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EXECUTIVE SUMMARY

INVESTIGATING THE NEED FOR DRAINAGE
LAYERS IN FLEXIBLE PAVEMENTS

Introduction

Moisture can significantly affect flexible pavement perfor-

mance. As such, it is crucial to remove moisture as quickly as

possible from these pavements to avoid allowing moisture into the

pavement subgrade. In the 1990s, the Indiana Department of

Transportation (INDOT) adopted an asphalt pavement drainage

system consisting of an open-graded asphalt drainage layer con-

nected to edge drains and collector pipes to remove moisture.

Since that time asphalt pavement materials and designs in Indiana

have dramatically changed. Today, in-place field densities

achieved during construction make asphalt mixtures less

susceptible than their 1990s counterparts to moisture intrusion.

Additionally, producing and placing open-graded asphalt drainage

layers poses challenges: these layers can potentially increase costs,

and they tend to have lower strength than traditional dense-graded

asphalt pavement layers.

The objective of this research was to evaluate the effectiveness

of INDOT’s current flexible pavement drainage systems given the

changes to pavement cross-sections and materials since the open-

graded drainage layer was adopted. Additionally, the effectiveness

of the filter layer and edge drains was examined. Laboratory

experiments were performed to obtain the hydraulic properties

of field-produced asphalt mixture specimens meeting INDOT’s

current specifications. The results were used in finite element

modeling of moisture flow through pavement sections. Modeling

was also performed to investigate the rutting performance of the

drainage layer in flexible pavements under various traffic loads

and subgrade moisture conditions in combination with typical

Indiana subgrade soils. The results were used to develop a design

tool that helps the pavement designer to more accurately assess

the need for a pavement drainage system in any given flexible

pavement.

Findings

The following are the specific findings from this project:

1. INDOT’s current flexible pavement drainage system, which

combines an open-graded drainage layer with edge drains,

can be an effective tool in preventing pavement subgrade

from staying saturated for extended periods of time.

2. The use of a dense-graded granular filter layer beneath the

open-graded drainage layer more effectively prevents the

pavement subgrade from reaching fully saturated levels than

does a dense-graded asphalt filter layer.

3. The use of edge drains in flexible pavements can lower

pavement layer and subgrade moisture levels, especially

when no drainage layer is included in the pavement.

4. Despite recent improvements in materials and construction

methods, the pavement drainage layer in INDOT’s current

flexible pavement specification continues to effectively reduce

moisture content throughout the pavement layers, including

the subgrade, thus providing improved moisture protection to

pavement systems.

5. A design tool was developed to assess the need for a drainage

layer in flexible pavements. This tool indicates when flexible

pavement drainage layers are needed and when they can be

safely eliminated. It is based on pavement deformation, not

on economics.

Implementation

Given the study findings, the following are recommended for

implementation:

1. In areas with a higher rainfall or high-water tables, the use of

a dense-graded granular filter layer should be considered,

rather than a dense-graded asphalt filter layer, as the granular

filter appears more effective.

2. The design tool should be used on a supplemental basis.

While the design tool recommendations should not be imple-

mented until after a thorough field validation, data gathered

from supplemental use will help to improve the design tool in

the future.

3. A field validation study, as outlined in Chapter 8 of this

report, should be completed in order to verify the study

findings and calibrate the design tool. Instrumenting flexible

pavement field sections will provide data to lend additional

guidance to the findings of this study.

Deliverables

The project deliverables are as follows:

1. A final report explaining project objectives, scope, findings,

and implementation recommendations.

2. A design tool to assess the need for a drainage layer in flexible

pavements.

3. A suggested field experiment to validate the project findings

and calibrate the design tool.

Expected Benefits

By using the results of this research study to better determine

when flexible pavements need drainage layers and when such

drainage layers can be left out, the following benefits are

anticipated:

1. Without the need for a drainage layer, more easily con-

structed asphalt mixtures can be used in flexible pavements,

thus improving flexible pavement construction methods.

2. The elimination of added costs for modified binders typically

needed in the drainage layer, thus resulting in lower costs.

3. The elimination of an additional asphalt mixture (drainage

layer) that would otherwise need to be designed and placed,

again resulting in reduced construction costs.
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1. INTRODUCTION

1.1 Introduction

Moisture intrusion into flexible pavements can reduce
the strength and durability of the pavement layers,
resulting in moisture damage and pavements distress.
Excess moisture can also enter the pavement subgrade
and thereby accelerate pavement damage as a result of
subgrade softening or frost action. A properly designed
drainage system may help prevent excess moisture from
entering the pavement layers and subgrade and reduce
the chance of moisture-related damage.

In 1993, the Indiana Department of Transportation
(INDOT) began building new and reconstructed pave-
ment sections that included a drainage layer in the
pavement designed to more effectively move moisture
to the edge drains. Hassan and White (1996) further
refined this drainage system. They recommended a
dense-graded asphalt mixture be placed on the prepared
subgrade to act as a filter, thus reducing moisture
migration both into the subgrade from the pavement
and from the subgrade into the pavement. The study
also concluded that surface infiltration is the largest
source of moisture entering a pavement and so an open-
graded asphalt mixture layer was recommended over
the dense-graded asphalt layer to serve as a drainage
layer for the pavement. Moisture entering the pave-
ment, from any direction, could thus be quickly moved
to the edge drain, preventing moisture from migrating
towards the subgrade.

In addition to providing adequate drainage, it is also
necessary that drainage layers be structurally sound.
The open-graded asphalt mixtures as a drainage layer
and trench may reduce the overall flexible pavement
mechanical performance. Feng, Hamilton, & Olson
(1999) continued the study ‘‘Locating the Drainage
Layer for Flexible Pavements" by Hassan and White
(1996) to evaluate the mechanical performance of the
flexible pavement sections under repeated traffic load-
ing. They compared several pavement sections that
each included a drainage layer over a different type of
dense-graded filter layer (asphalt mixture or granular)
placed on the prepared subgrade. They furthur con-
firmed the mechanical performance for the section that
had a drainage layer over a dense-graded asphalt mixture
as previously suggested by Hassan and White (1996).
However, they indicated a higher amount of rutting
occurred for the section with the dense-graded asphalt
filter, as compared to the other sections.

Over the intervening two decades, INDOT has
changed design specifications and construction prac-
tices for flexible pavements. Flexible pavement materi-
als’ properties have been modified due to changes in
asphalt mixture design technology. Today’s asphalt
mixtures are designed using the Superpave mixture
design method and have higher in-place densities than
those designed in the early 1990’s using the Marshall
mixture design method, making them less susceptible
to moisture intrusion. Using the older Marshall-designed
mixture and construction specification, dense-graded

asphalt mixtures could be placed at densities as low
as 88% of maximum theoretical density (Gmm) and still
pass specification. Today, with the newer mixture designs
and construction specifications, in-place densities are
routinely 93% of Gmm or higher.

Additionally, INDOT’s flexible pavement cross-
section design has been changed. For example, today,
the 2.5 in. (6.4 cm) thick drainage layer is sandwiched
between two layers of dense-graded asphalt base mix-
ture, while in the 1990s the drainage layer was much
thicker and not necessarily sandwiched between two
dense-graded asphalt base layers. There is also some
uncertainty about the idea of placing a drainage layer
over a dense-graded asphalt mixture filter layer. In
the event of capillary rise, moisture moving from the
subgrade (subsurface moisture) toward the pavement
could be trapped under the bound dense filter layer,
preventing it from reaching the drainage layer and
thereby reducing the drainage system effectiveness.

Moreover, the flexible pavement drainage mechan-
ical performance study by Feng et al. (1999) did not
consider the effect of the subgrade moisture condition
beneath pavements. Therefore, concern developed over
the rutting characteristics of the open-graded drainage
layers in flexible pavements varying in the subgrade
moisture and traffic loads conditions.

Finally, the open-graded asphalt mixtures may reduce
the overall flexible pavement structural capacity thereby
at least partially invalidating the benefit of using the
newer mixture designs and construction specifications.
In addition, the construction of open-graded asphalt
mixtures layers can be challenging. Open-graded asphalt
mixtures can often be difficult to handle and compact.
Additionally, current INDOT specifications require that
a PG 76-22 asphalt binder be used in all open-graded
asphalt mixtures. Typically, this is a modified binder that
costs substantially more than an unmodified binder, thus
increasing the overall pavement cost.

1.2 Background

Moisture can easily find its way into flexible
pavements through cracks, shoulders, and groundwater
sources. This moisture, accompanied by traffic loads
and freezing temperatures, can have detrimental effects
on flexible pavement performance (Diefenderfer, Galal,
& Mokarem, 2005). A properly designed drainage
system can help prevent excess moisture from entering
the subgrade and thereby reduce the damage that can
be caused by subgrade softening and frost action. The
effectiveness of the drainage system is a key element
influencing long-term flexible pavement performance,
as evidenced by many studies (Fleckenstein & Allen,
1996; Hall & Correa, 2003; Ji & Nantung, 2015; Liang,
2007; Smith, Forsyth, & Gray, 1970). Research
indicates that flexible pavements with adequate drai-
nage systems have up to three times longer service lives
than those without (Cedergren, 1988). A report by
Harrigan (2002) presented the positive effect of an edge
drain, even for undrained pavements; installing edge
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drains in flexible pavements having no drainage layer
led to decreased fatigue cracking and a more cost-
effective design.

Conversely, several studies have reported the failures
or disadvantages of pavement drainage systems (Ahmed,
White, & Bourdeau, 1993; Wyatt & Macari, 2000). How-
ever, the failures reported in these works were mainly due
to improperly designed or poorly constructed drainage
systems. Additionally, improper drainage maintenance
caused the systems to trap moisture inside the pavement
structures, thereby accelerating pavement damage.
In some cases the poor drainage systems caused more
damage to the pavement than if no drainage system
had been present (Hall & Correa, 2003).

The longer moisture remains in a flexible pavement
structure, the more likely pavement failure will occur.
The continuous presence of moisture in the pavement
subgrade can significantly affect the subgrade moduli
and reduce pavement performance. Work by Ji and
Nantung (2015) found that increasing pavement sub-
grade moisture content 2% above optimum moisture
content resulted in a subgrade resilient modulus reduc-
tion by as much as 25%. Arika, Canelon and Nieber
(2009) found that subgrade moisture contents 8 % above
optimum can result in a 50% decrease in pavement life, or
a 32% increase in construction costs. Conversely, Zaghloul
et al. (2004) found that reducing the moisture content
in a flexible pavement base course from 45% to 16%
can increase the flexible pavement service life from 7 to
13 years. Research has also indicated lower moisture
in pavement subgrades when edge drains are used.
Fleckenstein and Allen (1996) reported that pavements
with edge drains had 28% less moisture in their subgrades
when compared to similar pavements without edge drains.
Pavements containing edge drains would, therefore, tend
to have higher subgrade strengths and longer service lives.

1.3 Problem Statement and Objective

Given the importance of flexible pavement drainage
layers, filter layers, and edge drains, along with changes
to INDOT’s standard flexible pavement cross section
and material design over the past 20 years, this research
sought to evaluate the effectiveness of the currently
designed flexible pavement drainage system using the
newer cross-sections and materials. Specifically, the
effect of a pavement drainage layer was investigated to
see if such a layer acts to reduce pavement subgrade
moisture. Also, the effect of filter material type was
examined to determine its effect on the pavement sub-
grade moisture. Moreover, the effectiveness of edge
drains in flexible pavements without a drainage layer
was studied. Finally, the rutting characteristics of the
open-graded drainage layers were examined under
various traffic loads and subgrade moisture condi-
tions. Accordingly, the objectives of this research were:

1. Using finite element analyses, investigate moisture flow
through flexible pavements to evaluate the subgrade moi-
sture conditions after a specific rainfall event and how it
affects pavement performance;

2. Evaluate the effectiveness of flexible pavement drainage
systems containing currently specified materials to deter-
mine if the open-graded asphalt mixture drainage layer is
still relevant in current flexible pavements;

3. Determine the combined effects of traffic loads coupled
with moisture infiltration on flexible pavements placed
over various subgrade soil types and having various satu-
ration conditions;

4. Develop a simple design tool to suggest when the flexible
pavement drainage layers are needed, and when such a
layer can be safely eliminated; and

5. Develop a field validation and long-term monitoring plan
for flexible pavement drainage systems.

2. LITERATURE REVIEW

2.1 Sources of Moisture

Moisture can infiltrate pavements through various
sources such as surface infiltration, rising groundwater,
seepage from higher ground, capillary action and vapor
movement (Figure 2.1). Surface moisture infiltration
through cracks is the primary and largest source of
moisture infiltration in pavements (Hassan & White,
1996).

2.2 Pavement Drainage Systems

Drainage systems in flexible pavements often include
an open-graded layer (usually stabilized), a filter layer
and a moisture collection system (underdrain) that may
include outlet pipes to remove moisture from the
pavement. The filter layer is placed under the drainage
layer and acts as a separator to prevent fine subgrade
particles from moving into the overlying drainage layer
to avoid clogging (Diefenderfer et al., 2005). There are
two common types of drainage layer systems in pave-
ments, a permeable layer combined with longitudinal
collectors (outlet pipe), and a daylighted permeable
layer without outlet pipes (Figure 2.2). Huang recom-
mended using a combination of the two as the most
efficient method to collect and remove moisture from
pavement in the shortest possible drain time (Huang,
1993).

2.3 INDOT Flexible Pavement Drainage Design

A typical INDOT full-depth asphalt pavement with a
drainage layer and underdrain is shown in Figure 2.3.
INDOT recommends placing an open-graded (OG)
asphalt mixture drainage layer near the bottom of the
pavement, sandwiched between two dense-graded base
layers, or between intermediate and base layers. A new
asphalt pavement usually has an asphalt surface course,
on an asphalt intermediate course, on either an asphalt
base or a compacted aggregate base layer, placed direc-
tly on a prepared subgrade. INDOT also recommends
the thickness of 2.5 in. for an open-graded drainage
layer with a typical lay rate of 250 lb/yd2 per inch.
Additionally, a dense-graded base mixture is required
under the open-graded layer, and underdrains must be
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Figure 2.1 Sources of moisture in pavements (Apul, Gardner, Eighmy, Benoit, & Brannaka, 2002).

Figure 2.2 Typical pavement drainage system components (Huang, 1993).
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included (Indiana Department of Transportation,
2013). This dense-graded mixture layer acts as a filter
to prevent fine subgrade particles from moving into the
overlying drainage layer, as well as to reduce moisture
migration into the subgrade and to provide support for
construction traffic when placing overlying layers
(Hassan & White, 1996).

2.4 Assessing the Need for Pavement Drainage

As previously stated, pavement drainage system
can vary in their effectiveness. Construction and life
cycle costs can play a role; the drainage should be
only used whenever it is expected to be cost-effective
by reducing moisture-related pavement problems.
Therefore, identifying the need for pavement drai-
nage, while often complicated and dependant on many
factors, becomes very important to successful pavement
performance.

Indiana has a wet-freeze climate, defined as a climate
having annual precipitation higher than 508 mm and
experiencing freeze cycles. Such climates have a higher
probability of moisture in the pavement structure
throughout the year. The National Cooperative Highway

Research Program (NCHRP) 1-37A report (NCHRP,
2004) suggests a drainage system be considered for
any flexible pavement built in a wet-freeze climate
condition with a subgrade permeability less than 3 m/day,
a common condition in much of Indiana (Table 2.1).

In Table 2.1, ‘‘R’’ indicates that pavement drainage
is recommended to prevent moisture-related problem.
In this situation, the pavement drainage system will
improve pavement performance to a degree that makes
it cost-effective. Those cells marked with ‘‘F’’ indicate
situations where providing drainage is feasible, but the
cost-benefit analysis should be considered. Lastly, the
‘‘NR’’ rating implies that drainage is not recommended
because it is likely not cost effective. While the recom-
mendations in Table 2.1 are valuable, they should be
calibrated to reflect local experience, in order to achieve
the best result.

2.5 Drainage System Effectiveness in Flexible Pavements

A properly designed pavement drainage system will
prevent excess moisture from entering the subgrade and
thereby reduce the possibility of subgrade softening,
or damage from frost action. This can result in lower



Figure 2.3 (a) Full-depth flexible pavement with drainage layer, and (b) detailed underdrain view (Indiana Department of
Transportation, 2013)—updated 2018.
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maintenance cost and longer pavement life. Conversely,
the continuous presence of moisture in the pavement
system, accompanied by heavy vehicle loads can result
in major flexible pavement distresses, such as alligator
cracking and potholes.

Open-graded drainage layers that rapidly drain excess
moisture from pavement structures were introduced in
the early 1970s. Smith et al. (1970) performed field

permeability tests to compare the drainage performance
of two pavement sections. One section consisted of an
asphalt pavement over a two-layer drainage blanket
(asphalt treated permeable material over a well-graded
aggregate layer), while the other was an asphalt pave-
ment over a layer of permeable base course material.
Results indicated both sections could successfully drain
all subsurface water.



TABLE 2.1
Pavement drainage need assessment (NCHRP, 2004)

Climatic condition

Greater than 12 million 20-yr design

lane heavy trucks

Between 2.5 and 12 million 20-yr design

lane heavy trucks

Less than 2.5 million 20-yr design lane

heavy trucks

ksubgrade (m/day)

,3 3 to 30 .30 ,3 3 to 30 .30 ,3 3 to 30 .30

Wet-freeze R R F R R F F NR NR

Wet-no freeze R R F R F F F NR NR

Dry-freeze F F NR F F NR NR NR NR

Dry-no freeze F NR NR NR NR NR NR NR NR

ksubgrade 5 Subgrade permeability.

R 5 Some form of subdrainage or other design features are recommended to combat potential moisture problems.

F 5 Providing subdrainage is feasible. The following additional factors need to be considered in the decision making:

1. Past pavement performance and experience in similar conditions, if any.

2. Cost differential and anticipated increase in service life through the use of various drainage alternatives.

3. Anticipated durability and/or erodibility of paving materials.

NR 5 Subsurface drainage is not required in these situations.

Wet climate 5 Annual precipitation .508 mm (20 in.).

Dry climate 5 Annual precipitation ,508 mm (20 in.).

Freeze 5 Annual freezing index .83uC days (150uF days).

No freeze 5 Annual freezing index ,83uC days (150uF days).
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Pavement drainage effectiveness when edge-drains are
used has also shown moisture reductions in the pave-
ment subgrade. Fleckenstein and Allen (1996) reported
that pavements with edge-drains had 28% lower moi-
sture in their subgrades. Pavements with edge-drains
would therefore tend to have higher subgrade strengths
and longer service lives.

A visual survey performed on several drained and
undrained flexible pavement sections in Indiana found
few surface distresses in the drained pavements (Ji &
Nantung, 2015). The study also performed a cost-
benefit analysis to define the benefits of subsurface
drainage on initial construction costs in Indiana. The
results were based on the 2005 Indiana Department of
Transportation Cost Index. It was concluded that with
a properly designed and installed pavement drainage
layer, approximately $40,000 to $60,000 per lane-mile
could be saved over the pavement’s life, for pavements
with traffic levels of 10 to 30 million Equivalent Single
Axle Loads (ESAL). This result shows the potentially
substantial benefits of subsurface drainage on initial
construction costs of asphalt pavements in Indiana (Ji
& Nantung, 2015).

Harrigan (2002) reported on life-cycle cost analyses
conducted on several flexible pavement sections to study
the effectiveness of drainage systems. The pavement
sections studied included a conventional, undrained
asphalt layer over an undrained base layer (unbound
dense aggregate base course) or a permeable aggre-
gate base layer. A number of sections were designed
with either edge-drains or day-lighted drainage systems.
Results indicated the least cost-effective design was the
one with an undrained base layer, due to increased fati-
gue cracking. Installing an edge-drain in this pavement
decreased fatigue cracking and led to a more cost-
effective design. The section with a permeable aggregate
base layer resulted in a more cost-effective design while

the most cost-effective design was the flexible pavement
section with a day-lighted permeable aggregate base
(Harrigan, 2002). These results indicate that flexible
pavements with drainage systems tend to have longer
lives and lower preservation costs.

In addition to providing adequate drainage, it is also
necessary that drainage layers be structurally sound.
Providing a flexible pavement with a drainage layer
may reduce the pavement structural capacity. Harrigan
(2002) stated that structural capacity and drainability
of flexible pavements are two key elements in flexible
pavement performance and that lack of either may lead
to rutting and fatigue cracking. Therefore, both drai-
nability performance and drainage structural capacity
should be balanced to achieve the best flexible pavement
performance for pavements with a drainage system.
Pavement sections with asphalt-stabilized permeable
bases and edge-drains showed the best rutting and
fatigue performance in the study. Additionally, it was
found that keeping edge-drain outlets open during the
service life led to increased pavement performance.
Clogged outlets result in increased pavement fatigue
cracking and rutting (Harrigan, 2002).

In another study, Hall and Correa (2003) also found
that drained pavement sections with permeable asphalt-
treated bases had better performance than undrained
pavement sections with dense-graded aggregate bases.
The results indicated that edge-drains in dense-graded
base sections had minimal or no effect in improving
rutting performance.

Liang (2007) evaluated different drainable base
materials under flexible pavements in Ohio. Six types
of bases (four unbound aggregate bases and two bound
bases) were tested in the laboratory to define their mecha-
nical properties including resilient modulus, strength
and permanent deformation under cyclic loads, dura-
bility, and permeability. Additionally, for several asphalt



pavement sections, field moisture monitoring was per-
formed. The results showed no evidence of completely
saturated subgrades under the drainable bases. Addi-
tionally, the bound base materials including Portland
cement and asphalt treated bases showed better drainage
efficiency than untreated bases. The cement treated base
layer exhibited the best combination of drainability, resi-
lient modulus, and resistance to permanent deformation.

While a good deal of the literature indicates the
efficacy of drainage layers in flexible pavements, several
studies have reported the failure and disadvantages of
pavement drainage systems. Ahmed et al. (1993) evalua-
ted the effect of edge-drains on pavement performance
in Indiana and discovered poor edge-drain system per-
formance, mainly due to poor construction practices
and lack of proper inspection and maintenance.

Bejarano and Harvey (2002) used a heavy vehicle
simulator (HVS) to apply traffic and investigate the
performance of drained and undrained flexible pave-
ments under wet conditions. They assigned an asphalt-
treated permeable base (ATPB) as the drainage layer
for the drained pavement sections. During the study,
the ATPB had a short life due to asphalt stripping from
the aggregate under the combined conditions of a wet
base and heavy loading. The researchers found the
ATPB layer clogged with fines from the underlying
layer, thus trapping moisture in the layer and resulting
in a saturated condition. However, similar service lives
were found for both drained and undrained pavement
sections. The drainage layer ATBP pavement sections
failed due to permanent deformation (rutting) resulting
from the stripping; the undrained sections failed due to
fatigue cracking.

The effectiveness of flexible pavement subsurface
drainage systems depends on their design adequacy;
the subsurface drainage of a drainable pavement must
be designed based on an approved design methodology
and be capable of handling the expected rate of moi-
sture inflow to the pavement system. Wyatt and Macari
(2000) reported several drainable pavement sections
with edge drains that were not able to successfully drain
moisture. The presence of a subsurface drainage system
does not necessarily assure a drainable pavement system.
Improperly designed or poorly constructed drainage
systems, or those not properly maintained can often trap
moisture inside the pavement structure thereby accel-
erating pavement damage, sometimes even more so than
if no drainage system had been constructed. This excess
water will reduce pavement life and result in increased
pavement maintenance costs (Arika et al., 2009).

2.6 Flexible Pavement Rutting

Rutting (permanent deformation), a surface depres-
sion in the wheel paths, is one of the prevalent flexible
pavement distresses. Rutting is the accumulation of
the irretrievable strains due to the application of the
repeated tire loads on flexible pavements. Excessive
rutting can reduce the pavement service life and result
in an unsafe driving condition particularly when water

accumulates in the wheel path during freezing weather
condition. Therefore, it is essential to examine the
rutting behavior of flexible pavements, especially when
the pavement has a drainage layer. In one study, White,
Haddock, Hand, & Fang (2002) considered the rutting
failure limits to be 6.25 mm (0.25 in.) for asphalt layers
and 12.5 mm (0.50 in.) for the total pavement rutting.
INDOT currently specifies the maximum allowable
total rutting of 10 mm (0.4 in.) for flexible pavements.

2.6.1 Cause of Rutting

There are two primary causes of rutting in flexible
pavements, one related to the asphalt materials, the
other related to non-asphalt material layers. In the
first case, poor asphalt mixture design or deficient
construction practices may result in higher amounts
of rutting. In the second scenario, rutting may result
from an insufficient structural capacity of one or
more pavement layers, such as the subgrade for
example (Sivasubramaniam & Haddock, 2006; Tam &
Tam, 2006).

Two types of rutting can occur in an asphalt
pavement layer (Sivasubramaniam & Haddock, 2006),
consolidation (densification), shear deformation (plastic
flow), or both. Consolidation refers to the reduction
of asphalt mixture air voids due to the application of
traffic loads, resulting in the depression in the wheel
path with no uplift of the asphalt layer (Figure 2.4).
Shear deformation refers to the longitudinal depres-
sion in the wheel paths accompanied by uplift (uphea-
vals) between and on the outsides of the wheel paths
(Figure 2.5). Shear deformation causes about 90% of
asphalt pavement rutting, while consolidation accounts
for approximately 10% (Onyango, 2009). Shear deforma-
tion is the primary factor causing rutting on the surface of
flexible pavements constructed with sufficient underlying
support (Sivasubramaniam & Haddock, 2006).

Figure 2.4 Permanent deformation from consolidation/den-
sification (Onyango, 2009).

Figure 2.5 Pavement rutting from weak mixture, induced by
traffic loading (Onyango, 2009).
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The rutting that occurs from shear deformation
indicates a low shear strength asphalt mixture resulting
in a downward and lateral movement of the mixture.
The Mohr-Coulomb equation (2.1), along with triaxial
testing can successfully characterize the shear strength
of asphalt materials (Feng et al., 1999; McGennis,
Anderson, Kennedy, & Solaimanian, 1995).

t~czs tan f ðEq: 2:1Þ

where:
t5 shear strength of the mixture,
c5 mixture cohesion,
s5 normal stress to which the mixture is subjected, and
f5 angle of internal friction.

2.7 Asphalt Mixture Mechanical Constitutive Models

Asphalt mixtures are visco-elasto-plastic materials
(Von Quintus, 1994) that when repeatedly loaded exhibit
elastic, plastic, visco-elastic and visco-plastic strain res-
ponses. Elastic and visco-elastic strains are recoverable,
but plastic and visco-plastic strains are irrecoverable and
result in permanent deformation (rutting). Plastic strain
is time independent while visco-plastic strain (creep) is
time dependent; at a constant stress level, visco-plastic
strain increases with time.

In finite element modeling using ABAQUS software,
the extended Drucker-Prager yield surface defines the
plastic strain, while the creep power-law constitutive
model defines the creep strain, representing the time,
temperature, and stress-dependent nature of asphalt
mixture (Feng et al., 1999; Hua, 2000; Huang, 1995;
Pan, 1997; Sivasubramaniam & Haddock, 2006). The
quasi-static analysis procedure (‘‘VISCO’’ step) can
be used to analyze both the extended Drucker-
Prager and the Power-law creep models. The extended
Drucker-Prager yield surface (Figure 2.6) is defined
as (ABAQUS, 2016):

F~t{p tan b{d~0, ðEq: 2:2Þ

where:

t~1=2q 1z
1

K
{ 1{

1

K

r

q

3
"

, ðEq: 2:3Þ
� �� � #

p 5 first stress invariant (equivalent pressure stress);

q 5 second stress invariant (Von Mises equivalent
stress);

r 5 third stress invariant;

d~½ �1{1=3 tan b so
c (measure of cohesion, usually a

function of plastic strain to provide isotropic hardening
or softening);

so cos f
c~2c (uniaxial compression yield stress);

1{ sin f
c 5 cohesion (can be obtained directly from triaxial

tests);

f 5 friction angle from triaxial test (can be obtained
directly from triaxial tests);

3 sinf
b 5 angle of internal friction: tan b~ ; and

3{ sinf
3{ sinf

K~ , ratio of yield stress in triaxial tension
3z sinf

to triaxial compression, K$ 0.778 and K,1.0 to ensure
yield surface is convex (see Figure 2.7).

The creep power-law material model is defined as
(Feng et al., 1999):

eo~Asntm ðEq: 2:4Þ

where:

eo5 creep strain rate;

s5 uniaxial equivalent deviator stress;

t 5 time; and

A, n and m 5 temperature dependent constants.

2.8 Modified Drucker-Prager/Cap Model

The modified Drucker-Prager/Cap (DPC) plastisity
model has been extensively used for a variety of geo-
technical problem because it accounts for the effects
of stress history, stress path, dilatancy, and intermedi-
ate principal stress. The DPC model adds an additional
cap yield surface to the Extended Drucker-Prager pla-
sticity model for two main reasons. First, the addition
of the cap restricts the yield surface in hydrostatic
compression, thus delivering an inelastic hardening
mechanism to represent plastic compaction. Second,

Figure 2.6 Extended Drucker-Prager model yield surfaces in
the p–t plane (ABAQUS, 2016).

Figure 2.7 Typical yield/flow surfaces in the deviatoric plane
(ABAQUS, 2016).
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the cap controls volume dilatancy when the material
yields in shear by providing softening as a function of
the inelastic volume increase (ABAQUS, 2016; Helwany,
2007).

In the ABAQUS software, the DPC model is defined
in the equivalent pressure stress–deviatoric stress plane
(p-t plane) by three main parts: a Drucker–Prager shear
failure surface (Fs), an elliptical cap yield surface (Fc)
that intersects the mean effective stress axis at a right
angle, and a transition Surface (Ft) that is the region
between the shear failure surface and the cap yield
surface (see Figure 2.8).

Fs~t{p tan b{d~0 ðEq: 2:2Þ

Fc~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p{pað Þ2z Rt

1za{a= cos b

� �2
s

{R dzpa tan bð Þ~0, ðEq: 2:5Þ

where:
R 5 a material parameter that controls the shape of

the cap;
a 5 numerical parameter (typically, 0.01 to 0.05)

defining a smooth transition yield intersection between
the cap and failure surface; and

pa 5 an evolution parameter that controls the
hardening/softening behavior as a function of the vol-
umetric plastic strain;

The hardening/softening law is a user-defined piece-
wise linear function relating the hydrostatic compres-
sion yield stress (pb) and volumetric inelastic strain as
indicated in equation 2.6.

Ft~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p{pað Þ2z t{ 1{

a

cos b

� �
dzpa tan bð Þ

� 2
s

{a dzpa tan bð Þ~0, ðEq: 2:6Þ

�

2.9 Moisture Flow Through Pavements

Figure 2.9 is a diagram indicating how moisture
infiltrates and can be removed from flexible pavements
with drainage systems (permeable base with edge
drain). Two moisture flow conditions can occur (not
simultaneously), saturated and unsaturated. Satura-
ted flow condition refers to the situation when all
pores in a layer are filled with moisture, resulting in
a constant hydraulic conductivity (K). Unsaturated
flow condition occurs when some, but not all pores
in a layer medium are filled with moisture. This
condition leads to a variable hydraulic conductivity
that is a function of pore pressure. The unsaturated
hydraulic conductivity decreases quickly as pore water
content decreases (Tindall, Kunkel, & Anderson, 1999).
The unsaturated hydraulic conductivity function and
water characteristic curves are two key parameters for
the unsaturated analysis of moisture flow through
flexible pavements.

2.10 Saturated Hydraulic Conductivity (Saturated
Permeability)

Hydraulic conductivity is the rate at which a porous
material will convey or transport moisture under a

Figure 2.8 Modified Drucker-Prager/Cap model yield sur-
faces in the p–t plane (ABAQUS, 2016; Helwany, 2007).

Figure 2.9 Moisture movement through a flexible pavement with drainage system (Cedergren, O’Brien, & Arman, 1972).
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hydraulic gradient (Kanitpong, Benson, & Bahia, 2001).
Darcy introduced an equation that describes the flow
during a saturated condition. Known as Darcy’s Law,
the equation (2.8) relates the moisture flow rate to the
hydraulic gradient, permeability and the area of the
material (Vivar & Haddock, 2006; FHWA, 1992):

Q~kiA ðEq: 2:7Þ

where:

Q 5 flow rate (cm3/s);

k 5 coefficient of permeability (or simply perme-
ability) (cm/s);

i 5 hydraulic gradient (cm/cm); and

A 5 total cross-sectional area (cm2).

‘‘The equation assumes a homogeneous material,
with steady state, laminar, one-dimensional flow con-
ditions, the fluid is incompressible, and the material
completely saturated (Vivar & Haddock, 2006; FHWA,
1992).’’

Permeability can be determined by theoretical design
equations using laboratory and field test data. There
are several equations for calculating the permeability of
porous materials based on their grain size distribution.
These include Hazen’s equation (2.8a), Sherard’s equa-
tion (2.9b), and the Moulton equation (2.8c) (FHWA,
1992; Vivar & Haddock, 2006)

K~CD10
2 ðEq: 2:8aÞ

K~0:35CD15
2 ðEq: 2:8bÞ

K~
6:214�105( D10

25:4 )1:478�n6:654

(P200)0:597
ðEq: 2:8cÞ

These equations are dependent on effective size (Dx),
porosity (n) and percent passing the 0.075 mm (No.
200) sieve (P200). Dx represents the particle size (mm)
than which x percent by dry mass of the sample is
smaller, and C is an empirical coefficient ranging from
1 to 1.5.

2.11 Laboratory Determination of Saturated
Permeability

Two common methods are available to determine
permeability, a constant head permeability test used
for coarse aggregates, and a falling-head permeability
test used for fine aggregates. For compacted asphalt
mixtures, the falling-head permeability test is pre-
ferred, and the Florida Department of Transportation
(FDOT) developed a permeability test device to mea-
sure the saturated permeability of compacted asphalt
mixture samples (FDOT, 2015). According to this
falling head method, the time required for a sample to
lose a head of water is measured and used to deter-
mine the sample’s permeability (del Pilar Vivar &
Haddock, 2006). The coefficient of permeability, k,
can be determined using equation 2.9 which is based

on Darcy’s law. Initial head (h1) and final head (h2)
are as shown in Figure 2.10.

K~ aL
At

| ln h1

h2
|tc ðEq: 2:9Þ

where:

K 5 coefficient of permeability (cm/s);

L 5 average thickness of the test specimen (cm);

A 5 average cross-sectional area of the test specimen
(cm2);

t 5 elapsed time between h1 and h2 (s);

a 5 inside cross-sectional area of the buret (cm2);

h1 5 initial head across the test specimen (cm);

h25 final head across the test specimen (cm); and

tc5 temperature correction for water viscosity.

2.12 Saturated and Unsaturated Pavement Drainage
Design

The FHWA (1992) has recommended two appro-
aches to design pavement drainage in fully saturated
flow conditions, steady-state flow and time-to-drain.
In the steady-state approach, a uniform flow condi-
tion in the pavement is assumed, and the permeable
base continuously drains the rainfall into the edge
drain system. For this approach, it is important to
accurately estimate the design rainfall rate and the
amount of rainfall that infiltrates the pavement.

In the time-to-drain approach, moisture begins
to infiltrate the pavement when the rainfall event
begins and continues infiltrating the pavement until
the permeable base layer becomes saturated. Once
this occurs, additional moisture is unable to enter the
pavement system and instead flows off the pavement
surface. When the rainfall event ends, the permea-
ble base immediately begins to drain by moving the
infiltrated moisture to the edge drain system (FHWA,
1992). This method specifies a specific time by
which a given percentage of the moisture should be
drained from the pavement system, thus the name,
time-to-drain. The DRIP (Drainage Requirements
in Pavement) software (Mallela, Larson, Wyatt, Hall,
& Barker, 2002) for design and analysis of pave-
ment subsurface drainage analyzes the water flow
inside the pavement on the basis of the time-to-drain
approach.

Unsaturated flow conditions can occur if one or
more pavement layers become fully saturated while
one or more other pavement layers remain partially
saturated (unsaturated), a flow condition that is more
realistic than the fully saturated condition. However,
the FHWA and AASHTO pavement design methods
do not consider unsaturated flow conditions in pavement
drainage design; only a fully saturated flow condition is
considered (Rabab’ah, 2007).

2.13 Water Characteristic Curves

To properly account for drainage conditions in the
partially saturated condition it is necessary to estimate
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the unsaturated hydraulic conductivity function. This
can be done using water characteristic curves (WCC),
or the volumetric water content function. The WCC
of a porous medium indicates the amount of water
remaining in the media pores as a function of pore-
water pressure (suction). This can be plotted as the
media volumetric water content (VWC) as a function of
the media suction. A typical WCC for soil is presented
in Figure 2.11. The air-entry value of the soil is the pore
pressure (matric suction) where air begins to enter the
largest pores. The residual water content is the water
content where a significant amount of suction is required
to remove the extra water from the soil. Additionally,
desorption and adsorption curves are shown that have
the same format. Their differences are due to hysteresis
(Fredlund & Xing, 1994).

WCC can be determined in the laboratory by
direct and indirect methods. In the direct measure-
ment methods, a known air pressure higher than the
atmospheric pressure (suction) is manually applied
to a soil sample and the water content recorded
(Kim, Ganju, Tang, Prezzi, & Salgado, 2015). In
geotechnical engineering practice, suction is defined
as the negative difference between the pore-water
pressure and atmospheric pressure. There are several
direct laboratory methods to determine soil WCC.
A particular method is selected for use based on the
required suction range expected for the material.
ASTM D6836, ‘‘Standard Test Methods for Deter-
mination of the Soil Water Characteristic Curve for

Desorption Using Hanging Column, Pressure Extrac-
tor, Chilled Mirror Hygrometer, or Centrifuge,’’ sug-
gests a few methods, including hanging column for low
range suctions (0 to 80 kPa), pressure plate (chamber)
for mid-range suctions (0 to 1500 kPa) and chilled mir-
ror hygrometer for high-range suctions (500 kPa to
100 MPa). Additional direct methods are available
as described by (Klute, 1986). The data from various
methods may be used in combination to form the entire
water characteristic curve for a given material. Pease
(2010) combined hanging column, pressure plate and the
relative humidity box methods to produce a WCC for a
dense-graded asphalt mixture in the suction range of 0 to
83 MPa.

Figure 2.10 Permeability testing apparatus.
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Figure 2.11 Typical soil water characteristic curve (Fredlund
& Xing, 1994).



2.14 Indirect Methods of Measuring Soil Suction Using
Filter Paper Method

The filter paper method is a simple, low-cost, expe-
rimental test method to indirectly determine VWC in
the laboratory. It is an indirect technique used for
suction measurement and has been used by geotechni-
cal engineers since the 1980s (Chandler & Gutierrez,
1986; Ching & Fredlund, 1984; Daniel, Hamilton, &
Olson, 1981; Kim et al., 2015). The standard test
method for measurement of soil suction using filter
paper is ASTM D5298, ‘‘Standard Test Method for
Measurement of Soil Potential (Suction) Using Filter
Paper.’’ The test can be used for the measurement of
suction in the range of 0 to 1500 kPa (72.5 psi) (Kim
et al., 2015) and can be performed simultaneously on
any number of asphalt mixture specimens, something
not possible with the direct methods.

The test method evaluates the soil matric and suction
by measuring the free energy of the pore-water or
tension stress applied on the pore-water by the soil
matric. In this test method, the filter paper is in direct
contact with the test specimen, which is in a tightly
sealed plastic bag. The water content of the filter paper
is measured when it is in equilibrium with the partial
pressure of the water vapor inside the sealed plastic bag
containing the specimen. In this condition, the partial
pressure of the water vapor is in equilibrium with the

vapor pressure of the pore-water in the test specimen.
Once equilibrium is reached, the water content of the
filter paper can be obtained by oven drying the paper.
This value is used to determine the matric suction of -
the test specimen by reference to the available calibra-
tion curve (Figure 2.12), which relates filter paper water
content and matric suction.

The result of the filter paper method test can be
affected by various factors, such as the filter paper type
and equilibration time. Whatman No. 42 filter paper
(Table 2.2) and a minimum equilibration time of seven
days are suggested to achieve the best result. It is also
suggested that a small contact stress be applied to the
filter paper to ensure good contact between the filter
paper and the soil during the equilibration time (Kim
et al., 2015).

2.15 Unsaturated Hydraulic Conductivity Function

The unsaturated hydraulic conductivity (permea-
bility) function can be determined either by a direct
experimental test or estimation methods. Experimental
tests are time-consuming and complicated, while by
using the estimation methods, the hydraulic conductivity
function can be easily estimated from the volumetric
water content function. The Fredlund (1994) and
Van Genuchten (1980) estimation methods are two
such estimation methods.

Figure 2.12 Calibration suction-water content curves (ASTM, 1995).
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TABLE 2.2
Characteristics of Whatman No. 42 paper (Kim et al., 2015)

Grade Diameter (mm) Basis weighta (g/m2)

Nominal particle

retention in liquidb (mm) Ash contentc (%) Nominal thickness (mm)

42 42.5–320 91–109 2.5 ,0.007 200

aThe unit weight of the filter paper produced in Lot No. J11368905 was 95 g/m2 according to the certificate of analysis provided by GE

Healthcare Co. Thus, the nominal weight of a 90-mm-diameter filter paper should be 0.6044 g; however, the average measured weight of three filter

papers stored in a sealable plastic bag was 0.6089 g.
bParticle retention rating at 98% efficiency.
cAsh content determined by ignition of the cellulose filter at 900uC in air.



2.16 Analysis of Water Flow Through Pavement

Mathematical models that consist of a set of dif-
ferential equations can be used for the analysis of water
flow through pavement. The mathematical model can
be derived based on combining Darcy’s law with
the continuity statement (Fetter, 2001). The continuity
statement describes the conservation of water mass
(outflow-inflow 5 change in storage) and Darcy’s law
states that the specific flow rate (Darcy velocity) is
inversely proportional to the head gradient and hydra-
ulic conductivity in the isotropic porous medium. Darcy’s
equation (Eq. 2.6) can also be written in another format
(Eq. 2.10) (Hassan & White, 1996):

q~k
dh

dx
ðEq: 2:10Þ

where:
q 5 specific discharge or Darcian velocity (cm/sec),

q 5 Q/A, Q 5 flow rate (cm3/s), A 5 cross section
perpendicular to the flow, cm2;

K 5 hydraulic conductivity (Permeability) (cm/s);
and

dh
5 head gradient (cm/cm).

dx
Combining Darcy’s law with the continuity state-

ment yields the 3D partial differential water flow
equation (Fetter, 2001; Lam, Fredlund, & Barbour,
1987):

L
Lx

kx

Lh

Lx

� �
z

L
Ly

ky

Lh

Ly

� �
z

L
Lz

kz

Lh

Lz

� �
~

Lh

Lt
ðEq: 2:11Þ

where:

Lh

Lx
~ix,

Lh

Ly
~iy,

Lh

Lz
~iz,

kx, ky, and kz are hydraulic conductivity in the X, Y,
and Z directions; and

h 5 Volumetric water content.
Equation (2.11) indicates that change in the water

volume is equal to the rate of change with distance
of the gradient in X and Y directions in the domain.

Lh
The term indicates the rate of the change in the water

Lt
stored in the soil. This term is only required for the
transient analysis. For steady-state flow condition, the

Lh
term is equal to zero.

Lt
In the ABAQUS software, the analysis of water

flow (seepage) through porous media (flexible pave-
ments) is coupled with the material constitutive
models and called ‘‘coupled pore fluid flow diffusion
and stress analysis.’’ ABAQUS can perform unsatu-
rated/saturated transient and steady-state analyses of
flexible pavements (step of ‘‘Soil’’) that may include
several layers, each having different hydraulic properties

(e.g., water retention curves, hydraulic conductivity
functions) and different mechanical properties (e.g.,
elastic modulus, poison ratio, stress-strain curve).
Transient analysis can be used to model partially or
fully saturated water flow through flexible pavements
and can be coupled with the Drucker-Prager and
the Power-law creep constitutive models (ABAQUS,
2016).

3. RESEARCH METHODOLOGY

3.1 Research Methodology

The objectives of the research were accomplished
through a literature review, laboratory testing, compu-
ter analyses using finite element modelling. Specifically,
the following tasks were completed:

1. The hydraulic conductivity and moisture characteristics

of asphalt mixtures meeting current INDOT specifica-
tions were determined in the laboratory. Laboratory
testing included determining the saturated permeability
and water characteristic curves of dense- and open-
graded asphalt mixtures.

2. The Drainage Requirements in Pavements (DRIP) pro-
gram was used to compare various pavement drainage
scenarios. The program was able to evaluate the pave-
ment drainage effectiveness of saturated pavements and

identify the most drainable material for use in the
drainage layer.

3. A finite element model of unsaturated moisture flow
through flexible pavements was developed and used to:

a. Investigate the effectiveness of pavement drainage
systems by evaluating the moisture condition of
flexible pavements and the underlying subgrades.

b. Compare current and past flexible pavement drainage
system approaches to see if current materials and
construction specifications act to better protect flexi-

ble pavements from moisture, thus decreasing the
need for a drainage layer.

c. Investigate the need for a drainage layer in flexible

pavements by comparing current as-designed and
constructed flexible pavement sections both with and
without a drainage layer.

4. Perform finite element analyses to evaluate the mechan-
ical performance of the pavement drainage system.

5. Using the finite element program, couple the stress/
pore-pressure analyses and traffic loading to investi-

gate the effects of traffic loading on flexible pavements
at various subgrade saturation levels (77 and 100%

saturation).

6. Evaluate the pavement models using typical Indiana
pavement subgrade soils subjected to various traffic loads
application.

7. Develop a simple tool to determine the need for pave-
ment drainage. This tool indicates when drainage is
needed for flexible pavements, and when it can be safely
eliminated.

8. Develop and suggest a field validation and long-term
monitoring plan for flexible pavement drainage.

An overview of the proposed research is shown in
Figure 3.1.
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Figure 3.1 Research overview.

4. LABORATORY TESTS

4.1 Materials

The purpose of the laboratory testing was to deter-
mine the hydraulic properties of asphalt mixtures
meeting current INDOT specifications to facilitate the
numerical modeling of flexible pavement sections. This
involved considering several asphalt mixture types
utilized in a typical INDOT flexible pavement. Labora-
tory testing was performed to obtain the saturated per-
meability and the water characteristic curves (WCCs)
of compacted asphalt mixtures.

Several cross-sectional cores were extracted from two
different pavement sections containing asphalt mix-
tures meeting current INDOT specifications. The three
asphalt mixtures tested were a 19.0-mm dense-graded, a
19.0-mm open-graded, and a 9.5-mm dense-graded
mixture. The field cores were taken to the laboratory
and the various pavement layers separated using a saw.
This resulted in two, 100 mm (4 in.) diameter asphalt
mixture specimens for each of the three mixture types.
The bulk specific gravity (Gmb) and the theoretical
maximum specific gravity (Gmm) were determined for

each asphalt mixture specimen according to AASHTO
T331, ‘‘Standard Method of Test for Bulk Specific
Gravity (Gmb) and Density of Compacted HMA Using
Automatic Vacuum Sealing Method,’’ and AASHTO
T209, ‘‘Standard Method of Test for Theoretical
Maximum Specific Gravity (Gmm) and Density of Hot
Mix Asphalt (HMA),’’ respectively, and the specimens’
air voids contents calculated. The specific gravity and air
voids results are shown in Table 4.1, while the mixture
gradations are in Table 4.2 and shown graphically in
Figure 4.1.

4.2 Laboratory Saturated Permeability Testing

Saturated permeability testing was performed using
the falling head permeameter developed by the FDOT
in 2002 according to the standard test method devel-
oped by the Virginia Department of Transportation,
Test Method–120, ‘‘Method of Test for Measurement
of Permeability of Bituminous Paving Mixtures Using
a Flexible Wall Permeameter.’’ In accordance with
this method the cylindrical asphalt specimens were
vacuum-saturated at a residual pressure of 90 ¡ 2 mm

TABLE 4.1
Asphalt cores theoretical maximum specific gravity, bulk specific gravity, and air voids

Mixture type Sample no.

Theoretical maximum specific

gravity (Gmm) Bulk specific gravity (Gmb) Air voids, %

9.5-mm dense-graded 1 2.756 2.571 6.7

2 2.756 2.601 5.6

19.0-mm open-graded 3 2.574 2.25 12.6

4 2.574 2.22 13.8

19.0-mm dense-graded 5 2.512 2.327 7.4

6 2.512 2.35 6.4
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TABLE 4.2
Asphalt mixture gradations

Percent Passing

Sieve size, mm 9.5-mm dense-graded 19.0-mm open-graded 19.0-mm dense-graded

25 100.0 100.0 100.0

19 100.0 92.7 95.8

12.5 100.0 64.3 81.5

9.5 90.0 43.2 73.5

4.75 61.1 21.9 50.9

2.37 40.1 16.2 33.8

0.6 19.5 9.6 15.4

0.3 11.0 5.8 10.2

0.075 4.4 2.2 5.2

Figure 4.1 Asphalt mixture gradations.

TABLE 4.3
Permeability results

Mixture type Sample no. Air voids, % Avg. air voids, % Permeability (K) (cm/sec) Avg. K (cm/sec)

9.5-mm dense-graded 1 6.7 6.2 9.31E-05 8.60E-05

2 5.6 6.2 7.88E-05 8.60E-05

19.0-mm open-graded 3 12.6 13.2 3.64E-02 5.29E-02

4 13.8 13.2 6.94E-02 5.29E-02

19.0-mm dense-graded 5 7.4 6.9 6.45E-04 7.62E-04

6 6.4 6.9 8.78E-04 7.62E-04
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(28 in.) of Hg for 15 minutes with each specimen
remaining under water until the permeability testing
began. When a specimen was ready for testing it was
removed from the water and a thin layer of petroleum
jelly was applied to outside diameter to fill the voids
and achieve a seal between the specimen and the test-
ing apparatus. Next, the specimen was placed in the
permeameter with a confining pressure of 68.9 ¡ 3.4
kPa (10 ¡ 0.5 psi) and water was placed in the
graduated cylinder. The time required for water to fall
from the specified upper mark on the graduated cylinder
to the lower mark was recorded to the nearest second.
The test was repeated at least three times for each

specimen and the percent difference between the first
and third tests was limited to less than 4% to ensure the
specimens were actually in a saturation condition. All
tests were performed at 25uC (77uF); a temperature
correction factor of 0.89 was used to adjust the water
viscosity.

4.2.1 Permeability Testing Results

The saturated permeability (K) was calculated using
Darcy’s equation (Eq. 2.9) for all specimens of the three
mixtures. The results are shown in Table 4.3.



Figure 4.2 Filter-paper test sample preparation.

Figure 4.3 Filter-paper test: (a) stored samples with extra cores on top, (b) opening samples after the seven-day equilibrium period.
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4.3 Filter Paper Testing Method Procedure

The WCC of the three asphalt mixtures were obtai-
ned using the method by Kim et al. (2015) to measure
matric suction of compacted subgrade soils which
is based on ASTM D5298, as previously described.
In accordance with this method, the mass of each
fully saturated asphalt specimen was measured, and a
Whatman No. 42 filter paper placed on the top and
bottom of the specimen. To prevent evaporation, each
specimen was then quickly covered by two layers of
plastic cling wrap (Figure 4.2). Since the surface of each
specimen and the filter papers must be in good contact
to get the best result, a small contact stress was applied
by placing another core specimen on top of each test
specimen during the equilibration time. During equili-
bration, the specimens were stored in a confined space
for seven days (Figure 4.3a). After the seven days equi-
librium period, each specimen was unwrapped, and the
filter papers removed and weighed (Figure 4.3b). The
filter papers were quickly placed in separate previously

weighed containers and oven-dried for 16 hours. At
least three experimental points were used to develop
the matric suction-saturation curve for each speci-
men. Each experimental point represents a percent
saturation of the specimen with the average water
content of filter papers.

The calibration suction-water content curve from
ASTM D 5298 was used to estimate the matric suction
from the moisture content of the filter papers. From the
Whatman No. 42 filter paper calibration curve, the
following equations are suggested for determining the
amount of suction:

h~5:327{0:0779Wf, Wfv45:2640 ðEq: 4:1aÞ

h~2:412{0:0135Wf , Wfw45:2640 Eq: 4:1bð Þ

where:

h is suction (log kPa); and

Wf is the filter paper water content (%).



TABLE 4.4
Paper testing results for asphalt mixtures

Mixture type 9.5-mm dense-graded 19.0-mm open-graded

Sample no. 1 2 3 4

Air voids, % 6.7 5.6 12.6 13.8

K, cm/s 9.30E-05 7.80E-05 3.60E-02 6.90E-02

Saturation, % 100 63 45 100 70 41 100 55 31 100 48 10

Volumetric water content 0.067 0.042 0.03 0.056 0.039 0.023 0.126 0.069 0.021 0.138 0.066 0.014

Suction, kPa 0 12.4 694 0 3.3 900 0 1.5 4.9 0 1.3 5.1

TABLE 4.5
Paper testing results for 19.0-mm dense-graded asphalt mixture

Mixture type 19.0-mm dense-graded

Sample no. 5 6

Air voids, % 7.4 6.4

K, cm/s 6.50E-04 8.78E-04

Saturation, % 100 61 55 100 60 55

Volumetric water content 0.074 0.045 0.025 0.064 0.038 0.021

Suction, kPa 0 1.2 790 0 1.3 800

TABLE 4.6
Drying curve-fitting parameters for the Van Genuchten (1980) model

Mixture type Sample no. hs a n R2 m Ksat, m/sec

9.5-mm dense-graded 1 0.067 1.89 1.09 1.00 0.08 9.31E-07

2 0.056 1.35 1.09 1.00 0.08 7.88E-07

19.0-mm open-graded 3 0.126 0.09 2.12 1.00 0.53 3.64E-04

4 0.138 0.12 2.27 1.00 0.56 6.94E-04

19.0-mm dense-graded 5 0.074 20.6 1.09 1.00 0.08 6.45E-06

6 0.064 18.3 1.09 1.00 0.08 8.78E-04
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4.3.1 Filter Paper Testing Method Results

The filter paper method results, including matric suc-
tion, percent saturation and volumetric water content
(VWC) for all specimens are given in Tables 4.4 and
4.5. It should be noted that VWC is defined mathema-

Vtically as h~ w= , where VV w is the volume of water
T

and VT is the total volume of the wet material.

4.3.2 Water Characteristic Curve Analysis

The results from the filter paper method represent
only a few data points, which include the measured
values of suction at corresponding values of the VWC
of asphalt mixtures. Therefore, it is important to deter-
mine the values of suction at other VWC values. There
are several parametric models, which can predict and
fit a curve to the data points using a single func-
tion (Brooks & Corey, 1964; Fredlund & Xing, 1994;

Van Genuchten, 1980). For this work, WWC data from
the filter paper tests were fitted the closed form Van
Genuchten (1980) model (Eq. 4.2) using the SWRC
program (Seki, 2007). The results are shown in Table 4.6.

h~hz hs{hrð Þ: 1

(1z a:h nvg )m ðEq: 4:2Þ½ �

where:

h is the volumetric moisture content;

hr is the residual moisture content;

hs is the saturated moisture content;

a and nvg are curve-fitting parameters;

m 5 121/ nvg; and

h is pressure head.

In the analysis of water characteristic curves, the
residual moisture content (hr), the asymptotic value of
moisture when a material becomes drier, was consid-
ered equal to zero.



5. EVALUATION OF FLEXIBLE PAVEMENT
DRAINAGE-SEEPAGE ANALYSIS

As stated previously, the main objective of this
research was to evaluate the effectiveness of the
INDOT’s current flexible pavement drainage systems,
given the changes to pavement cross-sections, materi-
als, or both that have occurred since INDOT adopted
the open-graded drainage layer. Therefore, flexible pave-
ment seepage analysis was performed to see if a drai-
nage layer acts to reduce pavement subgrade moisture.
Also, the effect of filter material type was examined to
determine its effect on the pavement subgrade moisture.
Additionally, the effectiveness of edge drains in flexible
pavements without a drainage layer was studied. Finally,
the effectiveness of INDOT’s current and past flexible
pavement drainage designs (Superpave vs. Marshall) was
compared and investigated to see if there is still the need
for a drainage layer in flexible pavements.

5.1 Evaluation of Pavement Drainage Effectiveness
Using DRIP

Based on the 1993 American Association of State
Highway and Transportation Officials (AASHTO) pave-
ment design guide (AASHTO, 1993), excellent pavement
drainage occurs when moisture can be removed from a
pavement within two hours of the end of a rain event.
The more quickly moisture can drain from the pavement
structure, the better the drainage effectiveness. The
design guide rates drainage quality based on a ‘‘time-
to-drain’’ approach, defined as the time required for a
specific percentage of the moisture, typically 50%, to
drain from a pavement’s drainable base layer. Depend-
ing on the time, the drainage is rated from excellent to
very poor. Excellent drainage occurs when 50% of
drainable moisture can be removed within two hours.
Good, fair, and poor refer to situations where 50% of
drainable moisture can be removed within one day,
seven days, and one month respectively. Very poor
indicates the drainage layer cannot remove moisture
from the pavement structure.

To assist in determining pavement drainage effec-
tiveness during the pavement design phase, the FHWA
developed the DRIP software for use in analyzing
pavement subsurface drainage (NCHRP, 2004). Given
the proper input data, including permeability and
effective porosity of the drainable base material, the

software analyzes moisture flow within a pavement,
predicting time-to-drain and thereby a drainage rating.

A typical INDOT flexible pavement section
(Figure 5.1), including a drainage layer, was modeled
in the DRIP program to evaluate the drainage effi-
ciency of the pavement with various base materials.
An extensive range of potential base course materials
was selected for the drainage layer, a layer modeled as
4 in. thick and 28 ft. wide. The cross slope of the drainage
layer was 2%. The drainage quality of the different
materials was determined using a constant infiltration
coefficient of 0.5 and a 1.4 in./hour rainfall rate. The
various base course materials used in the analyses,
along with their properties, are shown in Table 5.1.

5.1.1 DRIP Program Results

Table 5.1 contains the DRIP results based on the
time-to-drain approach and shows drainage perfor-
mance ranging from excellent to poor, depending on
the material. As expected, those materials with higher
Ksat values provide for better drainage quality, when
drainage quality is defined by time to drain 50% of the
moisture from a pavement. The open-graded asphalt
materials tend to give good drainage quality, although
none of them exhibit excellent drainage quality, while
the dense-graded materials and reclaimed asphalt pave-
ment (RAP) exhibit poor drainage quality.

It is important to remember that while DRIP can
estimate pavement drainage quality, the program always
assumes a fully saturated conditioned with a constant
hydraulic conductivity for the drainable base. The
program is therefore useful for quickly estimating
drainage quality in a pavement section that will always
remain in a saturated condition, but for the more reali-
stic case of an unsaturated or partially saturated pave-
ment, DRIP overestimates the flow quantity; it assumes
the same rate of flux for both unsaturated and saturated
sections.

5.2 Finite Element Analysis of Unsaturated Water Flow
Through Flexible Pavements

An unsaturated flow condition in the pavement
occurs when some, but not all pores in a pavement layer
are filled with moisture, causing matric suction (nega-
tive pore pressure). This condition leads to a variable

Figure 5.1 Typical asphalt pavement section with drainage layer in the DRIP program (NCHRP, 2004).
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TABLE 5.1
DRIP results for various base courses

Base material Ksat (ft/day) Ksat (cm/s) Porosity Quality of drainage Time to 50% drainage

#5C Base asphalt mixturea 77.4 2.73E-02 0.16 Good Less than 1 day (5 hours)

#2 Base (open-graded asphalt mix)a 36.3 1.28E-02 0.05 Good Less than 1 day (11 hours)

Dense-graded coarse aggregateb 0.7 2.31E-04 0.21 Poor Less than 1 month

Well-graded sandb 36.9 1.30E-02 0.24 Fair Less than 1 week (65 hours)

Uniform, coarse-graded sandb 1304 0.46 0.25 Excellent Within 2 hours

Clean, uniform stoneb 28346.5 10 0.25 Excellent Within 2 hours

AASHTO #57 aggregatec 26560.6 9.37 0.24 Excellent Within 2 hours

Uniform sand (permeable base)d 283.5 0.1 0.25 Good Less than 1 day (9 hours)

Reclaimed asphalt pavemente 5.2 1.85E-03 0.25 Poor Less than 1 month (366 hours)

19.0-mm open-graded asphalt mixturef 150 5.29E-02 0.138 Good Less than 1 day (10 hours)

25.0-mm dense-graded asphaltg 1.0 3.28E-04 0.07 Poor Less than 1 month (570 hours)

aHassan & White (1996).
bStormont, Pease, Henry, Barna, & Solano (2009).
cLiang (2007).
dAriza (2002).
eNokkaew, Tinjum, & Benson (2012).
fLab experiments in Chapter 4.
gTarefder & Bateman (2009).

18 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2019/04

hydraulic conductivity that is a function of pore
pressure; the hydraulic conductivity quickly decreases
as pore water content decreases (Tindall et al., 1999).
Rabab’ah (2007) recommended considering unsatu-
rated flow principles in the analysis of pavement
subsurface drainage. This requires careful considera-
tion of the boundary and initial conditions, as well as
the material hydraulic properties, including water char-
acteristic curves (WCC) and the unsaturated hydraulic
conductivity functions.

Previous studies have indicated finite element meth-
ods can be a helpful tool in analyzing water flow
through pavement in either a saturated or an unsatu-
rated condition (Hassan & White, 1996; Ji, Nantung, &
Qi, 2013a; Ji, Nantung, & Qi, 2013b; Rabab’ah, 2007).
ABAQUS is an FE software package that can analyze
seepage (water flow) for both saturated and unsatu-
rated flow conditions. It can perform both transient
and steady-state analyses of pavement sections that
include several layers, each having different hydraulic
properties, water retention curves, and hydraulic con-
ductivity functions. In the ABAQUS software, the
analysis of water flow through pavement under the
unsaturated or transient condition is called ‘‘pore fluid
flow analysis’’ (ABAQUS, 2016).

The first task in the unsaturated flow experiment was
to rebuild and verify the FE model developed by
Hassan and White (1996) using their pavement cross-
section, materials properties, and rainfall event. Once
convinced the rebuilt model yielded results consistent
with the original FE analysis, which had been valida-
ted using field data, the pavement cross-section was
modified to remove both the drainage and filter layers.
A dense-graded asphalt mixture layer was substituted
for the former, while an edge drain was added for
drainage purposes. These two models are referred to as
Models 1 and 2 (see Figure 5.2). They were compared

to determine any differences in the degree of saturation
in the various pavement layers.

After completing the comparison of Models 1 and
2, Models 3, 4, 5, and 6 were developed based on
the current INDOT flexible pavement cross-section
design and materials (see Figure 5.2). Models 3 and 4
have the same drainage layer material over different
filter layer materials, while Models 5 and 6 do not
have drainage and filter layers. An edge drain was
excluded in Model 6.

5.2.1 Materials

Table 5.2 shows the pavement material types and
hydraulic properties, including saturated permeability,
used for the study. The WCC for all materials were
presented in Figure 5.3. For modeling purposes, the
WCC and saturated permeability are then used to
estimate the unsaturated permeability functions of the
materials using the Fredlund and Xing (1994) estima-
tion method.

5.2.2 Model Parameters

A flexible pavement cross-section consisting of a
3.65 m (12 ft.) pavement lane with a 0.60 m (2 ft.)
paved shoulder was used for the pavement geometry
in the study. The shoulder covers both trench and
collector pipe. The 2D FE model geometries for
the older (Model 1) and the current (Model 3) cross-
sectional designs are shown in Figures 5.3 and
5.4 respectively. The Model 2 geometry is similar to
Model 1 with variations in the layers. Likewise, the geo-
metry of Models 4, 5 and 6 are similar to Model 3 with
layer variations. The material properties assigned to
the various layers shown in Figures 5.4 and 5.5 are
presented in Table 5.2.



Figure 5.2 Schematic cross-sections of pavement models.

TABLE 5.2
Flexible pavement material types and hydraulic properties (Hassan & White, 1996)

Layer no. Material type Max aggregate size, (mm) Ksat (cm/sec) Ksat (ft/day)

1 #11 Surface (dense-graded asphalt) 12.5 1.01E-04 0.29

2 #9 Intermediate (dense-graded asphalt) 19.0 9.50E-05 0.27

3 #8 Intermediate/base (dense-graded asphalt) 25.0 9.70E-05 0.27

4 #5C Base (open-graded asphalt) 37.5 2.73E-02 77.39

5 #2 Base (open-graded asphalt) 63.0 1.28E-02 36.28

6 #53 Granular aggregate (open-graded, unbound aggregate) 37.5 3.56E-02 100.91

7 #8 Coarse aggregate (trench) 25.0 1.18 3344.88

8 Clay soil subgrade – 7.70E-8 2.1E-04

The outer edges of the pavement cross-sections were
assumed impermeable and a constant zero pore pres-
sure was assumed around the pipe (permeable). During
a rainfall event, surface infiltration was modeled by
assigning a zero-pore pressure to the pavement surface.
Initial saturation for the layers were: Subgrade soil,
90%; filter layer, 40%; #2 base, 70%; and #5C base,
80%. These were the field conditions reported by
Hassan and White (1996).

Before applying a ‘‘rainfall event’’ to the FE-modeled
pavement, the pavement was first brought to equilib-
rium by applying a gravity load using a ‘‘GEOSTATIC’’
step in ABAQUS, then allowing a 28-hour draining
period, as was suggested by Hassan and White (1996), in
order to achieve a steady state condition. Once a steady
state condition had been reached, a rainfall event was
applied in five successive steps as shown in Table 5.3.
The rainfall was modeled so that any rainfall intensities
of 0.2 cm/hour (0.08 in./hour) or less were ignored
(pavement surface assumed to be impervious); as it is
unlikely that such light rainfall would penetrate into the
pavement surface. Such a period allows for pavement
drainage without the accumulation of additional moist-
ure in the pavement.

All the FE models contain 8-noded biquadratic
displacement, bilinear pore-pressure (CPE8P) element
types. Models 1 and 2 each contain a total of 1,827 of

CPE8P elements, while Models 3, 4, 5, and 6 each has a
total of 1,894 of CPE8P elements.

5.2.3 Model Validation and Drainage Effectiveness

In order to determine that the recreated FE drainage
model was consistent with the model used by Hassan
and White (1996), the previously described rainfall
event was applied to the Model 1 pavement cross-
section and the resulting pore water pressure at the
bottom of the drainage pipe trench determined and
compared to the original results. The comparison is
plotted in Figure 5.6 and shows that Model 1 results
closely resemble the original Hassan and White model.
Differences in the two results are due to the pipe inlet
capacity. In their work, Hassan and White did not pro-
vide complete information on the pipe inlet capacity,
but by varying the pipe inlet capacity of the recreated
model, it appears Hassan and White (1996) assumed the
pipe inlet was at least partially clogged. Model 1 makes
no such assumption, thus the variation between the two
models. Nevertheless, though there are slight variations
from the original results, Model 1 appears to reason-
ably reproduce the Hassan and White results. It was
therefore concluded that the recreated model (Model 1)
can successfully predict the moisture flow (seepage) in a
flexible pavement during a given rainfall event.
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Figure 5.3 Water characteristic curves of pavement materials (Hassan & White, 1996).

Figure 5.4 Model 1 geometry (Hassan & White, 1996).

Figure 5.5 Model 3 geometry.
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TABLE 5.3
Rainfall modeling (Hassan & White, 1996)

Rainfall time

period (hours)

Rainfall intensity

(cm/hour)

Modeled pavement

surface condition

2 less than 0.2 Impervious

6 more than 0.2 Zero pore pressure

9 less than 0.2 Impervious

2 more than 0.2 Zero pore pressure

51 less than 0.2 Impervious

Total time 70

Figure 5.6 Pore water pressure variation at the bottom of the drainage trench.

Figure 5.7 Subgrade saturation comparison of Models 1 and 2.
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One method to determine the need for, or effective-
ness of, a pavement drainage system is to establish the
degree of subgrade saturation that occurs during a
rainfall event. The variation in subgrade saturation
during the 70-hour rainfall event for Models 1 and
2 are shown in Figure 5.7. The results indicate the
subgrades of both pavements begin to approach full
saturation (above 90%) immediately after the rainfall

begins. The subgrade in Model 1, the pavement model
that includes a drainage layer, quickly begins to
lose moisture during drainage periods and reaches
approximately 80% saturation by the end of the 70-
hour period. Model 2, the pavement model without a
drainage layer, has a relatively high subgrade satura-
tion level, about 94%, at the end of the 70-hour
period.



Figure 5.8 Pavement saturation results for Models 1 and 2.

Figure 5.9 Pavement layers saturation results for Models 1 and 2.
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The degree of saturation in the various pavement
layers at the end of the 70-hour rainfall event for
Models 1 and 2 are shown in Figures 5.8 and 5.9.
These results are consistent with the subgrade satu-
ration results in that the degree of saturation for all
pavement layers appears to be lower for Model 1
than for Model 2. It is therefore concluded that
drainage layer and edge drain systems, as used by
INDOT, do effectively lower the moisture content
throughout the pavement and subgrade, an effect
that should produce increased pavement life. This
conclusion is consistent with the findings of Hassan
and White (1996).

5.2.4 Effect of Filter Material Types and Edge-drain on
Drainage Performance

Additional analyses were performed to investigate
the drainage effectiveness of INDOT’s current flexible
pavement cross-sections and assess the effects of filter
material types and edge drains. Again, the previously
described rainfall event of two peak rainfall periods and
three drainage periods was applied. However, for these
analyses, the final drainage time was extended to help
evaluate the effect of edge drains. These analyses used
Models 3, 4, 5, and 6; the resulting degrees of subgrade
saturation were determined and compared, as shown in



Figure 5.10 Subgrade saturation comparison of Models 3, 4, 5, and 6.
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Figure 5.9. The results indicate that subgrades in
pavements without a drainage layer become more fully
saturated immediately following the initiation of the
rainfall and tend to stay near full saturation for a longer
period of time (minimum 120 hours) than do subgrades
in pavements with drainage layers (maximum 5 hours).
However, the pavement with no drainage layer, but
with an edge drain begins to lose moisture sooner
(around 120 hours after rainfall initiation) than does
the similar pavement section without an edge drain
(around 150 hours after rainfall initiation). This phe-
nomenon likely represents the effectiveness of the
edge drains in flexible pavements that do not contain
drainage layers.

The results shown in Figure 5.10 also illustrate the
difference in subgrade saturation depending on which
filter layer material is used in the pavement section.
For both the granular and dense-graded asphalt filter
materials, the subgrade saturation levels increase as the
rainfall begins, but the pavement with the dense-graded
asphalt filter reaches a higher subgrade saturation level
(almost fully saturated) than does the subgrade in the
granular filter layer pavement. Indeed, the subgrade
saturation levels in the pavement with the granular
filter layer always remain below that of the pavement
with dense-graded asphalt filter layer. However, both
pavements successfully drain the excess moisture from
the system at the end of the rainfall event.

5.2.5 Drainage System Effectiveness Using Current
INDOT Specified Materials

To evaluate INDOT’s currently specified pavement
drainage system, Models 7 and 8 were built and tested,
similar to the previous analysis. These two models use
current INDOT pavement cross-sections and materials
properties, as reported in Chapter 4 of this report.

Model 7 included a drainage layer, while Model 8 did
not (See Figure 5.11). Thus, not only could drainage
system effectiveness be compared between the 1996 and
current specifications, but the drainage system effec-
tiveness of the current pavement cross-section could be
compared with and without a drainage system.

The variation in subgrade saturation during the
rainfall event for Models 7 and 8 are shown in
Figure 5.12. The results indicate the subgrades of
both pavements begin to approach full saturation
level immediately after the rainfall begins. However,
the subgrade in Model 7, the pavement model that
includes a drainage layer, quickly begins to lose moi-
sture during drainage periods and reaches approxi-
mately 77% saturation by the end of the rainfall
event, equal to initial subgrade saturation before the
rainfall event began. However, Model 8, the pavement
model without a drainage layer remains fully saturated
until about 280 hours, then begins losing moisture.
Again, the results appear to confirm the positive effect a
drainage layer can have in lowering the moisture content
of flexible pavement subgrade.

By comparing the subgrade saturation at the
end of 70 hours rainfall event for Models 1 and 7
(Figure 5.13), it is concluded that the subgrade of the
pavement in Model 7 reaches a lower saturation than
the subgrade of the pavement in Model 1. Thus, the
pavement modeled using the current INDOT materials
and construction specifications results in lower sub-
grade moisture than the pavement modeled using the
older INDOT materials and construction specifications.
It appears that INDOT’s current standard flexible pave-
ment cross-section, including a drainage system, along
with current pavement materials and construction
specifications has better drainage performance than
did previously built flexible pavements using older
(1996) materials and construction specifications.



Figure 5.11 Finite element geometries of Models 7 and 8.

Figure 5.12. Subgrade saturation comparison of Models 7 and 8.

Figure 5.13 Subgrade saturation comparison of Model 7 (new materials) and Model 1 (old materials).
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6. EVALUATION OF FLEXIBLE PAVEMENT
DRAINAGE-MECHANISTIC PAVEMENT
ANALYSIS

Excessive permanent deformation (rutting) in flexible
pavements can cause pavement cracking and thereby
increase pavement deterioration. Flexible pavement
deformation is caused by plastic flow in the asphalt
mixture (usually the surface mixture), loss of sub-
grade support, or some combination of the two.
Plastic flow of the asphalt mixture is a material
related distress, while the loss of subgrade support
can be caused by poor subgrade materials, poor
subgrade compaction during construction, lack of
proper pavement design, subgrade weakening by
moisture intrusion, or some combination of the these
factors. The work reported herein investigates pave-
ment distress caused by a combination of asphalt
mixture plastic flow and loss of subgrade support
due to moisture intrusion. This combination has the
potential to cause catastrophic permanent deforma-
tion and cracking in flexible pavement systems. There-
fore, the study of drainage system effectiveness, how to
keep moisture out of the pavement, especially the sub-
grade, combined with the mechanical pavement perfor-
mance under various traffic loads becomes an important
consideration.

As confirmed by many studies (Feng et al., 1999;
Hua, 2000; Huang, 1995; Pan, 1997; Sivasubramaniam
& Haddock, 2006), finite element analysis is an excel-
lent tool for mechanistic pavement analyses. Often,
the ABAQUS software is the finite element analysis
tool of choice because it has the mechanical consti-
tutive models, including the extended Drucker-Prager
and the Power-law creep models, suitable for analyzing
flexible pavements. Additionally, the ABAQUS soft-
ware can couple the mechanical constitutive models with
water flow analysis to perform unsaturated or saturated
analyses of flexible pavements under traffic loads.

The first task was to develop a three-dimensional
(3D) finite element model based on the pavement cross-
section and material properties adopted by Feng et al.
(1999) to predict the section rutting., The result was
then compared with the field and finite element results
reported by Feng et al. (1999) in order to verify the 3D
mechanistic model. Once it had been determined that

the model (Model 9) results were consistent with the
field results, the rutting analyses of pavements under
various traffic and subgrade moisture conditions were
performed. Coupled pore fluid flow diffusion and stress
analyses were conducted to predict the amount of
rutting for a pavement section placed on either a fully
saturated or partially saturated subgrade (Model 10).

6.1 Materials

The material properties (Table 6.1) used for the
models were adopted from Feng et al. (1999), and
resulted from laboratory triaxial testing for bound
(#11, #9, #8, #5D, #5C and #2 asphalt mixtures)
and unbound (#53 and #8 aggregates) materials, and a
clay subgrade soil. Additionally, the asphalt mixtures’
creep rate model parameters (A, M, and N) used are
shown in Table 6.2. The asphalt mixture parameters
were determined in the test temperature range of 32.8
to 41.1C (91 to 106F) to simulate the field, seven-day
average high temperature of the pavement.

6.2 Geometry and Finite Element Mesh

Due to axisymmetry, half of a flexible pavement
cross-section was modeled, consisting of a 1.8 m (6 ft.)
pavement lane with a 0.60 m (2 ft.) paved shoulder.
The shoulder covers both trench and collector pipe.
The longitudinal pavement length modeled was
4.88 m (16 ft.); this length is solely for ease of model-
ing, as longitudinally, a pavement is really considered
infinite. The pavement cross-section geometry is shown
in Figure 6.1.

Figure 6.2 presents the 3D meshes for Models 9 and
10. An eight-node linear brick, reduced integration

TABLE 6.1
Pavement material mechanical properties (Feng et al., 1999)

Layer

no. Material type Density (kg/m3) Cohesion (kPa)

Friction angle

(degrees) Poisson’s ratio

Young’s modulus

(MPa)

1 #11 Surface (dense-graded asphalt) 2210 95 40 0.35 4000

2 #9 Intermediate (dense-graded asphalt) 1980 120 40 0.35 4000

3 #8 Intermediate (dense-graded asphalt) 2160 80 40 0.35 4000

4 #5C Base (open-graded asphalt) 2030 85 40 0.35 3500

5 #2 Base (open-graded asphalt) 2240 80 46 0.35 3500

6 #53 Subbase (dense-graded aggregate) 2300 15 53 0.3 500

7 Clay soil subgrade 1910 27.6 23 0.3 35

8 #8 Trench (coarse aggregate) 1260 15 33 0.3 400

TABLE 6.2
Creep rate model parameters (Feng et al., 1999)

Material type A (10-5) M N

#11 Surface (dense-graded asphalt) 0.21 -0.34 0.8

#9 Intermediate (dense-graded asphalt) 0.62 -0.75 0.8

#8 Intermediate (dense-graded asphalt) 0.38 -0.84 0.8

#5C Base (open-graded asphalt) 0.38 -0.91 0.8

#2 Base (open-graded asphalt) 0.40 -0.78 0.8
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(C3D8R) element type was used for Model 9 and an
8-node brick, trilinear displacement, trilinear pore pres-
sure, reduced integration (C3D8RP) element type for
Model 10.

6.3 Boundary Conditions

The left side of the pavement was fixed in the
horizontal direction and also fixed against rotations
in two other directions (X-symmetric). The right side
boundary was fixed only in the horizontal direction (X
direction) due to the pavement continuity. Additionally,
both ends were fixed in the Z direction and rotations
against X and Y directions (Z-symmetry). Finally, the
bottom of pavement was completely fixed against trans-
lations and rotations in all the directions. Zero pore-
pressure at the top surface was considered whenever
moisture was present in the system.

6.4 Model Verification

Pavement rutting accumulates over time under
repeated load applications. The traffic loads applied
to Model 9 were similar to those used by Feng et al.
(1999). The location of the wheel load are presented in
Figures 6.3 and 6.4. A total loading of 140 hours and
1700 trucks per day were assumed in the traffic analysis.
The 140 hours loading time represents the three year

period (1996–1998) that the pavement surface tempera-
ture was equal to or above 40C (104F). The equivalent
number of loads for this period would be 10,000 trucks,
each with two tandem axles and dual tires, or 40,000
axle loads (see Figure 6.5). The wheel contact area is

Figure 6.1 Finite element model cross-section geometry.

Figure 6.2 Three-dimensional finite element mesh for
Models 9 and 10.

Figure 6.3 Cross-section view of dual tire loading in the
models.

Figure 6.4 Plan view of Models 9 and 10 (z-x plane).

Figure 6.5 Truck, including two tandem axles, each with
dual tires.
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presented in Figure 6.6. A total loading time was deter-
mined based on the time (0.006 sec) for 10,000 trucks
to travel the length of a wheel contact area 162.6 mm
(6.4 in.) moving at a speed of 96 km/hour (60 mph).
The total loading time (240 sec) and tire contact pres-
sure 630 kPa (91 psi) were used with the creep rate
model to predict rutting. For the simulation of pave-
ment rutting, the ABAQUS ‘‘VISCO’’ step was used.

The permanent deformation (rutting) at the pave-
ment surface for Model 9 is plotted in Figure 6.7 for

both model output and the Feng et al. (1999) field
results. Model 9 estimated approximatley 0.6 mm
(0.024 in.) of rutting while the field data showed just
slightly more than 0.5 mm (0.020 in.). The difference
could be due to the effects of ‘‘wheel wonder,’’ which
was not considered in the finite element analysis.

6.5 Effect of Fully Saturated Pavement Condition

In the finite element analysis of Model 9, the effect of
moisture was not considered. Therefore, Model 10 was
constructd to perform coupled pore fluid flow diffusion
and mechanical stress analysis, to predict the amount of
pavement rutting for a fully saturated condition. This
represents a condition in which the pavement either
does not have a drainage system, or the drainage system
cannot efficiently remove the moisture from the pave-
ment, for example when the outlet pipes are clogged.
Having no drainage system, or being unable to drain
causes the pavement subgrade to become fully saturated.

The Model 9 (dry) and Model 10 (fully satura-
ted) pavement deformation results are presented in
Figure 6.8. The fully saturated model (Model 10)
indicate an 18% increase in the deformation, fromFigure 6.6 Wheel contact area.

Figure 6.7 Predicted surface deformations after 10,000 truck applications, Model 9.

Figure 6.8 Predicted deformations after 10,000 truck applications under dry and fully saturated pavement conditions.
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Figure 6.9 Predicted deformations after 10,000 truck applications under dry, partially saturated, and fully saturated subgrade
conditions.

Figure 6.10 Pavements cross-sections.
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0.6 mm (0.024 in.) to 0.7 mm (0.028 in.), when the
pavement section is fully saturated.

6.6 Effect of Partially Saturated Pavement Condition

Changes were needed in Model 10 in order to be
able to perform rutting analysis in partially saturated
conditions (70% subgrade saturation). Accordingly, a
‘‘C3D8RP’’element was used for the subgrade soil,
granular aggregate filter, and trench, while element
type ‘‘C3D8R’’ was used for the other pavement layers.
Therefore, trilinear pore pressure was only applied to
the subgrade soil and unbound aggregates. The model
simulation began with a ‘‘GEOSTATIC’’ step, to apply
a gravity load to the pavement, and then continued
with a ‘‘SOIL’’ step, to simulate the coupled transient
flow and stress response of the pavement under wheel
loads. The model deformation results under various
the moisture conditions (dry and partially saturated,
and fully saturated) and 10,000 truck applications
are plotted in Figure 6.9. Partial saturation results in

deformations slightly greater than those predicted
for dry pavements, but slightly lower than for the
fully saturated pavement.

6.7 Current Typical Indiana Flexible Pavement Sections

Using finite element modeling, additional rutting
analyses were performed to estimate the deformation of
current typical INDOT pavement sections; their general
cross-sections are shown in Figure 6.10. ‘‘Drained’’ and
‘‘undrained’’ refer to the pavement cross-sections with
and without a drainage layer, respectively. However,
edge drains are included in both. The thickness of
pavements layers were adopted from the INDOT
design specification as shown in Tables 6.3 and 6.4.
The INDOT specification suggests considering six
undrained and nine drained flexible pavement sec-
tions. The pavement thicknesses were 0.25 m (10 in.)
for the undrained sections and 0.32 to 0.42 m (12.5 to
16.5 in.) for the drained sections. The model para-
meters were similar to those used in the dry model



TABLE 6.3
Recommended thicknesses for undrained flexible pavements (Indiana Department of Transportation, 2013)

Section no.

HMA pavement

thickness, cm (in) Layer no. Course

Lay rate,

lb/yd2

Mixture type,

mm

Layer thickness,

cm (in)

1 10.2 (4.0) 1 Surface 165 9.5

2 Intermediate 275 19.0

3 # 53 Aggregate Base – – 15.2 (6.0)

2 11.4 (4.5) 1 Surface 165 9.5

2 Intermediate 330 19.0

3 # 53 Aggregate Base – – 14.0 (5.5)

3 11.4 (4.5) 1 Surface 220 12.5

2 Intermediate 275 19.0

3 # 53 Aggregate Base – – 14.0 (5.5)

4 12.7 (5.0) 1 Surface 220 12.5

2 Intermediate 330 19.0

3 # 53 Aggregate Base – – 12.7 (5.0)

5 14.0 (5.5) 1 Surface 220 12.5

2 Intermediate 385 19.0

3 # 53 Aggregate Base – – 11.4 (4.5)

6 15.2 (6.0) 1 Surface 220 12.5

2 Intermediate 440 25.0

3 # 53 Aggregate Base – – 10.2 (4.0)
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(Model). The general finite element meshes and loading
condition for the pavement section are presented in
Figure 6.11.

The surface deformation of the drained and un-
drained pavement sections subjected to the various
traffic loads are shown in Tables 6.5 and 6.6. It should
be noted that in the analyses, the deformations that

occur due to the asphalt pavement layers being sub-
jected to traffic loads occur only during the hottest
seasons, when the pavement surface temperatures reach
or exceed or 40C (104F). However, subgrade deforma-
tion can occur throughout the pavement life, regardless
of pavement surface temperature. This was not accoun-
ted for in these models.



TABLE 6.4
Recommended thicknesses for drained flexible pavements (Indiana Department of Transportation, 2013)

Section no.

Full depth asphalt thickness,

cm (in) Layer no. Course Lay rate, lb/yd2 Mixture type, mm

1 31.8 (12.5) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

19.0

19.0

19.0

2 33.0 (13.0) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

19.0

19.0

19.0

3 34.3 (13.5) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

19.0

19.0

19.0

4 35.6 (14) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0

5 36.8 (14.5) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0

6 38.1 (15.0) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0

7 39.4 (15.5) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0

8 40.6 (16.0) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0

9 41.9 (16.5) 1

2

3

4

5

Surface

Intermediate

Base

Intermediate Open Graded

Base

165

275

330

250

330

9.5

19.0

25.0

19.0

19.0
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Figure 6.11 Finite element meshes and wheel loading area.

TABLE 6.5
Deformation as a function of daily truck traffic, undrained pavement sections

Traffic (trucks/day)

Deformation (in)

Section 1 Section 2 Section 3 Section 4 Section 5

100

200

500

1000

2000

5000

10000

15000

20000

30000

50000

0.02

0.03

0.04

0.06

0.08

0.10

0.12

0.14

0.15

0.16

0.18

0.02

0.03

0.04

0.06

0.07

0.09

0.12

0.13

0.14

0.16

0.18

0.02

0.03

0.04

0.05

0.07

0.09

0.12

0.13

0.14

0.15

0.17

0.02

0.02

0.04

0.05

0.06

0.08

0.10

0.12

0.12

0.14

0.16

0.02

0.02

0.03

0.04

0.06

0.07

0.09

0.10

0.11

0.12

0.14
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TABLE 6.6
Deformation as a function of daily truck traffic, drained pavement sections

Traffic

(trucks/day)

Deformation (in)

Section 1 Section 2 Section 3 Section 4 Section 5 Section 6 Section 7 Section 8 Section 9

100 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.04 0.04

200 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.05 0.04

500 0.08 0.08 0.07 0.07 0.07 0.07 0.07 0.06 0.06

1000 0.09 0.09 0.08 0.08 0.08 0.08 0.08 0.07 0.07

2000 0.10 0.10 0.10 0.10 0.10 0.09 0.09 0.08 0.08

5000 0.13 0.13 0.12 0.12 0.12 0.12 0.11 0.11 0.10

10000 0.15 0.15 0.14 0.14 0.14 0.13 0.13 0.12 0.12

15000 0.17 0.16 0.16 0.16 0.15 0.15 0.14 0.14 0.13

20000 0.18 0.18 0.17 0.17 0.16 0.16 0.16 0.15 0.14

30000 0.20 0.20 0.19 0.18 0.18 0.17 0.17 0.16 0.16

50000 0.22 0.22 0.21 0.21 0.20 0.20 0.19 0.18 0.17

7. EFFECTS OF TRAFFIC LOADINGS ON
PAVEMENT SUBGRADES

Subgrade provides the underlying structural support
for flexible pavements and thus plays a significant role
in flexible pavement performance; excessive subgrade
deformation usually results in serious pavement dis-
tress. In the analyses presented in Chapter 6, the main
goal was to predict the amount of permanent deforma-
tion (rutting) for flexible pavements subjected to a
simulated, specified number of repeated traffic loads
while the pavement surface temperature was at, or
above 40C (104F). However, the deformation of sub-
grade due to the traffic loading during the entire
pavement design life was not considered. Subgrade
deflection can occur during any portion of the pave-
ment design life, while the asphalt mixture plastic creep
rutting is insignificant during low-temperature seasons.
Therefore, in this chapter, results are presented from
the study of drainage system effectiveness by estimating
the deformation of typical Indiana subgrade soils com-
bined with asphalt mixture creep rutting, when subjected

to the truck traffic applications and moisture variations,
allowing subgrade deformations to occur at any time
during the pavement life.

Again, the ABAQUS software was used because it
can perform coupled pore fluid flow diffusion and
stress analysis to simulate subgrade hydromechanical
response under wheel loads. The modified Drucker-
Prager/Cap and Extended Drucker-Prager mechanical
constitutive models were selected to model the subgrade
soils and pavement materials respectively, to simulate
the nonlinear materials behavior.

7.1 Model Parameters

Three typical Indiana subgrade soils, an A-4, A-6,
and A-7-6 were selected and their material properties
(see Table 7.1) adopted based on the study by Ji,
Siddiki, Nantung, and Kim (2014). The modified
Drucker-Prager/Cap parameters for the subgrade
materials are presented in Table 7.2. Additionally, the
cap hardening function for soil materials, which relates
the hydrostatic compression yield stress and plastic

TABLE 7.1
Typical Indiana subgrade soil properties

AASHTO

soil type

Specific

gravity, Gs

Dry unit weight

(kN/m3)

Saturated unit weight,

(kN/m3) Initial void ratio

Saturated permeability

K sat (m/sec)

A-4 2.66 18.1 21.1 0.4 3E-10

A-6 2.67 17.8 20.9 0.5 5.5E-10

A-7-6 2.70 16.6 20.3 0.6 2.5E-09

TABLE 7.2
Modified Drucker-Prager/Cap model parameters for the soil subgrades

AASHTO

soil type

Angle of

friction,

Poisson’s

ratio, n

Cohesion,

C (kPa)

Aspect ratio of

cap surface, R

Initial cap yield surface

position on the volumetric

inelastic strain axis

Transition surface

radius parameter, a

Flow stress

ratio, K

A-4 36 0.3 13.9 5.57 0 0.01 1

A-6 28 0.3 70.8 5.44 0 0.01 1

A-7-6 36 0.3 58.4 5.57 0 0.01 1
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Figure 7.1 A-4 soil cap hardening function for different saturation conditions (Liu & Muhunthan, 2016).

Figure 7.2 A-6 soil cap hardening function for different saturation conditions (Liu & Muhunthan, 2016).
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volumetric strain, used in the finite element analyzes
were adopted from Liu and Muhunthan (2016) and are
shown for different saturation conditions in Figures 7.1,
7.2, and 7.3.

7.2 Geometry and Finite Element Mesh

Typical INDOT flexible pavement cross-sections
(drained and undrained) consisting of a 4.25 m (14 ft.)
section width placed over the three different soil sub-
grades (A-4, A-6, A-7-6) were used for the study.
Current INDOT specification suggest consideration
of six undrained and nine drained asphalt pavement

sections, as shown in Tables 6.5 and 6.6. The con-
sidered pavement thicknesses were 0.25 m (10 in.)
for the undrained sections and 0.32 to 0.42 m (12.5 to
16.5 in.) for the drained sections. The geometry of the
pavement cross-sections used for the computer models is
shown in Figure 7.4.

The two-dimensional (2D) computer mesh for the
models is presented in Figure 7.5. In the computer anal-
yss, an 8-node plane-strain quadrilateral, biquadratic
displacement, bilinear pore pressure, reduced integration
(CPE8RP) element was used for the soil subgrade, and
an 8-node biquadratic plane stress quadrilateral, redu-
ced integration (CPS8R) element for the asphalt layers.



7.3 Boundary Conditions

Both the right and left side boundaries are fixed only
in the horizontal direction (ux 5 0). Additionally, the
bottom side is fixed in the vertical and horizontal
directions (ux 5 uy 5 0). Zero pore-pressure at the
bottom of pavement is considered to simulate perfect
drainage.

7.4 Loading

Various traffic loads were applied to the models,
similar to the assumption by Feng et al. (1999). The
location of the applied wheel loads is shown in
Figure 7.6. A total loading time of 20 years and various

Figure 7.3 A-7-6 soil cap hardening function for different saturation conditions (Liu & Muhunthan, 2016).

Figure 7.4 Flexible pavement cross-section geometry.

Figure 7.5 Two-dimensional mesh of computer models.

Figure 7.6 Cross-section view of dual tire loading in the
computer models.
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number of trucks per day (100 to 50000 trucks/day)
were assumed in the traffic analysis. Wheel contact area
is shown in Figure 6.8. Total loading time was deter-
mined based on the time (0.0061 sec) for the number of
trucks to travel the length of a wheel contact area mov-
ing at a speed of 96 km/hour (60 mph); a tire contact
pressure 630 KPa (91 psi) was used in the model.

7.5 Finite Element Analysis

Simulations began by applying initial stress condi-
tions along with the effective self-weight of the
pavement section to assure equilibrium was satisfied
within the subgrade soil. In this step, no drainage was
allowed at the bottom of the section and the zero-pore
pressure was not considered. The analysis continued
by simulating the coupled transient flow and stress
response of the pavement under wheel loads. First, the
630 kPa (91 psi) wheel loads were applied to generate a
nonuniform pore pressure throughout the soil layer,
specifically near the applied load. All the applied stress
was carried entirely by the pore water pressure and no
stress was taken by the soil skeleton. In this condition,
the zero-pore pressure at the bottom of the section was
considered to allow drainage, and the consolidation
was performed during the specified loading time.

The model results of vertical subgrade deformation
underneath the drained and undrained pavements had

varied soil types and were subjected to a number of
daily traffic loads, as shown in Appendix A, Tables A.1
to A.14. Additionally, the results for the saturated (100%

saturated) and partially saturated (70% saturation)
subgrade soils for the pavement Sections 4 (undrained)
and 5 (drained) are plotted in Figure 7.7. The results
for the other sections are plotted in Figures 7.8 and
7.9. The results indicate that by removing moisture
from the subgrade soil, the soil deformation can be
reduced.

7.6 Assessing the Need for Pavement Drainage

While subgrade deformation can happen at any
point during pavement life, deformation caused in the
asphalt mixture mostly occurs during warmer seasons.
To account for both deformation types, the estimated
flexible pavement asphalt mixture deformation was
added to the estimated subgrade deformation, over
20 years of pavement life. The results are in Appendix
A, Tables A.15 to A.28, and are shown plotted in
Figures 7.10 and 7.11.

For the undrained pavements, those sections with-
out drainage systems that result in a fully saturated
subgrade condition, if the total pavement deformation
value stays below the INDOT limit of 10 mm (0.4 in.)
for the expected truck traffic, then a drainage system is
likely not required.

Figure 7.7 Subgrade soil deformation as a function of traffic.
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Figure 7.8 Saturated subgrade soil deformation as a function of traffic.
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Figure 7.9 Partially saturated subgrade soil deformation as a function of traffic.



Figure 7.10 Estimated 20 years of total pavement deformation as a function of truck traffic with fully saturated subgrade.
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Figure 7.11 Estimated 20 years of total flexible pavement deformation as a function of truck traffic with partially saturated
subgrade.



8. FIELD VALIDATION AND LONG-TERM
MONITORING PLAN

8.1 Monitoring Plan

To further validate the findings of this study, an
experimental field study is proposed to examine the
as-built performance of flexible pavement drainage
systems. Such a study will involve finding, instru-
menting, and collecting data from various flexible
pavements in Indiana. Study factors and levels will
include: subgrade type (A-4, A-6, and A-7-6), pave-
ment drainage layer (drainage layer, no drainage
layer), drainage layer type (granular, bound), edge
drains (edge drains, no edge drains), and truck traffic
(low, medium, high). It would be good to complete a
full factorial experiment, but is likely that some of the
factor combinations are not used by INDOT. For
example, finding sections with high traffic and no
drainage is unlikely, since INDOT currently incorpo-
rates drainage into all high traffic flexible pavements.

The pavements identified for inclusion in the study
will be instrumented and status and performance data
collected. Environmental and precipitation data includ-
ing moisture content through a pavement section,
temperature, groundwater elevation, frost penetration,
rainfall and outflow from edge drains can be monitored.
Pavement data such as stress and strain responses along
with performance data such as rutting (deformation)
and cracking can be collected as well. This combined
data set can be used to validate the findings of the
current study.

8.2 Field Instrumentation

The field instrumentation will include strain gauges,
moisture and temperature sensors for all pavement
layers, and weather stations. Additionally, the pave-
ments in the study will be periodically monitored using
a falling weight deflectometer (FWD) and the pave-
ments’ in-situ layer modulii determined. Finally, surface
profile measurements will be used to determine pave-
ment surface rutting as well as individual layer rutting.

8.2.1 Strain Gauges

Strain gauges (Figure 8.1) are designed to measure
horizontal or vertical strains in the pavement structure
and can be installed at each pavement layer interface. It
is suggested that horizontal strain gauges be placed at
the bottom of each bound layer and vertical strain
gauges at the top of the subgrade, to measure the
critical tensile and compressive strains under traffic
loading. Additionally, strain gauges should be placed at
the top and bottom of the open-graded drainage layers,
to evaluate the behavior of these layers under traffic
loads.

8.2.2 Earth Pressure Cells

Earth pressure cells or total stress cells (Figure 8.2)
can measure the vertical stresses in soil structure that
can be used in the determination of soil behavior under
loads. Earth pressure cells can be installed along with
the strain gauges within the pavement structure. Cells
respond to both soil pressure and pore water pressure,
resulting in total stress (s). Thus effective stress can be
determined based on Terzaghi’s principle of effective
stress (Geokon, 2018), shown in Equation 8.1:

Figure 8.1 Asphalt horizontal and vertical strain gauges (CTLGroup Inc.): (a) horizontal strain gauge, (b) vertical strain gauge.

Figure 8.2 Geokon model 3500—Earth pressure cell
(Geokon, 2018).
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Figure 8.3 Integrated soil moisture-temperature sensor.

Figure 8.4 Weather station with wireless capability (RainWise Inc.).
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s~s0zu ðEq: 8:1Þ

where s0 is the effective stress and u is the pore water
pressure.

8.2.3 Thermocouple and Integrated Soil Moisture and
Temperature Sensors

Thermocouples and moisture probes can be used
separately to measure the temperatures and moisture
respectively, or integrated soil moisture and tempera-
ture sensors (Figure 8.3) can be used to measure and
record both temperature and moisture at various loca-
tions in the pavements.

8.2.4 Pavement Surface Profile Measurement Using
Laser Profiler

An automatic laser profiler can automatically mea-
sure the total pavement rutting by scanning the pave-
ment surface, while pavement surveys can be done to
gather other data such as cracking.

8.2.5 Weather Station

A weather station (Figure 8.4) with the capability of
monitoring air temperature, and rainfall can be installed
to record rainfall events and temperature.

9. SUMMARY, CONCLUSIONS, AND
RECOMMENDATIONS

9.1 Summary and Conclusion

The main objective of the study was to evaluate
the effectiveness of the flexible pavement drainage
system currently specified by INDOT, and determine if
such systems are necessary for current INDOT flexible

pavement cross-sections, given contemporary materials
and construction specifications. Specifically, the effect
of a pavement drainage layer was investigated to see
if such a layer acts to reduce pavement subgrade
moisture. Also, the effect of filter material type was
examined to determine its impact on the pavement
subgrade moisture. Moreover, the effectiveness of edge
drains in flexible pavements without a drainage layer
was studied. Finally, the rutting characteristics of the
open-graded drainage layers were examined under
various traffic loads and subgrade moisture conditions.

These objectives were addressed by determining the
hydraulic properties of asphalt mixture samples in the
laboratory, including saturated permeability and water
characteristic curves, and using the results in flexible
pavement finite element modeling of sections with
and without drainage layers. Additionally, the DRIP
program was used to determine which materials might
perform better as drainable base materials in a satura-
ted state. Finally, finite element analysis was conduc-
ted to investigate the permanent deformation (rutting)
occurring in a flexible pavement under various traffic
loads and subgrade moisture conditions, as excessive
pavement deformation can lead to pavement cracking.
Typical Indiana subgrade soils (A-4, A-6, and A-7-6)
were used in the analyses.

The modeling results indicate that flexible pavement
drainage systems do affect the amount of moisture in
pavement subgrades, as well as the various pavement
layers. A sound drainage system is able to effectively
lower the moisture content throughout the pavement
layers and subgrade. These lower moisture contents
invariably translate to improved pavement performance.
Specific findings from the project are:

1. INDOT’s current flexible pavement drainage system,
combining an open-graded drainage layer with edge
drains, can be an effective tool in preventing the pavement



subgrade from staying saturated for extended periods

of time.

2. The use of a dense-graded granular filter layer beneath

the open-graded drainage layer more effectively prevents
the pavement subgrade from reaching fully saturated

levels than does a dense-graded asphalt filter layer.

3. The use of edge drains in flexible pavements can lower

pavement layer and subgrade moisture levels, especially
when no drainage layer is included in the pavement.

4. Despite recent improvements in materials and construc-

tion methods, the pavement drainage layer in INDOT’s

current flexible pavement specification continues to effec-

tively reduce moisture contents throughout the pavement
layers, including the subgrade, thus providing improved

moisture protection to pavement systems.

5. A design tool to assess the need for a drainage layer in

flexible pavements was developed. The design tool indi-
cates when the flexible pavement drainage layers are

needed, and when they can be safely eliminated. This

design tool is based on pavement deformation, not on

economics.

9.2 Recommendations

Given the study results, it appears the use of drainage
systems in flexible pavements is reasonable. However, it
is essential for pavement designers to understand that
while an adequate drainage system can extend the life of
the pavement, the cost-effectiveness of such a system
must be determined and weighed against the extended
pavement life it might provide. For example, flexible
pavements built on better subgrades and carrying lower
truck traffic will usually not warrant drainage layers; it
would not be cost effective. Given the study findings,
the following are recommended for implementation:

1. In areas with a higher rainfall or high-water tables, the use

of a dense-graded granular filter layer should be consi-

dered, rather than a dense-graded asphalt filter layer, as

the granular filter appears more effective.

2. The design tool should be used on a supplemental basis.

While the design tool recommendations should not be

implemented until after a thorough field validation, data

gathered from supplemental use will help to improve the
design tool in the future.

3. A field validation study, as outlined in Chapter 8 of this

report, should be completed in order to verify the study

findings and calibrate the design tool. Instrumenting

flexible pavement field sections will provide data to lend
additional guidance to the findings of this study.
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APPENDIX A. FINAL RESULTS: TABLES

TABLE A.1
Saturated subgrade
Section 1

soil deformation as a function of traffic,

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.01 0.02 0.04

200 0.02 0.03 0.05

500 0.03 0.05 0.11

1000 0.05 0.08 0.17

2000

5000

0.08

0.15

0.13

0.24

0.28

0.46

10000 0.25 0.36 0.67

15000 0.31 0.45 0.82

20000 0.36 0.53 0.92

30000 0.45 0.66 1.07

50000 0.58 0.87 1.19

TABLE A.2
Saturated subgrade
Sections 2 and 3

soil deformation as a function of traffic,

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.01 0.02 0.04

200 0.02 0.03 0.05

500 0.03 0.05 0.11

1000 0.05 0.08 0.17

2000 0.08 0.12 0.27

5000 0.15 0.23 0.46

10000 0.23 0.35 0.66

15000 0.29 0.44 0.80

20000 0.34 0.52 0.90

30000 0.43 0.64 1.05

50000 0.54 0.84 1.16

TABLE A.3
Saturated subgrade
Section 4

soil deformation as a function of traffic,

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.01 0.02 0.04

200 0.02 0.03 0.05

500 0.03 0.05 0.11

1000 0.05 0.08 0.17

2000 0.08 0.12 0.27

5000 0.15 0.23 0.46

10000

15000

0.23

0.29

0.35

0.44

0.66

0.80

20000 0.34 0.52 0.90

30000 0.43 0.64 1.05

50000 0.56 0.86 1.18

TABLE A.4
Saturated subgrade
Section 5

soil deformation as a function of traffic,

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100

200

0.01

0.02

0.02

0.03

0.04

0.05

500 0.03 0.05 0.10

1000 0.05 0.08 0.17

2000

5000

0.08

0.14

0.12

0.23

0.27

0.46

10000 0.22 0.34 0.65

15000

20000

0.28

0.33

0.44

0.51

0.80

0.90

30000 0.42 0.64 1.04

50000 0.53 0.83 1.15

TABLE A.5
Saturated subgrade
Section 6

soil deformation as a function of traffic,

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.01 0.02 0.04

200 0.02 0.03 0.05

500 0.03 0.05 0.10

1000 0.05 0.08 0.16

2000 0.08 0.12 0.26

5000 0.14 0.22 0.45

10000 0.22 0.34 0.64

15000 0.28 0.43 0.79

20000 0.32 0.50 0.88

30000 0.40 0.62 1.03

50000 0.51 0.81 1.14
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TABLE A.6
Partially saturated subgrade soil deformation
traffic, Section 1

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.01 0.02

200 0.01 0.01 0.04

500 0.02 0.03 0.07

1000 0.03 0.05 0.12

2000 0.05 0.08 0.18

5000 0.09 0.15 0.30

10000

15000

0.14

0.18

0.23

0.29

0.42

0.49

20000 0.22 0.34 0.53

30000 0.27 0.42 0.57

50000 0.36 0.54 0.59



TABLE A.7
Partially saturated subgrade soil deformation
traffic, Section 2

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.01 0.02

200 0.01 0.01 0.04

500 0.02 0.03 0.07

1000 0.03 0.05 0.12

2000

5000

0.05

0.09

0.08

0.14

0.18

0.30

10000 0.14 0.22 0.42

15000 0.18 0.28 0.49

20000

30000

0.21

0.27

0.34

0.42

0.53

0.56

50000 0.35 0.54 0.58

TABLE A.8
Partially saturated subgrade soil deformation
traffic, Section 3

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.01 0.02

200 0.01 0.01 0.04

500 0.02 0.03 0.07

1000 0.03 0.05 0.11

2000 0.04 0.08 0.18

5000 0.09 0.14 0.30

10000 0.14 0.22 0.42

15000 0.18 0.28 0.48

20000 0.21 0.33 0.52

30000 0.26 0.41 0.56

50000 0.35 0.53 0.58

TABLE A.9
Partially saturated subgrade soil deformation
traffic, Section 4

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.07

1000 0.02 0.04 0.11

2000 0.04 0.08 0.17

5000 0.09 0.14 0.29

10000 0.14 0.22 0.41

15000 0.18 0.28 0.48

20000 0.21 0.33 0.52

30000 0.26 0.41 0.55

50000 0.34 0.52 0.57

TABLE A.10
Partially saturated subgrade soil deformation
traffic, Section 5

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.07

1000 0.02 0.04 0.11

2000

5000

0.04

0.08

0.08

0.14

0.17

0.29

10000 0.14 0.22 0.40

15000 0.17 0.28 0.47

20000

30000

0.20

0.26

0.32

0.40

0.51

0.54

50000 0.34 0.52 0.56

TABLE A.11
Partially saturated subgrade soil deformation
traffic, Section 6

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.06

1000 0.02 0.04 0.11

2000 0.04 0.08 0.17

5000 0.08 0.14 0.29

10000 0.13 0.21 0.40

15000 0.17 0.27 0.46

20000 0.20 0.32 0.50

30000 0.26 0.40 0.54

50000 0.34 0.51 0.56

TABLE A.12
Partially saturated subgrade soil deformation
traffic, Section 7

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.06

1000 0.02 0.04 0.10

2000 0.04 0.07 0.16

5000 0.08 0.14 0.28

10000 0.13 0.21 0.40

15000 0.17 0.27 0.46

20000 0.20 0.32 0.50

30000 0.25 0.40 0.53

50000 0.33 0.51 0.55
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TABLE A.13
Partially saturated subgrade soil deformation
traffic, Section 8

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.06

1000 0.02 0.04 0.10

2000

5000

0.04

0.08

0.07

0.13

0.16

0.28

10000 0.13 0.21 0.39

15000 0.17 0.26 0.46

20000

30000

0.20

0.25

0.31

0.39

0.49

0.53

50000 0.33 0.50 0.55

TABLE A.14
Partially saturated subgrade soil deformation
traffic, Section 9

as a function of

Traffic

(trucks/day)

Subgrade deformation (in)

A-4 A-6 A-7-6

100 0.00 0.00 0.02

200 0.00 0.01 0.03

500 0.01 0.02 0.06

1000 0.02 0.04 0.10

2000 0.04 0.07 0.16

5000 0.08 0.13 0.28

10000 0.13 0.21 0.39

15000 0.16 0.26 0.45

20000 0.20 0.31 0.49

30000 0.25 0.39 0.52

50000 0.32 0.50 0.54

TABLE A.15
Estimated 20 years of total flexible pavement deformation as a
function of truck traffic with fully saturated subgrade, Section 1

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.04 0.04 0.06

200 0.04 0.06 0.08

500 0.07 0.10 0.15

1000 0.10 0.14 0.23

2000 0.16 0.21 0.35

5000 0.25 0.33 0.56

10000 0.37 0.48 0.80

15000 0.45 0.59 0.96

20000 0.51 0.68 1.07

30000 0.62 0.83 1.23

50000 0.76 1.06 1.37

TABLE A.16
Estimated 20 years of total flexible pavement deformation as a
function of truck traffic with fully saturated subgrade, Sections 2
and 3

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.03 0.04 0.06

200 0.04 0.06 0.08

500 0.07 0.09 0.15

1000 0.10 0.14 0.22

2000 0.16 0.20 0.34

5000 0.24 0.33 0.55

10000 0.36 0.47 0.78

15000 0.43 0.58 0.94

20000 0.50 0.67 1.06

30000 0.60 0.81 1.22

50000 0.74 1.03 1.35

TABLE A.17
Estimated 20 years of total flexible pavement deformation as a
function of truck traffic with fully saturated subgrade, Section 4

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.03 0.04 0.06

200 0.04 0.06 0.08

500 0.07 0.09 0.15

1000 0.10 0.14 0.22

2000 0.15 0.20 0.34

5000 0.24 0.32 0.55

10000 0.35 0.46 0.77

15000 0.42 0.57 0.93

20000 0.48 0.66 1.04

30000 0.58 0.80 1.20

50000 0.71 1.01 1.33

TABLE A.18
Estimated 20 years of total flexible pavement deformation as a
function of truck traffic with fully saturated subgrade, Section 5

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.03 0.04 0.06

200 0.04 0.05 0.08

500 0.06 0.09 0.14

1000 0.10 0.13 0.21

2000 0.14 0.18 0.33

5000 0.22 0.31 0.54

10000 0.33 0.44 0.75

15000 0.40 0.55 0.91

20000 0.46 0.63 1.02

30000 0.55 0.77 1.18

50000 0.68 0.98 1.31
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TABLE A.19
Estimated 20 years of total flexible pavement deformation as a
function of truck traffic with fully saturated subgrade, Section 6

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.03 0.04 0.05

200 0.04 0.05 0.07

500 0.06 0.08 0.14

1000 0.09 0.12 0.21

2000

5000

0.13

0.21

0.17

0.30

0.32

0.52

10000 0.31 0.43 0.73

15000 0.38 0.53 0.89

20000

30000

0.43

0.52

0.61

0.74

1.00

1.15

50000 0.66 0.96 1.28

TABLE A.20
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 1

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.06 0.07

200

500

0.07

0.09

0.07

0.10

0.10

0.15

1000 0.12 0.14 0.20

2000 0.15 0.19 0.28

5000

10000

0.22

0.30

0.28

0.38

0.44

0.58

15000 0.35 0.46 0.66

20000

30000

0.40

0.47

0.52

0.62

0.72

0.77

50000 0.58 0.77 0.82

TABLE A.21
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 2

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.06 0.07

200 0.06 0.07 0.09

500 0.09 0.10 0.14

1000 0.11 0.14 0.20

2000 0.15 0.18 0.28

5000 0.22 0.27 0.43

10000 0.29 0.38 0.57

15000 0.35 0.45 0.65

20000 0.39 0.52 0.70

30000 0.46 0.61 0.76

50000 0.57 0.76 0.80

TABLE A.22
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 3

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.06 0.07

200 0.06 0.07 0.09

500 0.09 0.10 0.14

1000 0.11 0.13 0.20

2000 0.14 0.18 0.28

5000 0.21 0.27 0.42

10000 0.28 0.37 0.56

15000 0.34 0.44 0.64

20000 0.38 0.50 0.70

30000 0.46 0.60 0.75

50000 0.56 0.74 0.79

TABLE A.23
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 4

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.05 0.06

200

500

0.06

0.08

0.07

0.10

0.09

0.14

1000 0.11 0.13 0.19

2000 0.14 0.18 0.27

5000

10000

0.21

0.28

0.26

0.36

0.41

0.55

15000 0.33 0.43 0.63

20000

30000

0.38

0.44

0.50

0.59

0.68

0.74

50000 0.55 0.73 0.78

TABLE A.24
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 5

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.05 0.06

200 0.06 0.07 0.09

500 0.08 0.10 0.14

1000 0.10 0.12 0.19

2000 0.14 0.17 0.26

5000 0.20 0.26 0.41

10000 0.27 0.35 0.54

15000 0.32 0.43 0.62

20000 0.37 0.49 0.67

30000 0.44 0.58 0.72

50000 0.54 0.72 0.76
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TABLE A.25
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 6

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.05 0.06

200 0.06 0.06 0.09

500 0.08 0.09 0.14

1000 0.10 0.12 0.19

2000 0.14 0.17 0.26

5000 0.20 0.25 0.40

10000 0.27 0.35 0.53

15000 0.32 0.42 0.61

20000 0.36 0.48 0.66

30000 0.43 0.57 0.71

50000 0.53 0.71 0.75

TABLE A.26
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 7

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.05 0.05 0.06

200

500

0.06

0.08

0.06

0.09

0.08

0.13

1000 0.10 0.12 0.18

2000 0.13 0.16 0.26

5000

10000

0.20

0.26

0.25

0.34

0.40

0.52

15000 0.31 0.41 0.60

20000

30000

0.36

0.42

0.47

0.56

0.65

0.70

50000 0.52 0.70 0.74

TABLE A.27
Estimated 20 years of total flexible pavement deformation
as a function of truck traffic with partially saturated subgrade,
Section 8

Traffic

(trucks/day)

Pavement deformation (in)

A-4 A-6 A-7-6

100 0.04 0.04 0.06

200 0.05 0.06 0.08

500 0.07 0.08 0.13

1000 0.10 0.12 0.18

2000 0.13 0.16 0.25

5000 0.19 0.24 0.38

10000 0.26 0.33 0.52

15000 0.30 0.40 0.59

20000 0.34 0.46 0.64

30000 0.41 0.55 0.69

50000 0.51 0.68 0.73

TABLE A.28
Estimated 20 years of total flexible pavement deformatio
as a function of truck traffic with partially saturated subgrade
Section 9

Pavement deformation (in)
Traffic

(trucks/day)

100

A-4

0.04

A-6

0.04

A-7-6

0.05

200 0.05 0.05 0.08

500 0.07 0.08 0.12

1000 0.09 0.11 0.17

2000 0.12 0.15 0.24

5000 0.18 0.23 0.38

10000 0.25 0.32 0.50

15000 0.30 0.39 0.58

20000 0.34 0.45 0.63

30000 0.40 0.54 0.68

50000 0.50 0.67 0.72

n
,
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APPENDIX B. FINAL RESULTS: GRAPHS

Figure B.1 Estimated 20 years of total pavement deformation as a function of truck traffic, A-7-6 subgrade.
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Figure B.2 Estimated 20 years of total pavement deformation as a function of truck traffic, A-6 subgrade.
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Figure B.3 Estimated 20 years of total pavement deformation as a function of truck traffic, A-4 subgrade.
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