subdrain system. 
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Encouraged by the performance of the drains and 
the potential of the plowing technique, the Ministry 
included subdrains on a 23-km (14-mile) resurfacing 
contract the next year. By using a tracked plow and 
four backhoes, the contractor installed 96 900 m 
(323 000 ft) of perforated tubing and 2370 m (7900 
ft) of nonperforated outle t tubing i n fi ve wor king 
days. Changes were made to the plowi ng technique to 
increase production . Rathe r than plowi ng in indi­
vidual lengths of tubing [75 m (250 ft) J, t he con­
tractor joined the r olls to f orm one continuous 
run. This allowed the operator t o plow without 
stopping until an interchange or bullnose was en­
countered. The main line was then t apped at the 
desired interval by a backhoe and outlet tubing 
connected with special T-couplers (Figure 7). 

The installation of plastic subdrains by plowing 
has now become a standard feature of concrete pave­
ment rehabilitation in rural areas. Several con­
tracts have been awarded for pavement drainage in 
advance o f resurfac ing pro jects . The cost of in­
s talled pipe , incl udi ng outlet s , averages $1 . 90/m 
($0 .57/ f t) . Since the initial contract r e f e rred to 
above, a t otal of 981 000 m (3 270 000 ft) of perfo­
rated plastic tubing with filter wrap has been 
placed by MTC. This accompl i s hment is summarized by 
year below (1 km 0.6 mile): 

No. of Plowed Outlet 
Year Contracts Subdrains !km! PiEe !km! 
1978 4 270 5.3 
1979 6 675 9.8 
1980 4 187 3.0 
1981 3 274 6.3 

On recent projects, tracked plows have been 
replaced by rubber- tired units (Figure 8) • This 
move has increased a verage daily _product ion from 16 
to 23 km (10-14 miles). In addition to providing 
operator comfort , the new method is advantageous 
because the pavement surface is no longer marred by 
the steel tracks. Tubing is now supplied in 1200-m 
(4000-ft) rolls, thus reducing the handling required. 

To date, priority has been given to draining 
beneath concrete pavements. Investigations have 
shown, however , t hat e xcess moisture is a l so present 
within composite pa vement structures {asphalt ove r 
conc rete base over cement-t reated granular s ub­
base). Moisture i nfiltr a tion in composite pavements 
is serious because wa ter contaminated with salt 
attacks the cement-treated subbase. I\ total of 
200 130 m ( 667 100 ft) of subdrain pipe was plowed 
in composite pavements in 1981. 

The use of plastic subdrains for pavement drain­
age has proved to be quite successful in Ontario due 
to the low cost of materials and the ease of con­
struction. Such a system could be adapted to flex­
i ble pavements. Ful l -dept h a nd deep-strength 
a sphal t pavements are c uri::ently unde r review t o 
determine whether e.dge drains a re required. 

Our pavement edg e drains , prior to 1981 , were a l l 
r etrofits to e xisting fac ilities . On two contr ac t s 
r ecently completed , edge drains were i ncorporated 
i nto the pavement structure at t he design s tage 
(Fig ure 9). This represented the Ministry ' s f irst 
effort at providing a built-i n drainage system. 

The iong-term performance of underdrai ns is oft en 
questionable . Exami nation of t his t ype of pipe 
after four years i n servi ce has shown no deterior a­
tion of the pipe or clogging of the filter sock. 
Over this same period, no change in discharge rates 
has been observed, either in the experimental sec­
tions or in the runs subsequently placed. 
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Figure 8. Trenchless plow mounted on rubber·tired tractor. 

Figure 9. Plastic edge drains located in new composite pavement. 
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As noted earlier in this paper, much attention has 
been given to the construction of highly permeable 
drainage layers within the pavement structure. 
Johnson (11) suggests that in frost areas this open­
g raded layer should be located in the upper portion 
of the structural section, preferably beneath the 
wearing course. 

Figure 10 illustrates gradation curves for typ­
ical aggregates necessary to achieve the permeabil­
ity rates advocated by Cedergren (~). Superimposed 
on this chart are Ontario's specifications for the 
granular base course ("Gran. 'A"'). It is evident 
that with this material located below the asphalt 
wearing course, water will remain in the pavement 
structure for some time. 

In 1975, the Ministry constructed a series of 
test sections that incorporate an open-graded drain­
age layer. The site of the experiment was a new 
section of two-lane highway near Stoney Creek in 
southern Ontario. The designed pavement structure 
consisted of 125 mm (5 in) of asphalt concrete over 
525 mm (21 in) of g ranular A base . The drainage 
medium was the course aggrega te used in HL 8 asphalt 
concrete (Figure 10). In the first test area, the 
upper 75 mm (3 in) of base was replaced with a sim­
ilar depth of the above stone. The second test area 
was identical to the first except for the addition 
of 3 percent asphalt cement as a binder. The third 
trial section contained 150 mm (6 in) of untreated 
stone. Apart from movement of untreated stone under 
construction traffic, no problems were encountered 
during construction. 

Monitoring data has indicated some settlement 
problems in test section 3. Investigations will be 
under way shortly to determine the reason for this 
problem . Cracking is more extensive over the 150- mm 
layer of stone than in the other two test areas. 
The small amounts of cracking in the first and 
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Figure 10. Permeability of granular A base : Ontario specification. 
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Figure 11 . Primed gravel shoulder three years after application. 

second test sections are quite similar. 
Data will have to be fully analyzed before def­

inite conclusions can be made as to the effective­
ness of the drainage layers. 

WATERPROOFING 

Shoulder Treatments 

Although a good deal of effort is being expe nded in 
developing means to remove excess mo ist ure from 
pavement structures, attention also needs to be 
directed toward the prevention of surface water 
infiltra t ion. The seal ing of pe rmeable s urfaces 
would appear to be a log ical step i n th is direction 
since i t ha s been shown that a good dea l o f water 
enters the base through the shoulder at the edge of 
the pavement. 

In 1977, the Ministry constructed test sections 
at s e veral s ites in s ou ther n Ontario as part of an 
e xpe r ime nt t o contro l edge-of- pavement dropoff . One 
of t he trea tments applied was RC-3 0 p rime ove r a 
O. 9-m width of s houlder next t o t he pavement . After 
t hree years , muc h of this treatment was still in 
place (Figure 11). Its po tential for waterproofing 
purposes is now being studie d. 

During the winter of 1978-1979, heaving of partly 
paved shoulders on an expressway occurred near 
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Ottawa, indic.ating that moisture was entering the 
base. In an effort to seal the remaining 3.0 m of 
granular shoulder , the maintenance staff applied a 
su.rface treatment consisting of a high-float emul­
sion and 16-mm (0'.625-in) crushed gravel. This 
treatment has been in place for two years and is 
still in very good condition. No further heaving of 
the partly paved shoulders has taken place. 

Where infil tration of moisture on grave l should­
ers is creating deterioration of the pavement, 
waterproofing of the shoulder by either priming or 
surface treatment is considered as a preventive­
maintenance measure. 

Routing and Sealing Cracks 

Dense-g raded asphal tic concrete pavements are rela­
tively impermeable for a perlod of time following 
construction. In time, cracks develop in various 
forms in overlays and in· pavements placed on new 
gl:ade. These cracks represent a very significant 
source of entry for surface water. Studies have 
shown that up to 70 percent o f surface runoff can 
enter a crack no wider than o.e mm (0.031 in) CJ). 

Treatment in past years usually consisted of 
spray patching and sand sealing when the severity of 
the cracks caused a decrease in riding comfort or 
threatened the integrity of the pavement. Such 
treatment was successful, although usually for only 
a short time. Fillers became displaced, and in many 
cases riding comfort was affected by a buildup of 
sand in the vicinity of the crack. 

In the last four or five years, new sealing 
compounds have been developed that are designed to 
penetrate and adhere to the sides of the crack. 
They compi:ess or st.i:etch as 'the crack closes or 
opens with changes in temperature. The product is 
delivered in cake form and is then melted down in 
large kettles. 

In order to provide a reservoir to ensure that 
there will be sufficient sealant to fill the crack 
properly, it is routed and cleaned with compressed 
a ir prior to filling. Experience has shown that, 
usually, a l6xl6-mm opening is adeguate . For wider 
cracks that develop over bases such as cement­
t reated granular, an opening of 19xl9 mm (0.375x 
0.375 in) may be reguired. The routed crack is 
o verfilled rather than underfilled. 

The success rate of the Ministry's sealing 
program has been encouraging. Contracts have been 
awarded specifically to explore the suitability of 
available sealants. Work is scheduled when the 
cracks have opened s ufficiently to permit routing. 
The importance of preventing the infiltration of 
surface water in the pavement structure justifies 
the need to return to sections 0£ highway more than 
o nce, as cracks develop. A large number of mainte­
nance patrols are now eguipped to carry out crack 
sealing. The Ministry is currently considering 
tendering contracts that would contain a lump sum of 
money designated for crack sealing a year or two 
after construction. 

The Ministry is also engaged in evaluating new 
crack-sealing products as they become available. 
Test sections have been established and manufac­
turers invited to supply and supervise placing of 
their sealants. The trials are being monitored to 
compare the effectiveness of these treatments under 
similar field conditions. 

CONCLUSIONS 

since the performance and ultimately the life of a 
pavement can be appreciably curtailed when excess 
moisture exists within the base and subbase, it is 
imperative that every effort be made to keep surface 
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water out of the pavement structure. Although base 
courses have been upgraded to provide increased 
stability, the drainage characteristics have often 
been adversely a ffected . 

Experiments carried out by MTC have shown that in 
frost areas, infiltrat i on of surface water has had a 
detrimental effect on pavement performance. Where 
moisture has been diverted away from the pavement, 
heaving and distortion of the asphalt have been 
dramatically reduced. Plastic edge skirts, although 
showing promise in achieving this result, have given 
way to the more practical and cost-effective partly 
paved shoulder. 

The use of plastic edge drains has become a major 
feature of the Ministry's pavement drainage scheme. 
Their low cost and ease of installation by plowing 
have made them an attractive system for all types of 
pavement structures. 

Open-graded drainage layers have had a limited 
application to date in Ontario; nevertheless, MTC 
will continue to evaluate this method of drainage 
and modify current designs to achieve an efficient 
system. 

From the point of view of preventive maintenance, 
crack sealing is being actively implemented in many 
districts. Priming and surface treating of gravel 
shoulders have been recent innovations, but they 
show excellent potential as interim measures to 
redirect surface water. 

The cost of constructing and maintaining a high­
way system continues to escalate as supplies of 
good-quality aggregates diminish and petroleum 
products increase in cost. Providing adequate 
drainage of the pavement structure to prolong pave­
ment life is a major step toward protecti ng the 
investment made in a highway network. MTC is ac­
tively addressing this problem and will continue its 
efforts to improve and develop drainage designs and 
systems to achieve this goal. 
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Simulating Pavement Performance Under 

Various Moisture Conditions 
MICHAEL J. MARKOW 

A computer program to simulate highway povomon·t performance, maimo· 
nanco, ond reheblli1111ion hos recently bean complotod for the Federal Highway 
Administration. A$ part of this effon, closod·form pavement performance 
equations havo beon Incorporated to predict the onsot and propagation of vari· 
ous damage mochenbms as a function of layor thicknosses ond material proper­
ties traffic loadings, cumulative damage olroody sustained, moisture, and tom· 
por~ture. Both flilKiblo and rigid pavomonts are considered. Tho simulation Is 
carried out on a seasonal basis (up to 12 seasons per year allowed) to permit 
users to specify variations In climatic conditions and pavemont material prop­
erties. In addition, moisture-induced dacren1es in layer end su bgrado strengths 
are rendered sensitive to tho amount of un,eoled cracking in tho pavoment 
surfaco, the seasonal rainfall, and tho quality of sub1urfaco dreinoge. In this 
way the preservation of road lnvestmont, as represented by 'rates of future 
damage accumulation, is oKpllcitly tied to both pavement drainage character· 
istlci end tho quality of subsequent surface maintcnanco . This paper do scribes 
tho technical assumptions and relationships employed in this approach end 
givas examples of its application to a sclcotcd p•~omont de;i1111, malntenuncu 
policy, and climatic region. The caso study Indicates that sulHurfaco drainage 
above can havo a significant effect on povomont life, influoncing the dato of 
required resurfacing by up to four yours. 

The structural design, construction, and performance 
of pavements have been the subject of muoh theoreti­
cal a·nd empirical research. Most efforts in this 
area have concentrated on the relationship of com­
ponent layer: thicknesses and material properties to 
the f ormation and propagation of particular types of 
distress. Comparatively little attention, however, 
has been devoted to the changes in pavement condi­
tion over time as damage begins to accumulate and 
the interaction between this damage and the pavement 
environment to i nfluence subsequent pavement perfor­
mance. The speoi.fic mechanism of interest here is 
the infiltration of water into cracks and joints, 
with resulting potential weakening of the pavement 
structure. This mechanism is important because a 
good deal of structural maintenance and rehabilita­
tion is devoted to preserving the integrity o.f the 
pavement surface. The benefits of such work are 
often justified in part by the reduction in water 
infiltration, but typically no quantitative evidence 
of impacts on future pavement damage is provided. 

The lack of current information on the effects o f 
water infiltration and drainage has be.en cited by 
Cedergren <.!> . By using data from several road 
tests and tes.t tracks, he calculated relative damage 
factors, which ranged from 5 or 10 to 1 to 70 000 to 
l for wet versus dry conditions, respectively. Al­
though the trend indicating shortened pavement life 
with increasing traffic loads under wet conditions 
is clear, the wide range of these estimates pre­
cludes their applications t o predicting pavement 
performance. 

Recently modifications have been completed of the 
Federal Highway Adminis tration' s EAROMAR system--a 
simulation model o f freeway performance that enables 

one to conduct economic analyses of different strat­
egies for roadway and pavement reconstruction and 
pavement reconstruction, rehabilitation, and main­
tenance (2). As part of the simulation of pavement 
performance, we have included models of water infil­
tration to the pavement subs tructure, its ef fect on 
material properties , and resulting changes in damage 
accumula tion. The approach followed within EAROMAR 
bases the amount of water entering the pavement 
structure on the seasonal rainfall and the extent of 
cracking in the pavement surface. Reduction in 
pavement strength is dependent on ·the length of time 
the sublayers temain saturated, which is a function 
of the amount of water that has entered the pavement 
and the drainage characteristics of the sublayers 
input by the user. The model cons iders only water 
entering the pavement structure through discontinui­
ties in the surface (typically the most significant 
source); groundwater sources and side infiltration 
are not included . The technical re lationships em­
ployed are based on work by Moulton 11) s upplemented 
by data presented by Cedergren (_!) and by assump­
tions on pavement material behavior. 

GENERAL MODEL CONSIDERATIONS 

In pavements subjected to rainfall, one may distin­
guish three periods associated with wet weather ~n 
addition to the period corresponding to dry condi­
tions: 

1. The ime during which rain io falling, in 
which the pavement sublayers may or may not be 
building up to saturation; 

2. If rainfall is sufficiently heavy or the 
sublayers are of sufficiently low permeabil ity , the 
time during which the sublayers are saturated or 
sufficiently wet to affect material properties and 
structural behavior; and 

3. The time during which any residual water not 
sufficient to affect pavement behavior is drained 
off. 

Data for several cities throughout the United 
States were reviewed in their months of maximum 
rainfall. Seldom do the total days of precipitation 
greater than O.l in (2.5 nun) exceed 10, and the 
number of days in which the precipitation exceeds 
o. s in ( 12. 7 nun) is typically 7 or fewer. However, 
the period of saturation following a rain can last 
from s to 20 days, except in those pavements that 
have exceptionally good drainage qualities (]:). 
Therefore, in our model we considered only the 
second period above--the period (after it stops 
raining) during which the pavement is significantly 
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wet or saturated--as the time r e levant to estimating 
changes in rate of pavement damage and neglected the 
time during which t he rain is actually fal.ling 
(period 1 above). (This assumption was made to 
s implify the model derivation : there is no reason 
why the t i me duri.ng rainfall could not also be i n­
cluded if desired.) 

Drainage characteristic s o f pavement sublayers 
are specified to El'..ROMAR by qualitative descrip­
tors- -good , fair , o r poor. Fo r use in the drainage 
model these descriptions must be reduced t o quant i ­
tat i ve measures of subsurface permeabil i ty. 
Cedergren (.!.) presented coefficients of permeability 
for standard bases and subbases of about a. a 2-2a 
ft/day (a.6-6la cm/day) and for open-g raded bases of 
about 3aaa-2sa aaa ft/ day (900-75 aao m/day). Based 
on these data we defined the following correspon­
dence between use r descr i ptions of drainage quality 
and coefficient of permeability used in model calcu­
lations: 

Poor : 
Fair: 
Good: 

a.1 ft/day (0.03 m/day), 
laa ft/day (3a.5 m/day), and 
la aaa ft/day (3asa m/d ay). 

Thus, typical bases and subbases used in flexible 
and rigid pavements today lie in the poor to fai r 
range under this designation. 

Quantifying the deleterious effects of water on 
pavement life requires estimates of (a) the reduc­
tion in sublayer material properties during the time 
the pavement is significantly wet and (b) the dura­
tion of this period of weakened strength (i n terms 
of the three wet periods described ea r lier and the 
length of time between the starts of the second and 
third periods, respectively). Unfortunately, the 
answers to the se key questions are not well sup­
ported by field documentation. 

Von Quintus and others <.!> presented data on 
seasonal changes in plate-bearing capacity for a 
pavement that had a granular base, frost-susceptible 
subgrade, and high water table. Based on the Sep­
tember bearing strength normalized to a value of 
laa, seasonal variat i ons at thi s site ranged from 
about 2a in the spring- thaw months to more than 14a 
in the frozen winter months. Values of relative 
damage factors between wet and dry periods were 
discussed earlier; Cedergren (j) calculated values 
of about la to 40 to l for the AASHO Road Test. 
However, these data are not tied to detailed mate­
rial properties. We have therefore assumed that, 
during the time of substantial pavement wetness, 
individual subsurface layer moduli are reduced by sa 
percent. 

Determining the time during which the pavement i s 
sufficiently wet to affect performance is more dif­
ficult. Equations are available that relate degree 
of drainage (i.e., percentage of water removed from 
a saturated layer) to t i me, but again these data are 
not tied to changes i n layer material properties or 
pavement performance. As a conservative estimate we 
have calculated drainage t i mes on the basis of an 
assumed degree of drainage of 0. 8. The implication 
of this and the preceding assumption is that in the 
time required to drain 8a percent of the water from 
a saturated layer, the sublayer moduli will be con­
sidered to be reduced in value by sa percent in the 
EAROMAR simulation . 

Based upon thes e general formulations, the fol­
lowing model relationships were derived. 

ESTIMATES OF DURATION OF PAVEMENT WETNESS 

The duration of pavement wetness is determined by 
the interaction of water inflow and outflow charac­
teristics of the pavement structure. As explained 
in the preced i ng section, outflow characteristics 

2S 

dominate the particular model within EAROMAR, and it 
is these r elationships that will be explained 
first. Followi ng the description of outflow equa­
tions, we will consider the influence of inflow 
parameters on the model. 

The t i me required to drain a saturated subsurface 
layer is captured within the relationships shown in 
Figure l <ll . The normalized time factor (t/ml is 
dependent on the degree of drainage achieved (U) , 
the width of road to be drained IL), the depth of 
the dra i nage layer (Fla) , and the transverse slope 
of the drainage layer (S:l ). From our earlier dis­
cussion, we have assigned a value of a . 8 to U, taken 
·to be the point at which wetness no longer affects 
pavement structural behavi or. Pavement cross slopes 
typically vary from a . 125 to a.25 in/ft (1-2 cm/ml; 
we have therefore taken the s lope factor (SI to be a 
constant equal to a.a1s. Also , we have taken L 
conservatively to be equal to the sum of the widths 
o·f all lanes plus shoulders in the roadway. Fi­
nally , we have assumed lld typically to be about l 
ft (0. 3 m) . Based on these assumptions , we fit the 
followi ng function to data points generated from 
Figure 1: 

t/m = 2.S exp (-2S') 

S' = 0.01 SL/Hd 

L = (N1anes X W lane ) + :EW shldr 

(I ) 

(2) 

(3) 

where 

t/m 
Ha 

normalized time of drainage; 
thickness of the drainage layer, 
assumed to be l ft : 
number and wi dth in feet, respec­
tively, of lanes in this roadway; 
and 
widths in feet on the left and 
right shoulders in the roadway. 

The denominator of the normalized time is a func­
tion of the yield capacity of the drainage layer: 

(4) 

where 

m = normali zing factor; 
n = yield capacity (effective porosity) of 

drainage layer; 
L = width of roadway dra i ned, def i ned by Equa-

tion 3; and 
kd = coefficient of permeability 

dra i nage layer. 
of pavement 

Values of n can be estimated from Figure 2 (1) by 
using the coeff i c ients of pe rmeabil ity assigned ear­
lier to users' q ualitative descript ions of drai nage, 
as shown below (l ft/day = 0.3 m/day): 

Coefficient of Yield 
Drainage Quality Permeability kd Capacity 
InEut (ft£'.'.da:r:! n 
Good la• a.23 
Fair la 2 a.a8 
Poor 10- l a . ass 

With these values one can so l ve Equation 4 for m a nd 
determine t/m f rom Equation l . The time of drainag e 
corresponding to tbe period in which we have assumed 
that pavement st r uc tural behav i or is affected i s 
then given by the following: 

!drain = m(t/m) (S) 
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Figure 1. Time-dependent drainage of saturated layer. 0 
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Figure 2. Chart for determining yield capacity (effective porosity). 
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where tdrain is the time to achieve a degree of 
drainage of O. B in days and m is the normalizing 
factor computed in Equation 4. 

COMBINING INFLOW AND OUTFLOW CONSIDERATIONS 

Equation 5 gives the drainage time of a saturated 
pavement layer once the rainfall has stopped. Row­
ever, the quantity of water to be d rained depends 
not only on the seasonal r ainfall but also on the 
condition of the pavemen t surface (the number of 
open cracks and joints) . We have treated both these 
contr ibuting fac tors to inflow as multipliers of the 
time computed i n Eq uation 5 . Thus, if eithe r the 
seasonal rainfall (for a fixed amount of cracking) 
or the amou nt of cracking or open j o ints (for a 
fixed seasonal rainfall) increases, the time during 
which pavement. structural response is affected will 
also increase . If eithe.r the seasonal rainfall or 

he open cracks and joints in the pavement are neg­
ligible, the time the pavement is affected will also 
be negligible. 

0.05 0 .1 02 0 .5 1.0 2.0 5.0 10.0 20.0 
TIME FACTOR - I Im 

Table 1. Rainfall data for selected cities in peak month of 1978. 

Total Avg Daily 
Precipitation Days of Precipitation 

City (in) Precipitation (in) 

Boston 8. 12 J 5 0.54 
San Francisco 6.20 16 0.39 
Seattle 6.05 16 0.38 
Los Angeles 7.70 10 0.77 
Miami 2. 57 11 0.23 
Chicago 6.38 12 0.53 
New Orleans 12.53 17 0.74 

Consider first the effects of seasonal rainfall. 
To convert total precipitation to an equivalent time 
or duration comparab e with the duration predicted 
in Equation 5 , we requi r e an assumed rainfall inte n­
sity. Data in Table 1 and reported by Cedergren (ll 
and Moulton (.;!) suggest that a daily intensity of 
0.5 in/day (12.7 mm/day) is reasonable as a com­
posite national fig ure. 

Findings reported by Cedergren (1) showed that 
substantial quantities of water can enter even very 
narrow cracks in a pavement under field test cond i­
tions. [Cracks 0.125 in (3 mm) wide admit more tha n 
95 percent of water falling at an intensity of 2 
in/h (50 mm/h), even with steep pavement transverse 
slopes . Cracks as narrow as 0.035 in (0.89 mm) can 
absorb 70 percent or more of runoff at the same 
intensity . J In practice these rates may be reduced 
somewhat, due to debris at the bottom of the crack 
or to buildup of water in the crack. Nevertheless, 
infiltration rates become quite high at low levels 
of cracking or open joints in the pavement surface. 

To model this relationship we have assumed t he 
fi:action of water inflow to be a negative exponen­
tial function of cracking and open joints subject to 
assumed boundary condition.a. Specifically, if thei:e 
are no open cracks or joints in the pavement sur­
face, water infiltration is reduced to zero . At 
cracking (or open joints) covering 50 percent of the 
pavement surface (a h ighly cracked pavement), infil­
tration is assumed to equal 99 percent of all water 
falling on the pavement area. 

By combining the above assumptions and incorpo­
rating a definition of the total area of disconti­
nuities in the pavement surface , we obtain the fol­
lowing relationships: 

(6) 
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C = (1/5280) {f(LCRACKS + ACRACKS)/W1ane] + [(SHOULDER 

X W we1)/2W lane N lane J +(JOINTS X Wwet)} (7) 

where 

twet 

rseason 

duration of pavement wetness 
in days during which struc­
tural response is assumed to 
be affected; 
seasonal rainfall in inches 
input by the user; 
daily rainfall intensity, as­
sumed to equal 0.5 in (12. 7 
mm) ; 

C = fraction of pavement area 
having cracks or open (un-
sealed) joints; 

tdrain 

LCRACKS, ACRACKS, 
SHOULDER, JOINTS 

time in days to drain the sat­
urated pavement sublayers; 
quantities of damage compo­
nents per lane mile computed 
by pavement simulation models 
within EAROMAR; 
width of lane in feet and num­
ber of lanes in roadway, re-
spectively, as input by user; 
and 

Wwet = width of subsurface zone wet­
ted by open joint, assumed to 
be 6 ft (1.8 m). 

REDUCTIONS IN PAVEMENT STRENGTH 

Pavement characteristics simulated within EAROMAR 
are affected by water infiltration in two ways. 
First, the strengths of granular bases and subgrades 
are reduced by 50 percent, as described in the gen­
eral model formulation. Second, the American Asso­
ciation of State Highway and Transportation Offi­
cials (AASHTO) regional factor is adjusted to 
reflect saturated conditions above and beyond those 
assumed by the user in initial program input. Re­
sulting model relationships are as follows: 

Fred= (!season - O.Stwet )/!season (8) 

(9) 

where 

Fred reduction factor applied to moduli of 
granular pavement layers and to Cali­
fornia bearing ratio (CBR) and moduli 
of subgrade, 

tseason ~ length of season in days determined from 
season information input by user, 

twet duration of pavement wetness in days 
computed from Equation 6, 

R' AASHTO regional factor corrected for 
additional wetness due to cracked pave­
ment surface, and 

R regional factor input by user. 

Note that Equations B and 9 apply a time-average 
correction (under wet versus dry conditions) to the 
pavement material propert ies and regional factor. 
Multiplication by O. 5 in Equation 8 reflects the 
assumed loss in material strengths under wet condi­
tions; the coefficient 5 in Equation 9 reflects the 
value of the regional factor associated with satu­
rated conditions. 

The effects of water infiltration on pavement 
performance are therefore modeled within EAROMAR 
through the material-related and environmental 
adjustments indicated above. This makes it possible 
to consider interactions between load-related and 

27 

environmental influences on pavement damage and to 
see what effects unsealed cracks and joints have on 
the rate of future pavement damage. The latter 
relationship in turn allows one also to investigate 
the benefit.a achieved through the routine mainte­
nance actions of sealing joints and cracks. Pre­
dictions of these models applied to a case study are 
described below. 

CASE STUDY 

To investigate the ·trends predicted by Equations l 
through 9, we applied the EAROMAR system to simulate 
pavement performance and costs on three roadways, 
each 10 miles (17 km) long, all having identical 
pavement, traffic, and maintenance policies but 
differing in drainage characteristics. The deterio­
ration of the pavements was estimated by using 
damage models described by Markow and Brademeyer 
(_a). Maintenance was applied, depending on the 
amount of damage accumulated and the time interval 
since that activity had last been performed. Over­
lays were scheduled when the pavement present ser­
viceability index (PSI) fell below 2.5 or when 
rutting exceeded l.O in (2.5 cm). 

The roadways tested all had flexible pavements 
with a structural number of 4.7. This structure was 
designed according to AASBTO recommendations (5) for 
simulated traffic of 9300 vehicles per day, imPosing 
an average of 770 equivalent 18-kip axle loads per 
day. No traffic growth was assumed. Environmental 
factors specified were typical of northeastern 
United States: an average rainfall of 10 in (25 cm) 
per th[ee-month season, a freezing index of BOO, and 
an AASHTO regional factor of 2.5. The asphalt con­
crete moduli of the pavement surface were varied 
seasonally as a function of the average seasonal 
temperature. 

Results of the simulations indicated that pave­
ment performance under good and fair drainage condi­
tions was virtually identical. Under poor drainage 
conditions, however, the rate of pavement damage 
increased , resulting in worse pavement surface con­
ditions over time and increased pavement-related 
costs to both the highway agency and road users. If 
this finding were generally true, it would mean that 
a minimally acceptable value of subbase permeabi lity 
lies between the poor and fair values [0.1-100 
ft/day (0.03-30.5 m/dayl]. 

Figure 3 illustrates trends in PSI over a 20-year 
analysis period. The pavements subject to good and 
fair drainage are overlaid after 13 years in ser­
vice, their PSI having dropped to 2.5 in that time. 
The pavement having poor drainage, however, fails 
after only 9 years' service. The four years' dif­
ference in pavement life is due solely to the ef­
fects of water infiltration in weakening the sublay­
ers of the pavement with poor drainage, which leads 
to more rapid damage accumulation. 

The trends in pavement damage are indicated in 
Figures 4 through 6, which show patterns similar to 
that noted for PSI above. Both roughness and rut­
ting are accelerated in the pavement with poor 
drainage and are correctable only through overlays. 
The levels of cracking, however, show no real varia­
tion among the three pavements. The reason is that, 
for this particular simulation, most of the cracking 
is due to cold-weather shrinkage, which is inde­
pendent of traffic loads. (Had the cracking been 
dominated by fatigue mechanisms, the trends likely 
would have been different between the poor drainage 
and t he other pavements.) 

Cracking is C'educed to zero in those years in 
which pavements are overlaid. In other years crack­
ing is allowed to accumulate until it i s repaired by 
rou tine maintenance on a three-year cycle. (Figure 
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Figure 3. Serviceability over time. 
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Figure 4. Rutting over time. 
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6 shows annual averages of surface cracking. Since 
some cracks existed at the beginning of those years 
in which crack filling was performed, the annual 
average does not reduce to zero in these years, eve·n 
after maintenance.) Because the cracking in all 
roaawayi; falls within the same range of values, 
observed differences in pavement performance are due 
only to the length of time the pavement sublayers 
are saturated and not to differences in water inflow. 

The ride quality of the pavement surface has 
effects on road users through influences on speed, 
travel-time costs, and vehicle-operating costs. 
Differences in these user costs among pavement 
policies can in turn be applied to justify, on an 
economic basis, specific pavement maintenance, 
rehabilitation, or reconstruction actions. Figure 7 
shows t he t rends in annual user costs for the three 
pavements tested. As expected, user costs increase 
more rapidly on the pavement with poor drainage, 
demonstra ting the effects on the motoring public of 
the damage accumulation . 

The fact that the curves for fair and good drain­
age generally coincide in Figures 3-7 indicates that 
subbase permeabilities of the oi;der of 100 ft/day 
(30.5 m/day) already provide adequate drainaqe for 
the rainfall amounts and intensities tested. Re­
sults for these drainage levels would be expected to 
diverge as either rainfall amount or daily intensity 

Figure 5. 
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Roughness over time. 
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increased. In fact, we have observed differences in 
pavement performance and costs for good versus fair 
drainage in a separate set of simulations that used 
annual rainfall of 90 in (200 om) per year, twice 
those assumed in Figures 3-7. However, the relative 
benefits for good versus fair drainage are much less 
than those for fair versus poor drainage, supporting 
our statement earlier that an acceptable minimum 
value of coefficient of permeability for the pave­
ment drainage layer lies within the poor to fair 
range. 

The stream of user costs (Figure 7) can be con­
s idered with agency expenditures and both streams 
d iscounted through the analysis period to conduct an 
economic analysis based on total. costs. Table 2 
presents results for the three roadways analyzed by 
the EAROMAR simulation (exclusive of salvage 
value) , At a 4 percent discount rate (appropriate 
for constant-dollar analyses), the pavement with 
fair drainage provides a net benefit of $184 000 and 
that with good drainage a net benefit of $191 000 
through the analysis period . On an economic basis, 
this is the amount one should be will ing to pay to 
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Figure 7. User costs over time. 
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Table 2. Economic analysis of roadways with different drainage characteristics. 

Millions of Dollars 

Mainte-
Quality Overlay nance Cost Difference 
of Expendi- Exp en di- User Total in Relation to 
Drainage tu res tu res Costs Costs Poor Drainage 

Good 0.576 0.004 138.838 139.418 0. 191 
Fair 0.576 0.004 138.845 139.425 0.184 
Poor 0.674 0.003 138.933 139.609 

improve the drainage conditions or maintenance on 
the poor roadway. Stated another way, if the 10-
mile roadway that has poor drainage could be reha­
bilitated to provide fair to good drainage or could 
be maintained each year to prevent water infil­
tration at a cost whose value discounted at 4 per­
cent did not exceed $184 000 to $191 000, this im­
provement would be economically justified. 

CONCLUSIONS 

We have presented here an approach to assess the 
effects of drainage quality on pavement performance 
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and costs. Although the procedure has been applied 
to date only within a simulation model and must yet 
be verified in the field, it provides a sound ra­
tional basis for organizing information on pavement 
structure, traffic and environmental loads, and 
damage accumulation with respect to water infiltra­
tion. 

The results of our simulations indicate that, for 
flexible pavements in regions subject to annual 
rainfall of about 40 in (100 cm), the inclusion of 
good drainage characteristics within the pavement 
structure may increase acceptable performance life 
by about four years. On the otber hand, poor d·rain­
age characteristics increase rates of rutting and 
roughness accumulation, decreasing overall pavement 
condition and increasing, user costs for vehicle 
operation and travel time. 

Further research is now under way to test this 
model foe different pavements in different environ­
mental regions and to assess the implications of 
maintenance policy on rates of damage influenced by 
water infiltration. 
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Pumping Mechanisms of Foundation Soils 

Under Rigid Pavements 
LUTFI RAAD 

Pumping of foundation soils under rigid pavements is a soil strueturo inter· 
action problem in whi~h tho Interaction among traffic loads, concrete slab, 
pavement materials, and water should be considered. Repeated stress Induced 
by moving whee.I loads could result in pore·wato r pressures that reduco the 
strength and stltfnou of underlving soil layors and load to pumping and loss of 
foundotion support. Pumping mechanisms of granular bases in rigid pavements 
are Investigated in cerms of dynamic pore.pressure generation and dissipation. 
Analyso• are performed to study the signlflcancP. of permeability and com­
pressibility of baso materials, loading conditions, and drainage conditions on 
pumping. Higher pora·pressure valuus are obtained as a result of docrease in 

baso parmeabllity or lncreaso in Its compressibility. The inclusion of lateral 
drains increases 1ho rate of dynamic pore-pressure dissipation and theroforo rb· 
ducos tho pumping potential of the granular base. Tho efficiency of lateral 
drains, however, is a function of loading frequency. Higher frequency of load· 
ing may not allow enough time for pore-pressure dissipation, which moy lead 
10 pumping of tho base material. The significance of loss of foundation sup­
port on tho structural response of tho pavement is olso studied. Results indi­
cate that loss of foundation support loads to increased stresses and deflections 
in tho concreto slab and thoroforn hastens Its rato of dotorioratlon. 
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Pumping is known to be a major cause of distress i n 
concrete pavements. l.t occurs when the pore-water 
pressure buildup induced by heavy wheel load's is 
high enough to result i n the ejection of material 
and water throu(1h cracks and joints in the pavement 
slab, causing loss of support and hastening the 
pavement's rate of deterioration. 

Pumping o f foundation soils under rigid pavements 
is a soil structure i nteraction problem in which the 
interaction among traff c oads, concrete slab, 
foundation materials, and water should be consid­
ered. Repeated stress states induced by moving 
wheel loads could result in pore-water pressures 
that reduce the strength and stiffness of underlying 
soil layers and lead to pumping and loss of founda­
tion support . 

Current design and evaluation techniques of sub­
surface drainage systems that are used to minimil'!e 
pumping in pavements are based on the ability of 
these systems to drain pavement moisture under grav­
itational flow condit ions. Permeability of the 
s tr•Jctural m;:ite dals ana urainage materials ls the 
essential property that influences water drainage in 
this case. Loading effects i mposed by moving traf­
fic on pore-pressure generation and t he effective­
ness of subsurface drainage systems in dissipating 
the dynamic pore-pressure buildup have not y·et been 
considered. 

In this paper an attempt will be made to identify 
pumping mechanisms of granular bases in rigid pave­
ments in terms of dynamic pore-water pressure gener­
ation and dissi·pation under repeated traffic loads. 
The influence of loadlng conditions, drainage condi­
tions, and material properties on pumping will be 
investigated. The significance of t?umping and the 
corresponding loss of foundation support on the 
structural response of the concrete slab will be 
illustrated. 

DYNAMIC PORE-PRESSURE OBSERVATIONS UNDER 
RIGID PAVEMENTS 

Pumping of foundation soils under rigid pavements is 
associated with dynamic pore-water pressure develop­
ment under wheel loads. Repeated stress pulses 
could result in residual pore-water pressure buildup 
causing progressive loss of shear strength and 
stiffness in the underlying soil. Liquefaction of 
granular materials under the rigid slab occurs when 
the residual pore-water pressure becomes equal to 
t he initial effective overburden pressure. Add i­
tional load repetitions could then re.sult in the 
ejection of granular materials through cracks an<t 
joints in the pavement. 

Liquefaction behavior of saturated granular soils 
has been investigated experimentally under undrained 
loading conditions by using cyclic triaxial tests 
(1) . Thompson ( 2) performed repeated-load tests on 
t~-dimensional ~vement models consisting of a sub­
gcade and a granular base. A transparent face on 
the model enabled visual observations of the sub­
g rade and base materials. A high degree of satura­
tion was obtained by soaking the pavements from top 
and bottom . Under repeated load ing conditions , sig­
nificant movements of the granular particles were 
observed directly under the loaded area. The entire 
base course within the loaded area appeared to 
liquefy and each load application caused a pumping 
action. 

Large-scale tests performed on rigid pavement 
sections indicate that dynamic pore-water pressure 
could develop in the granular subbase when the pave­
ment is subjected to repeated loads. Dempsey, Car­
penter, and Darter I]) conducted repeated-load tests 
on two-dimensional rigid pavement models (Figure 
la). The sections were soaked and loaded at a 
frequency of· 15 repetitions/min . Results of peak 
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pore-water pressure (i.e., pore-water pressure at 
the peak of the load cycle) and residual pore-water 
pressure (i.e., pore-water pressure at the end of 
the load cycle) variations in a dense-graded base 
are shown in Figure lb. An increase of pore pres­
sure is observed with increase in number of load 
applications. Water a nd soil directly beneath the 
slab seemed to pump up along the sides of the slab 
and through the joint between the slab and t he 
shoulder. Similar tests performed on open-graded 
bases showed no evidence of pumping or pore-pressure 
values i n excess of 2 kPa. 

Pilot tests were performed at the University of 
Illinois test track <1> to investigate pore-water 
pressure development under rigid pavements. This 
was part of a study entitled Evaluation of Drainage 
Systems for Pavements, sponsored by the New .Jersey 
Department of Transportation (NJOOT). A test sec­
tion consisting of 76-mm concre e slab, 76-mm dense­
graded base, 102-mm clayey gravel subbase , and a 
clay subgrade was s ub jPC ea o a 13. :!-kt-! whee l loaa 
applica tion at a frequency of 30 repetitions/min. 
The dynamic pore-water pressure at t .he interface 
between the s~ab and the base was monitored, 

The variation of peak and residual pore pressure 
is shown in Figure 2. During the first loading 
sequence, an increase in peak and residual pore­
pressure values is observed with increase in number 
of load repetitions . When loading stops , the resid­
ual pore pressure dissipates fi:om 3.9 0 kPa to l. 70 
kPa. Additional loading causes the pore pressure to 
build up again. In this case, peak pressure values 
are higher than those observed during the first 
laading sequence. This could be attributed to the 
development of voids under the slab and agrees with 
recent findings by Phu and Ray (j) that an i ncrease 
in size ot the cavity results in higher values of 
ejection velocity and therefore higher values of 
peak pore-water pressure. 

DYNAMIC PORE-PRESSURE PREDICTIONS UNDER 
RIGID PAVEMENTS 

The development of a pumping model requires an 
understanding of pore-water pressure development in 
soils under repeated stress applications similar to 
those induced by traffic loads . Martin and Seed 12.l 
proposed a method for predicting pore-water pressure 
generation and dissipati on in soils under dynamic 
loads. The basic assumption involved in their ap­
proach is that excess pore-water change in a soil 
element is the sum of the pore-pressure increment 
generated by repeated loading and the pore-pressure 
change due to drainage of water in and out of the 
element . Assuming one-dimensional flow (i.e., in 
t he direction of the Z-axis) and applying Darcy ' s 
law, the basic differential equation for the simul­
taneous generation and dissi pation of pore-water 
press ure can be written as follows: 

(au,tat) = [(1/mv'Yw)(au,/az)(kau,/i:lz)] + [(i:lu Q/ i:lN)(dN/dt)] (1) 

where 

Yw 
Ur 
mv 

k 
N 

(au1/aN) 

(dN/dt) = 

density of water, 
residual pore-water pressure, 
coefficient of volume compressibility, 
permeability, 
number of load repetitions, 
rate of generation of residual pore 
pressure under undrained loading con­
dition, and 
frequency of load applications. 

Martin and Seed (2_) used an implicit finite dif­
ference formulation to solve this equation. A com-
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puterized form has been developed for pore-pressure 
predictions under rigid pavements and has been used 
in this study. 

Analyses were performed to investigate dynamic 
pore-pressure development in soil layers underlying 

18.0 

E 
16.0 

14.0 .. 
.. ~ 12.0 -
Ci. 

:: ' 0 ' ' - - ' .• -... , 

, ~ . ~ -· ~Co~~'~'! Sl~b "_., 

(a) 

Load Repitition1 

(b) 

Granular Bose 

Cloy Subgrode 

-- Peak Pore Pressure 
- -- Estimated Residual 

Pore Pressure 

Plate Pressure • 386 kPo 

31 

rigid pavements in terms of material properties, 
loading conditions, and drainage conditions. 
Stresses were computed in the pavement section and 
were used as input in pore-pressure prediction under 
traffic loads. 

The finite-element method of analysis was used to 
determine the stresses in the pavement struc ture . 
Nonlinear stress-dependent behavior for the granular 
base and subgrade was incorporated in the analysis 
(§.l. For the granular base, the resilient modulus 

Ma can be expressed as follows: 

where 

and 

K, n 
a 

01102103 

material constants, 
01 + 02 + 03, and 

(2) 

principal stresses for the following sub­
grade: 

(3) 

(4) 

where k1,k2,k3, and k4 are material constants. k) 
and k4 ace equal to the rate of change of Ma 
with repeated deviator stress la1 - a3). 

The ratio of maximum shear stress Tmax• de­
fined as [(a1 - 03)/2), to the initial ef­
fective overburden pressure oo' was used to es­
timate the number of cycles required for initial 
liquefaction Nt obtained from undrained cyclic 
triaxia.l tests C!.l • An example of the variation of 
N.e. with <-rmaxloo'> for a uniform medium 
sand at different relative densities Dr is shown 
in Figure 3 (_~). The dynamic pressure ui gen­
erated under undrained loading conditions was deter­
mined from the following expression (_?.) : 

(5) 

Figure 2. Dynamic pore pressure in 
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Figure 3. Typical cyclic loading test data. 

Figure 4. Pavement section analyzed. 
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Uniform Medium Sand 
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where N is the number of load repetitions and a is 
0. 10. 

Knowing the rate of pore-pressure generation 
( auR./aN), frequency of applied loads 
(dN/dt), coefficient of permeability k, and coeffi­
cient of volume compressibility mv, Equation l was 
solved to obtain the dynamic pore-pressure distribu­
tion under rigid pavements. 

The pavement section considered in this study is 
shown in Figure 4. The pavement was subjected to 
loading sequences A and B of 80-kN single-axle loads 
applied at a frequency of 20 repetitions/min (Figure 
5). Sequence A consists of one series of 100-load 
repetitions, whereas sequence B includes two such 
series applied at 300-s intervals. Material proper­
ties used in stress computations are summarized in 
Table 1. The variation of (Tmaxlcro') in the 
pavement section is illustrated in Figure 6. 

Pore-pressure analyses were performed for the 
following conditions: 

l. Dynamic pore-pressure dissipation through 
vertical flow (i.e., no lateral drai nage is al­
lowed) i a nd 

2 . Dy namic pore-pressure d issipa tion through 
lateral flow ( i. e ., lateral dr a i nage is allowed). 
In this case the e fficiency of subs urfac e drai ns i n 
dissipating dynami c pore-wa ter pr e ssure could be 
eval uated. 

The finite-differe nce r epresentation of the sec­
tions a nal.yzed is il lust r ated in E'igures 7 and 8. A 
summary of the cases studied is presented in Table 2. 

RESULTS 

Resul ts of anal yses presented i n t he f ollow i ng s ec­
t ions illustrate the s i gnific a nce o f material p r op­
erties, loadi ng condi t i o n_s , a nd d r ainage cond~tions 
o n dynamic po r e pressur e and pump i ng i n rigid pa ve­
me nts. 

Pore - Pressure Diss i pation Through 
Vertica l Flow 

Dy namic po re-wate r pressur e was c alc ul ated assumi ng 
pore-pressure d issipation throug h vertical flow 
(i.e ., no la t eral drai nage was a l lowed) . Hi g her 
pore- pressure values were obtained as a result o f 
dec rease in pe rmeability o f the g r anular base . For 
e xample , a por e - pr essur e ra t io [ i . e ., u ,lao' l 
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equal to uni t y wil l develop if the permeability de­
creases from 10 1 to l0- 1 cm/s (Figure 9, cases l 
and 2) • In this case the pore pressure become$ 
equal to the initial effective overburden pressure 
and a condition of i nitial liquefaction will occur, 
thereby increasing the s usceptibility of the gi::anu­
lar base to pumping. Similar behavior is observed 
for higher compressibility of the base (cases 2 a nd 
3) or larger number of load repetitions (cases 2 and 
4). 

The effect of permeability and compressibility of 

Table 1. Material properties used in stress predictions. 

Resilient Failure 
Material Properties Criteria Density (kgfm 3) 

Concrete E = 34.5xl 06 kPa 2400 
v = 0.10 

Base course K = 6495 C=O 2130 
n = 0.60 4>= 30° 
V= 0.30 

Sub grade k1 =41.3;k2 =41300 C = 90 kPa 1950 
k3 = 0.300; k4 = -75 4>= oo 
v = 0.45 

Notes: Sn1uc11tcd uoil wolp.hlJ 111c u:i;c.d for bllJe couut- anti subgrrldt. K,n 1:1.rc 

p:m1motcu ror rcslllcni moduhJ1 of bn.Je couu~ (&iua1lon '2). k1. k2. kJ. 
k4 1m: par111ncrcrs for rt1lllc11H moduluti uC !IUb&r'ftd(' (P.qoci. ll oni 3 .:.nd 4). 
R""5lllent moduli or buc itnd :i;Ubgr~do tUC O)(pte :scd In kllopucol.s. E and 
11 nra r:l11S1lc modutuJ olld l'obsun 'J. r;ulo, ruspertrvoJy. 

Figure 6. Variation of maximum shear with depth under center of wheel load. 
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Figure 7. Finite difference representation for vertical flow condition. 
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Figure 8. Finite difference representation for lateral flow condition. 
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Table 2. Pavement systems analyzed. 
Concrete Base Course Subgrade 

k ffiy k mv k mv Loading Drainage 
Case (emfs) (m2fkN) (emfs) (m2fkN) (emfs) (m2fkN) Sequence Condition 

I 10'8 2.0xl 0'7 10·2 2.0xl 0·5 10·8 2.0x I 0'4 A Vertical flow 
2 10·8 2.0xlo·7 10·2 2.0x I 0·5 I 0'8 2.ox I o-4 A 
3 10·8 2.ox10·7 10·2 2.0xl04 I 0'8 2.0x!0-4 A 
4 10·8 2.ox10·7 10·2 2.0x10·5 10·8 2.0xl0'4 B 
5 10·1 2.ox10·5 A Lateral flow (interior loading) 
6 10-2 2.0x!0.5 A 
7 10-2 2.0xl0·4 A 
8 10'2 2.0xI0-4 B 
9 10·1 2.ox10·5 A Lateral flow (edge loading) 

JO 10-2 2.ox10·5 A 
II 10-2 2.0xlo·4 A 
12 10·2 2.0xl0-4 B 

Note: Relative densHy D,. oF granular base is 85 percent. 
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Figure 9. Dynamic pore pressure at U, I a-0• 
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the base o.n pore-pressure dissipa·tion at the end of 
a loading sequence is illustrated in Figure 10. 
Higher values of pore pressure are maintained for 
longer periods of time as a result of decrease in 
base permeability or increase in its volume com­
pressibility. Thia would increase the pumping po­
tential of the base if the pavement is subjected to 
an additional sequence of loads. 

Pore-Pressure Dissipation Through 
Latera l Flow 

Results of analyses performed to investigate the 
effectiveness of subsurface drains in dissipating 
dynamic pore pressure under r i gid pavements are 
shown in Figures 11-14. 

Interior loading of the pavement (Figure 11) 
could result in pumping of the granular base [i.e., 
(ur/oo'l " 1) provided its permea.bility is 
less than lO· 2 cm/s . An increase in volume com­
pressibility of the base from 2 . 0 x 10·' m•/kN 
to 2.0 x lo ·• m2/kN would reduce the rate of 
pore-pressure dissipation as illustrated in Figures 
11 and 12 (cases 6 and 7). Additional load applica­
tions would increase the pore pressure in the base 
and may cause additional pumping (Figure 12c). 

Similar observations are made for loads applied 
at t he edge of the s l ab (Figures 13 and 14). In 
this case, however, a reduction in "permeability from 
10 2 to 10" • cm/s would not cause p umping as 
shown in Figures 13 and 14 (cases 9 and 10). This 
could be attributed to the effectivencoo of subsur­
face drains in dissipating the dynamic pore pres­
sures induced by such loading conditions. If this 
reduction in permeability is accompanied by an in­
crease in volume compressibility to a value of 
2 .0 K io·• m1/kN, then the pore-pressure ratio 
would increase from 0.3 to 1 .0 (Figures 13c and 14b) 
and pumping of the granular base could occur. 

The effectiveness of subsurface drain.a in dissi­
pating dynamic pore pressure and therefore in reduc­
ing pumping potential is illustra·ted bY comparing 
results in Figures 9 and 12. For the same material 
properties and loading conditions, the rate of pore­
pressure diss.ipation is greater for pavements with 
subsurface drains. 

The efficiency of subsurface drains depends to a 
certain extent on the frequency o f load applica­
tions. A decrease in frequency of loading would 
increase the time span between load applications, 
thereby allowing more time for pore-pressure dissi­
pation. Higher frequency of loading may not allow 
enough time for pore-pressure dissipation and there­
fore could lead to initial liquefaction and pumping. 
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STRUCTURAL EFFECTS 

The development of excess pore-water pressure under 
rig id pavements reduces the effective stresses and 
leads to a decrease in shear strength and stiffness 
of pavement materials. Loss of foundation support 
could result from increased permanent deformations 
or pumping of foundation material through cracks and 
joints in the pavement. 

Analyses were performed to investigate the effect 
of loss of foundation support on the structural 
response of the concrete slab. The fi nite-element 
method was used for t his purpose <ll. The pavement 
section (Figure 5) was modeled as a medium-thick 
pl~te on a Winkler foundation. The modulus of sub­
g rade reaction used was 52 MN/m' . Loss of founda­
tion support was simulated analytically by a modulus 
of subgrade reaction equal to zero. 

Tensile stresses and deflections for interior and 
edge-loading I!> conditions are shown in Figures 15 
and 16. Results indicate that loss of foundation 
support would increase the tensile stresses and de­
flections in the pavement slab. This increase is 
more crit i cal for edge than for interior load appli­
cations. For interior loading of the slab, loss of 
foundation support increases the tensile stresses on 
the underside of the pavement slab and therefore 
could hasten the development of fatigue cracks along 
the direction of the wheel path. For edge loading, 
on the other hand, loss of foundation support could 
induce excessive tensile stresses on top of the 
slab, which may result in edge punchout failure. 

SUMMARY AND CONCLUSIONS 

I n this paper, pumping mechanisms of granular bases 
in rigid pavements have been investigated in terms 
of dynamic pore-water pressure generation and dissi­
pation under repeated traffic loads. Dynamic pore­
pressure development reduces shear strength and 
stiffness of underlying soil layers. Liquefaction 
of saturated granular materials under the rigid slab 
occurs when the residual pore-water pressure becomes 
equal to the initial effective overburden pressure. 
Additional load repetitions could then result in the 
ejection of base material through cracks and joints 
in the pavement. 

Analyses were performed to study the significance 
of permeability and compressibility of base materi­
als, loading conditions, and drainage conditions on 
pumping. Higher pore-pressure values wec.e obtained 
as a result of a decrease in base permeability or an 
i ncrease in its compressibility . The inclusion of 
lateral drains increases the rate of dynamic pore-
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Figure 10. Dynamic pore·pressure variation 
below center of wheel load for pavement with 
no lateral drainage. 

Figure 11. Pore-pressure variation for interior 
loading of slab. 

Figure 12. Variation of maximum pore pressure 
in base for interior loading of slab. 
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Figure 13. Pore-pressure variation for edge loading of slab. 

Figure 14. Varietion of maximum pore pressure in 
base for edge loading of slab. 
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Figure 16. Effect of loss support on slab response for edge 
loading condition. 
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pressure dissipation and therefore reduces the pump­
ing potential of the granular base. The efficiency 
of lateral drains, however, is a function of loading 
frequency. Higher frequency of load applications 
would not allow enough time for pore-pressure dissi­
pation, which could lead to pumping of base material. 

Results of analyses indicate that loss of founda­
tion support caused by pumping and permanent defor­
mations of soil layers under the pavement would 
result in increased stresses and deflections in the 
concrete slab and therefore would hasten its rate of 
deterioration. 
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