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Foreword

This edition of Road Note 31 was developed through the High
Volume Transport Programme (HVT), managed by DT Global
UK. It has been funded by UK aid from the UK government;
however, the views expressed do not necessarily reflect the
UK government'’s official policies.

Road Note 31 was first published in 1962 and revised in
1966, 1977 and 1993 to take account of advances in our
understanding of the behaviour of road-building materials
and their interactions in pavements. Many of these
advances have been made by engineers and scientists
working in tropical, sub-tropical and temperate climates;
but a considerable amount of both fundamental and
applied research has been necessary to adapt and develop
the knowledge so that it can be used with confidence in
tropical and sub-tropical regions. In addition to differences
associated with climate and types of materials, problems
occasionally arise in some countries from uncontrolled
vehicle loading and unreliable road maintenance. At the
same time, the level of technology and budget available for
construction and maintenance can be relatively low. All this
has presented a unique challenge to the highway engineer.

This edition of the Road Note has drawn on the experience
of TRL, collaborating with experts and organisations

in various parts of the world. It extends the designs of
previous editions to cater for design traffic up to 80 million
equivalent standard axles and takes into account the

effects of climate and high axle loads. Rigid pavement
design has been included in this new edition due to
the importance of rigid pavements in combatting
climate change.

Owing to the growing scarcity of natural gravels,
foundation design principles have been included to
encourage the use of various combinations of materials
and allow for the use of recycled pavement materials
within lower pavement layers. The range of structures has
been expanded and the chapters on the different types
of materials have been enlarged to provide more detailed
advice on specifications and techniques. This includes
materials such as Enrobé & Module Elevé (EME2 - High
modulus asphalt), stone mastic asphalt and recycled
pavement materials.

The rehabilitation of road pavements and economic
analysis have also been included in this edition due to
the importance of these two aspects of road provision in
recent years.

Nevertheless, there will be situations and conditions
that are not covered in this guide and there will be many
examples where local knowledge can be used to refine
and improve the recommendations.

| am confident that the new edition will prove to be as
popular with practitioners as its predecessors.

Professor Charlotte Watts, PhD CMG FMedSci

Chief Scientific Advisor & Director of Research and Evidence Directorate

Note:

Foreign, Commonwealth & Development Office

This edition of Road Note 31 was developed through the High Volume Transport Applied Research Programme (HVT) funded by UKAID through the Foreign,
Commonwealth, and Development Office. The HVT programme is managed by DT Global, led by Dr Bernard Obika.
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1 Introduction

1.1 General

Road Note 31 was first published in 1962 and revised

in 1966, 1977 and then in 1993 as the fourth edition.

Each edition was published to include the advances

in our understanding of the behaviour of roads and

road building materials and their interaction in
composite pavements. This is the fifth edition which,
like its predecessors, has been written to include the
advances in knowledge that have been generated by
both research and by practical experience, but also to
consolidate the established knowledge of the fourth
edition, modified where it has been necessary to clarify
or improve it. Indeed, recent years have seen some major
improvements and changes of emphasis resulting from
changes in materials, climate and usage of the roads.
Thus, this edition has the following principal differences
from the fourth edition.

1. For bitumen surfacing layers, the traditional fatigue
process whereby the surfacing fails by cracking
caused by the bending of the surface layer under
traffic loads is no longer considered the main cause
of surface failure. The reason is that the bitumen in
the top surface layer ages and becomes brittle quite
quickly (essentially oxidises) in hot climates and
cracks develop from the top downwards. This process
dominates performance to such an extent that the
surface layer must be replaced if the pavement is
to achieve the required long life. It is essentially a
‘sacrificial’ layer and does not need to be exceptionally
thick if the remainder of the pavement is designed
appropriately.

2. The observed behaviour of long-life pavements based
on suitable foundations have been established and
they show that continuously increasing thicknesses to
achieve longer life is not required.

3. Road failures at subgrade level are rare, provided
that the drainage and pavement foundation are
satisfactory.

4. Climate change is now a serious concern and road
design must now consider revised climate factors (e.g.
changes in storm levels and frequencies) and also
methods of minimising damage created by extreme
events (e.g. fast flowing water and erosion). This is
complemented by guidance on the design of climate
resilient surfacings.

5. Guidance is included on the design of rigid pavements,
which is a useful option for the provision of climate-
resilient roads.

This Road Note gives recommendations for the structural
design of surfaced roads in tropical and sub-tropical
regions. It is aimed at highway engineers responsible

for the design and construction of new road pavements
and pavement rehabilitation. It is appropriate for roads

that are required to carry up to 80 million cumulative
equivalent standard axles in one direction. The Note covers
the design of strengthening overlays and concrete roads.
The document does not, however, cover the design of earth
and gravel roads. Design guidance for these types of roads
and further guidance on low volume roads can be found in
Rural Road Note 01 (Rolt et al., 2020). Although this Note is
appropriate for the structural design of roads in urban areas,
some of the special requirements of urban roads, such as the
consideration of kerbing, subsoil drainage, skid resistance,
etc., are not covered.

For the design of surface dressings (bituminous seals), the
designer is urged to refer to TRL ORN 3 (2000), SANRA

TRH 3 (2007), Austroads AGPT0O4K (2018), TxDoT (2010)

and other appropriate country manuals published after 2000.

1.2 Road Deterioration and Variability

The purpose of structural design is to limit the stresses

in the subgrade induced by traffic to a safe level at which
subgrade deformation is insignificant. At the same time,
structural design aims to ensure that the road pavement
layers themselves do not deteriorate to any serious extent
within a specified period of time.

One of the difficulties is caused by the variability in

material properties and this is exacerbated by variability

in construction control that is generally much greater than
desired by the design engineer and must be taken into
account explicitly in the design process. Only a very small
percentage of the area of the road surface needs to show
distress for the road to be considered unacceptable by

road users. It is therefore the weakest parts of the road, or
the extreme tail of the statistical distribution of ‘strength’,
which is important in design. In well controlled full-scale
experiments this variability is such that the 10% of the road
that performs best will carry about five times more traffic
before reaching a defined terminal condition than the

10% that performs least well. Under normal construction
conditions this spread of performance is even greater. Some
of this variability can be explained through the measured
variability of factors known to affect performance. Therefore,
if the likely variability is known beforehand, it is possible, in
principle, for it to be taken into account in design. It is a false
economy to minimise investigations needed to determine
this variability.

In practice, it is usually only the variability of subgrade
strength that is explicitly considered. All other factors
are controlled by means of specifications, i.e. by setting
minimum acceptable values for the key properties of the
materials. It is necessary for specifications to be based
on easily measurable attributes of the materials. These
attributes may not correlate well with the fundamental
mechanical properties on which behaviour depends.
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There is another cause of variability in pavement
performance that designers need to face that is caused

by the variability in the damage caused to the road by

the different design of truck axles and wheel loading
configurations. It is only fairly recently that this variety
has increased . Previously the concern was simply for

the difference between axles with single dual wheels

on each end of the main axle and tandem axles with

a twin double wheel at each end of the main axle. The
difference in pavement damage created by these two-
wheel arrangement was determined experimentally and the
results have been applied for many years. At the present
time the pavement damage caused by the ‘super-single
axles for example ' now being used on some trucks has
not been fully explored but it is higher than on older trucks
and is probably not based on the same relatively simple
formula. The issue is discussed in more detail in Section
2.3.2, but a conservative approach is recommended.

Nevertheless, it is the task of the designer to estimate likely
variations in layer thicknesses and material strengths so
that realistic target values and tolerances can be set in

the specifications. This will ensure that satisfactory road
performance can be guaranteed, as far as is possible.

The thickness and strength values described in this

Road Note are essentially minimum values and therefore
only positive tolerances are acceptable in the final
specifications. Practical considerations require, however,
that they are interpreted as lower ten percentile values, with
90% of all test results exceeding the values quoted.

The random nature of variations in thickness and strength
that occur when each layer is constructed should ensure
that minor deficiencies in thickness or strength rarely,

or never, occur consecutively. The importance of good
practice in quarrying, material handling and stockpiling to
ensure this randomness, and also to minimise variations
themselves, cannot be overemphasised.

By the nature of the materials used for construction, it

is impossible to design a road pavement that does not
deteriorate in some way with time and traffic. The aim of
structural design is to limit the level of pavement distress,
measured primarily in terms of ride quality, rut depth and
cracking, to predetermined values. At the end of the design
period, a strengthening overlay of some kind is usually
applied. In principle, however, roads can be designed

to reach a terminal condition, at which point a major
refurbishment, or even complete reconstruction, may be
necessary. Assessing appropriate remedial treatments

for such roads is a difficult task. Most design methods
assume that adequate routine and periodic maintenance
is carried out during the design period of the road, and
that by the end of the design period a relatively low level of
deterioration will have occurred.

Acceptable levels of surface condition are usually based on
the expectations of road users. These expectations have

been found to depend on the class of road and the volume
of traffic. This means that roads of higher geometric
standard, and therefore higher vehicle speed, have lower
levels of acceptable pavement distress.

The design catalogues in this Road Note are based on
terminal conditions. At the terminal condition, it is
expected that the pavement will have reached the rut
depths given below:

« National and trunk roads: 20 mm (95% reliability)
* Secondary roads: 20 mm (90% reliability)
+ Tertiary roads: 30 mm (80% reliability)

These ruts are expected due to the dedensification, or a
significant loss of strength, of any of the pavement layers,
or where the subgrade has deformed. It is expected that
the asphalt layers for severe sites shall be designed for rut
resistance and durability (see Chapter 6). This is especially
emphasised with the rise in the use of super-single (wide-
base) tyres. Additionally, it is assumed that the pavement
will be constructed to specifications, and in accordance
with quality control standards. As the road deteriorates
with time, however, routine maintenance and reseals are
expected to be undertaken. At later stages, more significant
maintenance interventions to rehabilitate and strengthen
the pavement will be expected.

1.3 Economic Considerations

A number of important empirical studies have shown how
the cost of operating vehicles depends on the surface
condition of the road. The studies have also improved
knowledge of how the deterioration of roads depends

on the nature of the traffic, the properties of the road-
making materials, the environment and the maintenance
strategy adopted (Parsley & Robinson, 1982; Paterson,1987,;
Chesher & Harrison, 1987; Watanatada et al., 1987). In some
circumstances it is now possible to design a road so that,
provided maintenance and strengthening can be carried
out at the appropriate time, the total cost of the transport
facility can be minimised. This includes all construction
costs, maintenance costs and road user costs. These
techniques are expected to become more widespread in
the future. Furthermore, pavement management systems
have been introduced in many countries, enabling

road condition to be monitored on a regular basis. The
collection of additional information in this way will

allow road performance models to be refined. Pavement
structural design should then become an integral part

of the management system, with design being modified
according to expected maintenance inputs. This will
enable the most economic strategies to be adopted. While
these refinements can be made in the future, the research
has provided important guidance on structural designs
suitable for tropical and sub-tropical environments. This
research has been used, in part, in preparing this edition of
Road Note 31.
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For the pavement structures recommended in this
Note, levels of deterioration reached by the end of the
design period have been restricted to those that (based
on experience) provide acceptable economic designs
under a wide range of conditions. It has been assumed
that routine and periodic maintenance activities are
carried out to a reasonable level. In particular, it has
been assumed that periodic maintenance is carried
out whenever the area of a cracking or ravelling surface
exceeds 15% of a road. For example, for a 10 year design
period, one surface maintenance treatment is likely

to be required for higher traffic levels; for a 15 year
design period, one treatment is likely to be required for
lower traffic levels, with two required for higher traffic
levels. These are broad guidelines only and the exact
requirements will depend on local conditions.

1.4 Effects of Climate

Research shows how different types of road deteriorate,
demonstrating that some of the most common modes
of failure in the tropics are often different from those
encountered in temperate regions. In particular, climate-
related deterioration (high average temperature and high
rainfall intensity) sometimes dominates performance
and research has emphasised the overriding importance
of the design of bituminous surfacing materials to
minimise this type of deterioration (Paterson, 1987; Smith
etal, 1990; Strauss et al., 1984).

In Chapter 6, emphasis has been placed on pavement
design for mitigating the temperature effects of climate
change. High prevailing temperatures might soften
bituminous surfacings and cause rutting. Furthermore,
cracking as a result of increased oxidation might lead
to increased water ingress into the pavement and
increased precipitation might decrease adhesion and
cause aggregate loss. In Chapter 7, there is an emphasis
on mitigating against the effects of increased rainfall
quantity and intensity. This includes capillary rise

and the subsequent softening of pavement layers,
overtopping and pavement washouts, which decrease
internal drainage. Advice on the sustainable disposal of
road surface runoff water has been provided.

Climate also affects the nature of the soils and rocks
encountered in the tropics. Soil-forming processes

are still very active and surface rocks are often deeply
weathered. The soils themselves often display extreme
or unusual properties, which can pose considerable
problems for road designers.

1.5 Uncertainty In Traffic Forecasts

Pavement design depends on the expected level of
traffic. Axle load studies and traffic counts are essential
prerequisites for successful design. Accurate traffic
forecasting remains a difficult task because many of the
factors on which it depends can be difficult to predict. For
this reason, several techniques are described (in Chapter
2) and sensitivity and risk analyses are recommended.
As discussed in Chapter 6, rut-resistant asphalt mixes

and mixes with enhanced durability are required to combat
the effects of overloading and high tyre pressures and the rise
in the use of super-single tyres (wide-base tyres).

1.6 The Design Process and How to use this
Road Note

There are three main steps to be followed in designing a new
road pavement These are:

1. Estimating the amount of traffic and the cumulative
number of equivalent standard axles that will use the road
over the selected design life;

2. Assessing the strength of the subgrade soil over which the
road is to be built;

3. Selecting the most economical combination of pavement
materials, layer thicknesses and surfacings that will
provide satisfactory service over the design life of the
pavement. (It is usually necessary to assume that an
appropriate level of maintenance is also carried out).

This Note considers each of these steps in turn and puts
special emphasis on five aspects of design that are of major
significance in designing roads in most tropical countries:

» The influence of tropical climates on the moisture
conditions in road subgrades;

* The severe conditions imposed on exposed bituminous
surfacing materials by tropical climates and the
implications of this for the design of such surfacings;

* The interrelationship between design and maintenance;
(if an appropriate level of maintenance cannot be assumed,
it is not possible to produce designs that will carry the
anticipated traffic loading without high costs to vehicle
operators through increased road deterioration);

* The high axle loads and tyre pressures that are common in
most countries, and the rise in use of super-singles;

* The influence of tropical climates on the nature of the soils
and rocks used in road building.

The overall process of designing a road is illustrated in

Figure 1-1. Some of the information necessary to carry out

the tasks may be available from elsewhere, e.g. a feasibility
study or Ministry records, but all existing data will need to be
checked carefully to ensure that they are both up-to-date and
accurate. Likely problem areas are highlighted in the relevant
chapters of this Road Note.

This Road Note can be used as a standalone pavement design
guide, or in conjunction with national design manuals and
guidelines, i.e. institutional documents that have an approved
pedigree, although minor adjustments to items such as traffic
classification may be required. The key activities described
within each chapter for designing the road are conveniently
summarised at the end of each chapter. Key references, where
the designer can find further information, if required, are
included in the Appendices. There are also Appendices that
provide further information and design inputs (e.g. materials
moduli, temperature models). These are particularly useful for
the purposes of mechanistic pavement design.
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Sub-base. This is the secondary load-spreading layer
underlying the roadbase. It will normally consist of a material
of lower quality than that used in the roadbase, such as
unprocessed natural gravel, gravel-sand or gravel-sand-

clay. This layer also serves as a separating layer preventing
contamination of the roadbase by the subgrade material

and, under wet conditions, it has an important role to play in
protecting the subgrade from damage by construction traffic.

1.7 Definitions of the Pavement Structure

Throughout the text, the component layers of a flexible
pavement are referred to in the following terms (see

Figure 1-2):
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Surfacing. This is the uppermost layer of the pavement
and normally consists of a bituminous seal or a layer

of premixed bituminous material. Where premixed
materials are laid in two layers, these are known as the
wearing course and the basecourse (or binder course),
as shown in Eigure 1-2. For concrete pavements the slab
acts as both the roadbase and the surfacing.

Capping layer (selected material or improved subgrade).
Where very weak soils are encountered, a capping layer is
sometimes necessary. This may consist of better-quality
subgrade or material imported from elsewhere, or existing
subgrade material improved by mechanical or chemical

Roadbase. This is the main load-spreading layer of the stabilisation.

pavement. It will normally consist of crushed stone or
gravel, a blend of gravel and crushed rock, or of gravelly
soils, bituminous Macadams, weathered rock, sands and
sand-clays stabilised with cement, lime or bitumen.

Foundation. This is the platform on which the pavement is
constructed. It is the combination of imported subgrade and
the native subgrade, or the capping layer (selected fill material)
and in situ subgrade, or the native subgrade, where it is strong.

Figure 1-1: The pavement design process

Native Subgrade. This is the upper layer of the natural soil,
which may be local material or soil excavated elsewhere
and placed as fill. In either case it is compacted during

construction to give added strength.
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Figure 1-2: Definition of pavement layers
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1.8 Criteria for choosing flexible or rigid pavements

The following issues should be considered in the choice between
a flexible or a rigid pavement structure:

1. Rigid pavements are an option on roads carrying heavy and
overloaded vehicles travelling at slow speed (e.g. climbing
lanes), and with many turning movements such as hairpin
bends (curve radius less than 30 m) and junctions, and on
steep gradients.

2. Jointed rigid pavements are not suitable for use in areas
with expansive subgrades but unjointed continuous rigid
pavements could be suitable.

3. Comparisons of carbon footprints of the two types of
pavement vary depending on several factors (see Chapter 13).

4. For alife-cycle cost comparison, an analysis over a minimum
of 40 years should be undertaken. The cheapest option should
be selected.

5. Rigid pavements (concrete) can be constructed by
comparatively less-experienced personnel than flexible
pavements. Rigid pavements can also be constructed with
simpler equipment and plant.

6. Availability of materials will largely dictate choice.
Where cement is more readily available than
bitumen, rigid pavements are preferred, and vice
versa.

7. Rigid pavements are less susceptible to failure
under high temperature than flexible pavements.

8. Initial construction cost will usually be less for
flexible pavements, but they require more frequent
periodic maintenance than rigid pavements.

9. Rigid pavements tend to generate more traffic
noise than flexible pavements.

Despite these considerations, it is often beneficial

to use a combination of these two pavement types

in a single project. For example, a rigid pavement
could be used on climbing lanes while the rest of the
carriageway is a flexible pavement. Similarly, outer
lanes could be rigid pavements while inner lanes

are flexible pavements. Rigid pavements might be
more appropriate where water erosion or overtopping
of embankments might be a frequent occurrence
resulting from climate change.
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2 Estimation of Design traffic

2.1 Introduction and Scope

The deterioration of paved roads caused by traffic results
from both the magnitude of the individual wheel loads
and the number of times these loads are applied. For
pavement design purposes, it is necessary to consider not
only the total number of vehicles that will use the road,
but also the wheel loads (or, for convenience, the axle
loads) of these vehicles. For the purposes of structural
design, cars and similar sized vehicles can be ignored and
only the total number, and the axle loading, of the heavy
vehicles (as per Section 2.11) that will use the road during
its design life need to be considered. In this context.
Heavy vehicles are defined as those having an unladen
weight of 3,000 kg or more. In some circumstances,
particularly for lightly used roads, construction traffic
can be a significant component of overall traffic loading
and the designs should take this into account. Thus,
traffic counting, vehicle classification, axle load data

and traffic forecasting are all required to establish

the required structural capacity of the pavement. This
involves estimating Annual Average Daily Traffic (AADT) or
Average Daily Traffic (ADT) from classified traffic counts
for the different vehicle classes currently using the route.
Classified vehicle counts can be either manual classified
counts or automated traffic counts.

2.1.1 Vehicle Classification

Vehicle classification is important in assessing equivalent
axle loads and thus the effect of commercial vehicles on
the road pavement. Commercial vehicles are generally
classified as:

1. Medium Goods Vehicles (MGV), comprising all larger
rigid vehicles with two axles and an unladen weight
exceeding 3,000 kg;

2. Heavy Goods Vehicles — Type 1 (HGV1), comprising all
larger rigid vehicles with three axles and an unladen
weight exceeding 3,000 kg;

3. Heavy Goods Vehicles — Type 2 (HGV2), comprising all
rigid vehicles with four or more axles and an unladen
weight exceeding 3,000 kg;

4. Buses and coaches (PSV), comprising all public service
vehicles and work buses with 40 or more seats.

Each road agency will have a classification that should
be adhered to, but the rise in the use of super-single
tyres means that each agency should update their
classification to ensure that super-single tyres are
being considered. This Road Note recommends the
classification in Table 2-1 and the accompanying key in
Table 2-2.

Table 2-1: Heavy vehicle classification

Truck Type Axle Configuration
(defined in Table 2-2)

Light Truck (2 axles) SAST + SADT
Medium/Heavy Truck SAST + TADT
(3 axles)
Medium/Heavy Truck SAST + SADT + SADT
(3 axles no tandem)
Heavy Truck SAST + SAST + TADT
(4 axles)
Semi-Trailer (5 axles) SAST + TADT + TADT
Semi-Trailer

. . SAST + TADT + TAST
(5 axles with super-singles)
Semi-Trailer (5 axles) SAST + SADT + TRDT
Semi-Trailer
(5 Axles with super-singles) SAST+SADT +TRST
Semi-Trailer SAST + TADT + TRDT
(6 axles)
Semi-Trailer SAST +TADT + TRST

(6 axles with super-singles)

Semi-Trailer (6 axles SS) SAST + TAST + TRST

Trailer

SAST + TADT + TADT + TADT
(7 axles)
Trailer _ SAST +TADT + TAST + TAST
(7 axles with super-singles)
Trailer SAST + TAST + TAST + TAST
(7 axles with super-singles)
Trailer SAST +TADT + TADT + TADT
(9 axles) + TADT
Trailer SAST +TADT + TAST + TAST
(9 axles with super-singles) | + TAST

Table 2-2: Key for tyre types

Tyre Type Axle Group

Single Axle with Dual Tyres (SADT)

Tandem Axle with Dual Tyres (TADT)

Dual tyre axles - -
Triaxle with Dual Tyres (TRDT)

Quad Axle with Dual Tyres (QADT)

Single Axle with Single Tyres (SAST)

Super-single Tandem Axle with Single Tyres (TAST)

(wide base) tyre

axles Triaxle with Single Tyres (TRST)

Quad Axle with Single Tyres (QAST)
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2.1.2 Average Daily Traffic (ADT)

Average daily traffic (ADT) is the average number of vehicles
that travel through a specific point of a road over a short
duration (often seven days or less). This is usually the sum
of flow for both directions. It is estimated by dividing total
daily volumes during a specified time period by the number
of days in the period. For long projects, large differences in
traffic along the road may make it necessary to estimate
the flow at several locations for each direction.

It is recommended that traffic counts to establish ADT at a
specific site conform to the following practice:

1. The counts are for seven consecutive days.

2. If possible, the seven-day counts should be conducted
over 24 hours.

3. Where it is not possible to count traffic for 24 hours on
all 7 days, the counts on two of the days should be for a
full 24 hours, with preferably at least one 24-hour count
on a weekday and one during a weekend. On the other
days, 16-hour counts should be sufficient. These should
be factored up to 24-hour values in the same proportion
as the 16-hour/24-hour split on those days when full 24-
hour counts have been undertaken.

4. Counts when travel activity is abnormal for short
periods, due to the payment of wages and salaries,
public holidays, adverse weather conditions etc., should
be avoided. If abnormal traffic flows persist for extended
periods, for example during harvest times, additional
counts need to be made to ensure this traffic is
properly included.

For structural design purposes, traffic loading in the
heaviest loaded direction is required and for this reason
care is always required when interpreting ADT figures.

2.1.3 Annual Average Daily Traffic (AADT)

Annual average daily traffic (AADT) counts represent the
average 24-hour traffic volume at a given location, averaged
over a full 365-day year. This is usually for both directions.
AADT is different to ADT because it represents data for the
entire year. AADT can be estimated using:

1. Asimple average method where AADT is estimated as
the total traffic volume passing a point (or through a
segment) of a road in both directions for a year, divided
by the number of days in the year. This, however, requires
traffic volumes for every day of the year.

2. The AASHTO method (average of averages method),
which incorporates 84 averages, i.e. seven averages for
the days of the week, for each of the 12 months. This
method requires daily volumes on at least one of each
day of the week within each month.

3. The FHWA AADT method is the FHWA-recommended
method for estimating AADT, because it has less bias.
It involves computation of AADT in two steps:

a. Computation of monthly average daily traffic from
available hourly, or other temporal, data;

b. Computation of AADT from the twelve available
monthly values.

It is recommended that country-wide traffic data be
collected on a systematic basis using calibrated automated
traffic counters, to enable seasonal trends in traffic flows
to be quantified. The quality of the statistics on which these
factors are based should be checked in the field to improve
the accuracy of the estimated AADT.

Many developing countries may not have detailed
automated traffic data. In this case, AADT can be estimated
using short-period traffic counts for ADT, collected as
described above. The ADT must be adjusted for daily and
monthly/seasonal variations to minimise errors/bias
arising from estimating AADT from traffic counts carried
out over a short period. The following steps can be used as
a guide:

1. Convert the 16-hour counts to 24-hour counts. This
involves determining the proportion of 24-hour traffic
that occur within the 16 hours, for both a weekday and
a weekend day. The 16-hour weekday and weekend
counts are then divided by the respective proportions to
determine the 24-hour counts, using Equation 2-1.

Estimated 16hr count * full 24hr count

24 hrcount — Count within the same 16 hrs of the 24 hr survey

Equation 2-1

2. Determine the weekly average daily traffic as the sum of
the 24-hour counts over the week, divided by the number
of days of the week.

3. Obtain seasonal adjustment factors from the roads
agency.

4. Estimate AADT from Equation 2-2 (FHWA, 2018), where F
is an adjustment factor/expansion factor for seasonal
variations.

AADT =ADT * F _
Equation 2-2

2.1.4 Design Life

Overseas Road Note 5 (2005) recommends the use of a
pavement design life of 15 to 20 years, to match that of
the project analysis period (local policy). This minimises
problems of forecasting uncertain traffic trends for long
periods and eases the calculation of the residual value

at the end of the analysis period. Factors to consider in
choosing the design period include available finances,
the functional importance of the road, traffic volume and
the level of uncertainty in forecasting traffic. As a guide, a
shorter design life may be used where the predicted traffic
growth is low, as there could be a major change in the
growth rate.
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Toward the end of the design life (or when periodic
maintenance dictates), the pavement will need to be
strengthened so that it can continue to carry traffic at an
acceptable level of service for a further period. It is assumed
that normal maintenance will be carried out during the
design life of the road. Condition surveys of pavements
should be carried out about once a year as part of the
inspection procedures for maintenance. These are used to
determine not only the maintenance requirements, but also
the nature and rate of change of condition. This helps to
identify whether and when the pavement is likely to

need strengthening.

For heavily trafficked major routes, new design or
rehabilitation design should use the principles of long-life
pavements in which designs are capable of carrying 80

MESA or more over an extended period, provided that the
appropriate replacement of the pavement surface is carried
out at the appropriate times. Fortunately, this does not mean
that traffic forecasts for much longer periods of time are
required because above a critical structural design additional
pavement thickness is not required for additional traffic.

2.2 Baseline Traffic Flows

Baseline traffic flows are estimated and subsequently
used to determine the total traffic over the design life of
the pavement. For pavement design, structural thickness
is dependent on the number of load repetitions from the
tyres of commercial vehicles, i.e. vehicles with an unladen
weight exceeding 3,000 kg, the weight of the vehicles and
their speed. The contribution of light vehicles to pavement
deterioration is negligible, and as such their effect is

not considered.

Manual classified counts

These are labour-intensive and are typically used to count
the number of vehicles within each class and to calibrate
automated methods. Other uses include determining
turning movements, direction of travel, pedestrian
movements and vehicle occupancy. The count can be direct
either by having enumerators on site or with enumerators
viewing video recordings.

Manual counts can be recorded using tally sheets,
mechanical counting boards or electronic counting boards.

1. Tally sheets - Traffic counts are recorded as tallies on a
pre-prepared field form, with a watch or stopwatch used to
measure the desired count interval.

2. Mechanical counting boards - These boards consist of
counters mounted on a board that record each direction
of travel. The counters have push buttons with three
to five registers for different vehicle classifications or
pedestrians. A stopwatch is required to measure time
intervals.

3. Electronic counting boards - These are handheld battery-
operated devices, which have an internal clock that
automatically records data within the respective time
intervals. The counter automatically summarises data,
which can be downloaded to a computer, to save time.

Automated traffic counts (ATC)

Automated traffic counts are typically used to collect
data to determine hourly vehicle patterns, daily or
seasonal variations and growth trends. They require less
supervision because they are less dependent on humans
and are suited for collecting traffic volumes over extended
periods of time. Automatic traffic counters are more
accurate for detecting vehicular presence than vehicle
classification. It is especially important to distinguish
vehicles fitted with dual wheels on an axle from those
fitted with super-single tyres.

ATCs that are able to conduct both traffic counts and
vehicle classification include pneumatic tubes, inductive
loops, infrared sensors and microwave radar.

1. Pneumatic tubes are portable automatic counters.
They are placed on top of the road surface in travel
lanes at locations where traffic counting is required
and connected to recorders located at the roadside.

2. Inductive loops are embedded in the road. They consist
of embedded turned wire, an oscillator and a cable,
and an electronics unit inside a traffic counting device
placed at the roadside. This system is used for vehicle
counts and classification based on the number of
axles. Shortcomings include disruption to traffic during
installation and damage to the road surface.

3. Infrared devices are available for overhead mounting
to view approaching or departing traffic from a side-
looking configuration. These devices can be passive
or active. Passive infrared devices detect vehicles
by comparing the infrared energy emanating from
the road surface with the change in energy caused
by the presence of a vehicle. Active infrared devices,
on the other hand, detect the presence of vehicles
by emitting a low-energy laser beam(s) at the road
surface and measuring the time for the reflected
signal to return to the device. Vehicle classification is
achieved by analysing the vertical profile of vehicles
and reconstructing their shape. The device can cover
multiple lanes simultaneously and its installation
does not damage the pavement. The performance of
laser-based devices, however, is affected by lighting
conditions, and they perform better during the day than
at night (Bellucci & Cipriani, 2010).

4. Microwave radar uses radio waves to detect objects.
Microwave radar sensors mounted on the roadside
transmit energy toward an area of the roadway from
an overhead antenna. When a vehicle passes through
the antenna beam, a portion of the transmitted energy
is reflected toward the antenna, thus detecting the
vehicle. Vehicle data, such as volume, speed, occupancy
and length, are then calculated.

For the smooth running of ATCs, it is important that
counting equipment is neither an obstruction, nor a
distraction, to traffic. Other important provisions include
protection from vandalism, a power back-up system to
enable continuous data collection, the frequent calibration
of equipment in accordance with the manufacturer’s

instructions and adequate data storage. <€ Co Back
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2.2.1 Traffic Forecasting

Pavement design requires that AADT over the pavement
design life is forecast. It is therefore important to establish
the design period that this entails. Thus, during the design
stage of the project, baseline studies must be conducted
and a forecast of the AADT at the beginning of the opening
year is made. The opening year is the year immediately
after construction is completed. Using this AADT, the
design traffic is determined, usually for a design period of
15 - 20 years for flexible pavements, and 40 years for rigid
pavements. The 15 - 20 year period relates to the general life
cycle of asphaltenes in bitumen.

Typically, road infrastructure projects take a minimum

of five to seven years to plan prior to commencement

of construction. Thus, traffic forecasts are required to
project growth rates over quite long periods, which creates
uncertainty. Developing economies, which are often very
sensitive to changes in world prices of just

one or two commodities, are particularly affected.

It is necessary to separate traffic into the following three
categories when forecasting traffic growth:

1. Normal traffic: Traffic that would pass along the existing
road or track even if no new pavement were provided.

2. Diverted traffic: Traffic that changes from another route
(or mode of transport) to the project road because of
the improved pavement, but still travels between the
same origin and destination. Where parallel routes exist,
traffic will usually travel on the quickest or cheapest
route; this may not necessarily be the shortest route.
Thus, surfacing an existing road may divert traffic from
a parallel, and shorter, route because higher speeds are
possible on the surfaced road.

3. Generated traffic: Additional traffic that occurs in
response to the provision, or improvement, of the
road. Generated traffic arises either because a journey
becomes more attractive by virtue of a cost or time
reduction, or because of the increased development that
is brought about by the road investment.

For routes with no options for route switching there is

no diverted traffic. For new roads, or where significant
upgrades to existing roads and changes in routing are
foreseen, coupled with large reductions in journey time,
diverted traffic will be a factor in forecast traffic. Generated
traffic is only likely to be significant where road investment
causes large reductions in transport costs.

The following information can be used to infer traffic
growth trends:

4. Growth rate based on past traffic data — The most
common method of forecasting normal traffic is
to extrapolate time series data on traffic levels and
estimate the growth rate from this. There can be
multiple growth rates over the design period. Historical
traffic data can be obtained from routine traffic counts
conducted on the road network, weighbridges, central or
regional vehicle registries, data from fuel sales.

5. Gross Domestic Product - This is normally preferable
to extrapolating historical traffic data. Normal traffic
growth has a linear relationship with anticipated Gross
Domestic Product (GDP). This is normally preferable
since it explicitly considers changes in overall economic
activity. The disadvantage is that a forecast of GDP is
also needed.

6. Origin and destination data — Surveys should be carried
out to provide data on traffic diversions that are likely
to arise. Significant resources should be assigned to
estimating diverted traffic whenever a road is being
upgraded.

» The growth rate for traffic can be determined from
transport demand elasticity using Equation 2-3:

Elasticity of Percentage change in transport indicators

transport demand(e) ™ percentage change in economic indicators

Equation 2-3
where:
Transport indicator: number of registered vehicles
Economic indicator: Gross Domestic Product (GDP)

The growth rate (r) is then determined using Equation
2-4, where Gy, is the GDP growth rate:

=€ x Ggpp
Equation 2-4

7. Population growth and density - Traffic is expected
to grow at the same rate as the population grows, but
population growth is highly uncertain and difficult to
predict.

8. Land use - This relates to existing and future land
uses within the project influence area that generate
traffic and are likely to benefit from the project road. A
transport economist may be required to undertake the
study.

The growth rate is then applied to a base year count and
projected forward to the design year. A calculation can then
be made of the design traffic for each vehicle type. The
growth rate may be different for different vehicle classes.

Such projections are based on high, medium and low
growth expectations. Generally, it is only safe to extrapolate
forward for as many years as there are reliable traffic data
from the past, and for as many years as the same general
economic conditions are expected to continue. This makes
stage construction an attractive option to minimise errors
from projecting for too long a period.

For major projects such as primary and trunk roads, a
transport economist may be required to undertake a study
to estimate traffic growth rates.
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2.3 Axle Loading
2.3.1 Axle Load Surveys

If no recent axle load data are available, axle load surveys
of heavy vehicles are recommended whenever a major road
project is being designed. Ideally, several surveys should

be undertaken at periods that reflect seasonal changes in
the magnitude of axle loads. Axle loads and gross vehicle
weights can be measured using either a static or a dynamic
method and must be measured and tallied separately for
each direction of travel. Nevertheless, where possible, the
axle load survey should be carried out for at least three days
(ideally seven days), over 24 hours, and should cover all
lanes. The survey days should not, however, be consecutive,
since drivers may adjust their load once they know that
surveys are being undertaken. Significant differences

in axle loads between two traffic streams can occur on
roads serving docks, quarries, cement works, etc., where
vehicles travelling one way are heavily loaded but are empty
on the return journey. In such cases, the results from the
more heavily used lane should be used when converting
commercial vehicle flows to the equivalent number of
standard axles for pavement design. Similarly, a special
allowance must be made for unusual axle loads on roads
that mainly serve one specific economic activity, since this
can result in a particular vehicle type being predominant

in the traffic spectrum. This is often the case, for example,
in timber extraction areas, mining areas and oil fields. It is
also important to note that grossly overloaded vehicles can
cause instantaneous ultimate or localised shear failure to
the pavement, especially within the influence zone of the
subgrade (Shahri, 2017). The material carried by the weighed
vehicles must therefore be recorded together with the axle
load data.

Axle load surveys must be carried out to determine the axle
load distribution of a random sample of the heavy vehicles
using the road. This sample must include both loaded and
empty vehicles, and the mean vehicle equivalency factor
must not exclude empty vehicles weighed. The same vehicle
classifications should be used for both ADT counts and axle
load surveys. Data collected from these surveys are used

to calculate the mean number of equivalent standard axles
for a typical vehicle in each class. Detailed guidance on
carrying out axle load surveys and analysing the results is
given in TRL Overseas Road Note 40 (2004).

The static method

The most accurate methods of measuring axle loads are
the static methods. Provided the wheels of the truck are

on the same plane, the measurements are very accurate.
With this method, vehicles are stopped so that their axle
loads can be measured. Static weighbridges include single-
plate weighbridges and multi-plate weighbridges, which
are fixed in position, and portable weigh pads that allow
the weighing of vehicles in locations where there is no
permanent weighing infrastructure. Portable weigh pads
that enable a small team to weigh 20 - 30 trucks per hour
are also available. They are easily transported and can be
easily operated at any designated weigh site. Axle weighers
comprise a single-axle weigher linked to a console, and

function as both static and dynamic systems. Axle
weighers require the vehicle to slow down to a walking
pace in the dynamic mode.

It is recommended that axle load surveys be carried out by
weighing a sample of vehicles at the roadside. A maximum
of about 60 vehicles per hour should be weighed. The
weighing site should be level and, if possible, constructed
in such a way that vehicles are clear of the road when being
weighed. A level surface ensures that all the wheels of the
vehicle being weighed are level; this eliminates errors that
can be introduced by even a small twist or tilt of the vehicle.
More importantly, a level surface eliminates the large errors
that can occur if all the wheels on one side of multiple

axle groups are not kept on the same horizontal plane. The
load distribution between axles in multiple axle groups is
often uneven, so each axle must be weighed separately.
The duration of the survey should be based on the same
considerations as for traffic counting, as outlined in
Section 2.1.2. The surveys should be carried out separately
from axle load measurements undertaken for the purpose
of enforcement, to ensure that representative data are
obtained.

During static measurements, the following additional
information can be obtained:

* The freight being transported,;
» Origin - Destination (0-D) data;

* The tyre/wheel configuration, the tyre sizes and
compliance with recommended tyre pressures. Excess
tyre pressures should be noted.

The dynamic method

This method involves the use of Weigh in Motion (WIM)
technology without the need to stop vehicles or divert them
from the flow of traffic. Typical Weigh-in-Motion systems
include three basic elements: a set of two or more lines

of axle load sensors, inductive loops for vehicle detection
and a signal processing unit with computer algorithms

for determining and assigning the loads to specific axles.
Axle load sensors of such systems are embedded in the
pavement of the road, perpendicular to the direction of
traffic. They are, however, associated with low accuracy
(Burnos et al., 2007; Gajda et al., 2016). There are three types
of WIM system: low-speed WIM that operate with vehicle
speeds of less than 10 km/h, high-speed WIM that have no
speed limitations and multi-sensor WIM that have more
than two lines of axle load sensors. Multi-sensor WIM
systems enable the collection of larger axle load samples,
and therefore a more accurate estimation of the static
component of the axle load. Other WIM systems include
bridge WIM, which are integrated in a bridge structure, and
on-board WIM, which are installed on a vehicle. . Low-speed
WIMs should be used when low vehicle numbers are to be
weighed, high-speed and multi-sensor WIMs should be
used when high vehicle numbers are to be weighed. Errors
of up to 5% can occur when using low-speed WIMs and up
to 10% when using high-speed WIMs. For critical projects, it
is essential to calibrate them with static weighing systems.
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2.3.2 Axle Equivalency

The damage that vehicles cause to a road depends on the
axle loads of the vehicles. For pavement design purposes,
the damaging power of axles is related to a ‘standard’ axle of
8.16 tonnes (80 kN), using equivalence factors that have been
derived from axle load surveys (Highway Research Board,
1962; Paterson, 1987).

Computer programs have been written to assist with the
analysis of the results from axle load surveys. These programs
provide a detailed tabulation of the survey results and
determine the mean equivalence factors for each vehicle type,
if required. Standard spreadsheet programs can be used.

If such programs are not available, static axle load data are
used to determine the vehicle damage factor (Equivalent
Standard Axles (ESAs) per vehicle class). Real axle loads are
converted to ESAs using Equation 2-5. It is recommended that,
due to differences in vehicle classifications, usage, degrees

of overloading and legal limits that are likely to occur across
different regions, vehicle damage factors are computed for
each vehicle class travelling in each direction, as opposed

to using average vehicle damage factors for different vehicle
classes.

n n
EF - [L} (forloadsinkg) or EF :[L} (for loads in kN)
SA 80
Equation 2-5

Where:
EF: load equivalency factor, in ESAs
P: axle load, in kg or kN
N: relative damage exponent
SA: standard axle load as per Table 2-4.

It should be noted that this equation is applicable only up
to a maximum axle load of 13 tonnes. Fortunately, in most
countries the legal axle load is less than 13 tonnes. This
means that when axles bearing more than 13 tonnes are
weighed, there may be a need to revise them to 13 tonnes or
to the enforceable legal limit. The measured axle loads should
be recorded in the axle load survey and the designer should
decide whether to rationalise them. Equally, when a large
proportion of axles weighed are below the legal limit, there
may be a benefit in rationalising them to the legal limit, to
cater for any future changes in the road’s function.

According to AASHTO (1993), the load equivalency factor

(EF) increases approximately as a function of the ratio

of any given axle load to the standard 80 kN single axle

load, raised to the fourth power. As such, the value of 4 is
often used for the exponent n. This value varies, however,
with the structural number and terminal serviceability.
Recommended relative damage, according to van Zyl &
Freeme (1984), and exponential values for different roadbase /
sub-base combinations are presented in Table 2-3. Austroads
(2019) uses a damage exponent of 12 for cemented treated
roadbases. Because of the risk of cemented bases failing,
their use in this Road Note has been limited to a maximum

of 17 MESA.

Table 2-3: Recommended relative damage exponents, n

Recommended
Pavement roadbase/sub-base
n value

Granular/granular 4
Granular/cemented 3
Cemented/cemented 45
Bituminous/granular 4
Bituminous/cemented 4

For vehicles with multiple axles, i.e. tandems, triples etc.,
each axle in the multiple group is considered separately.
The EFs for all the axles of each vehicle are then
summed to calculate the EF per vehicle. The EF should be
computed in axle load groups using the standard axles
presented in Table 2-4. These standard axle load values
replace the 80 kN (8160 kg) used in Equation 2-5.

Table 2-4: Standard axles for different axle load groups

Standard
Tyre Type Axle Group Axle Load
(kN)
Single Axle with Dual 80
Tyres (SADT)
Tandem Axle with Dual 135
Dual tyre Tyres (TADT)
axles Triaxle with Dual Tyres 182
(TRDT)
Quad Axle with Dual 226
Tyres (QADT)
Single Axle with Single 58
Tyres (SAST)
) Tandem Axle with Single 98
Super-single | Tyres (TAST)
(wide base) - .
tyre axles Triaxle with Single Tyres 132
(TRST)
Quad Axle with Single 164
Tyres (QAST)
<4 GoBack
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2.3.3 Determination of Cumulative Equivalent
Standard Axles

It is necessary to express the total number of commercial
vehicles that will use the road over its design life (years) in
terms of the cumulative number of equivalent standard axles
(ESA), to determine the cumulative axle load damage that

a pavement should sustain during its design life. For rigid
pavements, a different approach (other than ESASs) is used
(see Chapter 10). These values are then used in conjunction
with traffic forecasts to determine the predicted cumulative
equivalent standard axles that the road will carry over its
design life.

The following procedure should be followed to determine the
cumulative equivalent standard axles over the design life of
the road:

1. Determine the daily traffic flow for each class of vehicle
weighed, using the results of traffic surveys and any other
recent traffic count information that is available.

2. Determine the average daily one-directional traffic flow for
each class of vehicle.

3. Determine the mean equivalency factor of each class of
vehicle in each direction, from the results of the axle load
survey and any other surveys that have recently been carried
out. Table 2-5 can be used as a guide for the distribution of
heavy vehicles between lanes.

4. The products of the cumulative one-directional traffic flows
for each class of vehicle over the design life of the road and
the mean equivalence factor for that class should then
be calculated and added together, to give the cumulative
equivalent standard axle loading for each direction. The
larger of the two directional values should be used for
design purposes.

Table 2-5: Traffic load distribution between lanes

5. Data from the lane with the highest traffic loading,
as determined, are then used to calculate the total
traffic over the design life. Equation 2-6 is used in
this calculation. The results are usually presented
in units of millions of equivalent standard axles. In
case there are several growth rates within the design
period, Equation 2-6 should be applied for each
growth rate period with the sum determining the
design value.

Total c+d d
cumulative - @*365¢100 [<1+ l) — <1+ i) }
ESA b 100

Equation 2-6
Where:

a: current average annual daily traffic loading in ESA
per day (one way)

b: annual growth rate, as a percentage
C: design life, in years
d: number of years to start of design life

In most countries, the axle load distribution of the total
population of heavy vehicles using the road system
remains roughly constant from year to year. Although
there may be long-term trends resulting from the
introduction of new types of vehicle or from changes in
vehicle regulations and their enforcement, the effect is
negligible. It is therefore customary to assume that the
axle load distribution of the heavy vehicles will remain
unchanged for the design life of the pavement and that
it can be determined by undertaking surveys of vehicle
axle loads on existing roads of the same type and that
serve the same function. In most developing countries,
the probable errors in these assumptions for a design
life of 15 to 20 years are unlikely to result in a significant
error in design.

Cross ; Corrected design traffic
FeVESWIEEn, loading —E80

W< 3.5 m (e.g. agricultural
roads with passing places

provided) directions

Double the sum of ESAs in both

The driving pattern on this cross section is
highly channelised

35m<W<45m(eg.
agricultural roads with

passing places provided) directions

Single

The sum of ESAs in both

Traffic in both directions use the same
lane, with slight lateral wander compared
with roads less than 3.5 m wide

carriageway
45m<W<6m

80% of the sum of ESAs in both

To allow for overlap in the centre section

commercial vehicles per

day in one direction direction

directions of the road
) Total E80 in the heaviest loaded Minimal traffic overlap in the centre
6 m or wider - - .
direction section of the road
Less than_2,000_ 90% of the total ESAs in the Most of the heavy vehicles will travel in
commercial vehicles per . . .
- . . direction one lane, effectively
Dual day in one direction
carriageway | More than 2,000 Most of the heavy vehicles will still

80% of the total ESAs in the

travel in one lane, effectively, but greater
congestion leads to more switching
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2.4 Key Points

L.

The designer should determine the design period (years)
to be used for the pavement design. The recommended
ranges are 15 - 20 years for flexible pavements and 40
years for rigid/concrete pavements.

Conduct baseline classified/categorised traffic counts
for at least seven days. To enable the traffic flows to be
used in the rigid pavement design method presented in
this Road Note, the classification should differentiate
between axle load groups that use super-single

tyres (wide-base tyres). An example classification is
presented in Table 2-1. Where the road does not yet exist,
the estimate should be based on the traffic that would
divert from adjacent roads, and from generated traffic.

Traffic counts can be automated or manual, but manual
counts are required for calibrating most automated
methods.

Obtain seasonal factors from the national road*s
agency. Compute the ADT and apply the seasonal factors
to convert to AADT for the design lane (Equation 2-1and

Equation 2-2).

Determine the growth rates to be used for the

design. For simple projects this should be done
through historical trends for existing or nearby roads,
weighbridges, central or regional vehicle registry or
through Gross-Domestic Product (GDP) predictions
(Equation 2-4). For complex projects, such as primary
and trunk roads, it is prudent to involve a transport
economist in determining growth rates. Growth rates
are usually different for different vehicle classes, and
through segments of the design period.

10.

Axle load surveys should be conducted for use in

the determination of the mean (average) vehicle
equivalence factors (Equation 2-5) of each heavy
vehicle class. This is determined by the selection of the
appropriate damage exponent from Table 2-3. For roads
with more than 25% of trucks fitted with super-single
tyres (wide-base tyres), the standard axles in Table 2-4
should be used.

The design cumulative equivalent axles should then be
computed using Equation 2-6 and Table 2-5.

For multilane roads, the traffic flow should be calculated
per lane. The pavement design should then be based on
the heaviest loaded lane. Roads with two carriageways
can be designed with different pavements.

The computation of the design traffic for a rigid
pavement presented in this Road Note is based on the
Austroads approach and therefore utilises cumulative
heavy vehicle axle groups (HVAG) (not cumulative

ESAs), and is presented in Chapter 10 (Table 10-6).
Nevertheless, a catalogue based on MESA for the design
of rigid pavements is also included for use in cases
where there may not be sufficient data to determine
cumulative HVAG.

A spreadsheet accompanying this Road Note can be
used for computation of the design traffic for the design
of both rigid and flexible pavements.
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3

3.1 Introduction

The subgrade (and capping layer, where required) is
recognised as the foundation layer for the pavement

and the assessment of its working condition is a critical
element of the pavement design process. Its fitness for
purpose may be considered a combination of its material
characteristics, its moisture condition, its geometry and
its working environment, which includes the stresses to
which it is subjected during the pavement design life. In
view of the core purpose of this layer it is referred in this
chapter and elsewhere in this document as the pavement
“foundation” which may comprise different subgrade
material components. This Chapter provides guidance

on the assessment of subgrade material strengths and
thicknesses. Advice is also presented on the factors that
influence the performance of foundation together with
recommendations on the mitigation of adverse impacts.

3.1.1 Definitions

To prevent any misunderstanding arising from the wording
around subgrade, its components and its location, the
following definitions, in conjunction with Figure 1-2 and
Figure 3-1, are proposed for use:

* Native (or in situ) Subgrade. In situ soil or rock, at
the base of a cutting, for example. This is the layer
that is sampled to determine the design subgrade
class (Chapter 8 and 9).This should be prepared by
scarification (usually to 150 — 300 mm), shaping, and
compaction to at least 93% maximum dry density
by modified proctor (BS Heavy) to form the road bed.
Existing pavement layers on which a road refurbishment
or upgrade is proposed may be considered as in situ
subgrade if they are of sufficient quality.

* Imported Subgrade. Material imported from borrow-pit or
earthwork excavation, and then placed and compacted
to act as a pavement foundation material.

* The Roadbed / finished grade level. The level on which
the pavement and its foundations are constructed.

* The Foundation/Subgrade. The layer on which the Upper
Pavement Layers (Base, Subbase) are founded. It may
comprise one or more of the following; native (in situ)
subgrade, imported subgrade; and capping layer.

* Sub-foundation. Soil or rock materials, imported or in
situ, below the normally defined Foundation or Material
Depth.

* Material Depth (MD). The depth below the finished level
of the road down to which soil characteristics have a
significant impact on pavement behaviour.

» Foundation Depth. The materials underlying the subbase
to a depth “MD” whose strength and stiffness make
contributions to the performance of the overlying
pavement as whole.

« Capping Layer. An additional subgrade layer placed
over in situ/native subgrade or imported subgrade of
insufficient strength for the proposed pavement design
requirements.

+ Additional Zone of Influence. Any zones or layers
within the Sub-Foundation that are considered to
be sufficiently, weak, susceptible to volume change,
or voided such as to pose a significant risk to the
pavement’s fitness for purpose.

Figure 3-1: Key layers within a pavement profile

e

Material SUBBASE
Depth
(MD) FOUNDATION
Capping layer, Foundation
imported subgrade depth (FD)
Road or in situ subgrade
bed >

SUB-FOUNDATION
Earthwork, cutting,

in situ soil rock

3.1.2 Subgrade Tasks

Subgrade performs the following tasks during the
construction and design life of the pavement:

* Ensuring a uniform load-bearing layer for the full width of
the carriageway;

» Creating a platform to ensure the quality of sub-base
compaction above;

+ Facilitating drainage in the overlying pavement layers;

+ Facilitating access during the construction process that
does not damage the road foundation.

Assessment of subgrade material, either in situ or imported,
should take these objectives into account (Austroads, 2017;
SANRA, 2013; DaT, South Africa, 1996).
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3.2 The Subgrade Environment

The pavement subgrade can be considered to work within
a framework of factors that together make up a working
environment (Cook et al., 2013) that influences their
performance as a sustainable foundation to the overlying

pavement.

3.2.1 Traffic

Traffic and subgrade strength are the critical elements
that govern the structural design and performance of
flexible and rigid pavements. Traffic has been discussed in

Chapter 2.

3.2.2 Road Classification

Road classifications, based on task or function, provide
a practical guidance framework for initially selecting and
costing appropriate road options. Road classification
can provide initial guidance on the likely requirements
for depth and width of the subgrade zone of influence.
An appreciation of the governing road classification

is an initial step within the project cycle for subgrade

assessment.

3.2.3 Standard Specifications

The nature and engineering character of imported and
in situ subgrade materials are fundamental aspects

of the foundation assessment and input into design.
Subgrade material may be geotechnically defined using
the Unified Soil Classification (USC) system (Table 3-1.-

Table 3-1: The Unified Soil Classification System (USCS)

Norbury, 2010). It may be more appropriate to consider

the AASTHO method of soil classification into groups Al

to A7, which directly divides soils into excellent to poor
subgrade materials (USDI, 1998). Caution is urged, however,
in using direct correlation systems when dealing with
tropical weathered soils, which may not follow established
sedimentary soil behaviour patterns. Formal classification
should be supported by standard index properties such as
grading, plasticity and CBR%.

3.2.4 Pavement Type

Different pavement types (flexible or rigid) impart different
levels of stress on the subgrade for the same level of
traffic. Pavement type might also affect the subgrade

in different ways according to whether it has a deep or
shallow design, or whether it has a long-life design.

3.2.5 Climate

Current and future climate (in particular, rainfall regimes)
influence the supply and movement of surface water and
groundwater and have a direct impact on the pavement
foundation. Climate also influences decisions on whether
the foundation is assessed under ‘dry’ or ‘wet’ road
environments. The intensity and duration of both current
and future rainfall are more relevant than absolute rainfall
figures when considering, or anticipating, changes

in foundation condition. Parameters such as future
maximum five-day, and maximum one-day, rainfall figures
are more relevant than mean monthly and mean annual
figures. Considerations for drainage and climate-resilient
design are discussed in Chapter 7.

Major divisions

Group symbol

Group name

Clean gravel GW Well graded gravel, fine to coarse gravel

Gravel <5% passes

>50% of course 0.075mm sieve GP Poorly graded gravel

fraction retained | Gravel with fines GM Silty gravel
Coarse grained | ON4.75mmsieve | >12% passing
soils >50% 0.075mm sieve GC Clayey gravel
retained on Sw Well graded fine to coarse sand
0.075mm sieve | sand Clean sand

>50% of course SP Poorly graded sand

fraction passes | sand with >12% SM Silty sand

4.75mm sieve passing 0.075mm

sieve SC Clayey sand

Silt and clay Inorganic ML Silt

Fine grained Liquid limit<50% | organic CL Clay
1 0,
soils >50% _ MH Silt with high plasticity: elastic silt
0.075mm sieve | Liquid limit CH Clay with high plasticity: fat clay
0,

>50% Organic OH Organic silt, organic clay

Organic Soils Pt Peat

Abbreviations: G: Gravel, S: Sand, M: Silt, C: Clay, O: Organics, P: Poorly graded, W: Well graded, H: High plasticity, L: Low plasticity
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3.2.6 Water Table and Moisture Condition

Changes in water table and near-surface moisture condition
(equilibrium moisture content) can initiate significant
changes in foundation strength and underlying layers below
the subgrade. A further discussion on moisture condition
assessment and its implications is provided in Section 3.3.2.

3.2.7 Material Properties

The nature, and engineering characteristics, of imported
and in situ subgrade materials are fundamental aspects

of the subgrade assessment and an important design
consideration. The California Bearing Ratio (CBR) is the
primary property used for defining the strength subgrade.
The CBR of material in a modified (heavy) compaction,
four-day soaked, condition is normally used as the default
property. The use of a natural (unsoaked) condition may

be adopted only if there is sufficient evidence to justify

its adoption, for example, for a road in a consistently dry
climate where there is no risk of flooding. Similarly, a 10-day
soaked model (as recommended by ARRB) may be adopted,
but only if there is sufficient evidence to suggest that it is
appropriate (Queensland Gov., 2021; Austroads, 2017) and
where it is shown that the CBR values change significantly
between the 4- and 10-day soak. Light compaction as a
defining characteristic is no longer in common use, because
of its incompatibility with the compactive effort delivered

by modern construction plant. The combination of light
compaction specifications for earthworks and subgrade
materials and heavy compaction of upper pavement layers
leads to potential confusion and quality control issues. The
sole use of modified or heavy compaction using the 4.5 kg
rammer, or equivalent vibratory procedure where appropriate,
is recommended. Other key defining geotechnical properties
are grading, swelling and plasticity. The plasticity index (PI)
and grading are usefully combined into either the Plasticity
Product (PP) or the Plasticity Modulus (PM) where:

PM =PI (Ip) x % soil < 0.425 mm
PP =PI (Ip) x % soil < 0.075 mm

These indices give a more useful indication of the behaviour
of the soil material as whole than the Pl by itself, and they
are recommended for use in appropriate materials
specifications. Further detail on subgrade materials can be
found in Section 3.3.5.

3.2.8 Terrain

Terrain reflects geological and geomorphological history
and has a direct impact on the method of soil investigation
that is used for the road’s vertical alignment and associated
earthworks. This is discussed further in Section 3.3.2.

3.2.9 Sub-foundation Conditions

In some specific cases, where materials are very weak,
compressible or susceptible to moisture changes, the
properties of the sub-foundation soil (zone of influence
below the formation) or rock profile below the specified zone
of influence depth “D” may need to be assessed. It is possible
that mitigation measures might need to be considered.

3.2.10 Construction and Maintenance Regimes

Good practice construction should ensure the road design
is applied in an appropriate manner and prevents damage
to the road foundations from damage during construction
of overlying layers. On-going maintenance, particularly

in terms of side drainage and pavement surfacing are an
essential element in ensuring the pavement foundation
remains Fit for Purpose throughout its design life.

3.3 Subgrade Explorations
3.31Aims

Soil profiles are frequently variable in nature and reflect
the changes in topography, geology, and drainage
conditions that can occur along an existing or proposed
road alignment (Austroads, 2017). Hence the selection of
pavement foundation characteristics requires adequate
investigation; the fundamental aims of which are:

» Define a general Ground Model along the length of the
alignment in terms of topography, soil-rock profiles,
hydrology and potential geotechnical hazards in the
sub-foundation;

» Define the design life working condition of the
proposed subgrade in terms of strength (CBR%) under
equilibrium moisture content;

» Define the geotechnical properties of proposed
subgrade materials;

» Identify any weak materials or materials with problems
within the zone of influence;

» Identify any problem materials below the zone of
influence (sub-foundations) that may have an impact
on the performance of the subgrade or pavement.

3.3.2 Investigation Programme

Pavement foundation investigations should fit in with,
and be complementary to, the main project investigations
for alignment, materials, earthworks and structures

and follow established stages within the Project Cycle,
from Planning, through Feasibility and Final Engineering
Design to Construction and Maintenance. Specifically,

the subgrade investigations may comprise the following
principal elements:

Initial investigations (Feasibility Stage). These should
aim at stablishing the general Ground Model for the
pavement foundations and should comprise both desk-
study work and fieldwork. The former should gather
relevant data on existing road performance and designs
as well collating information on existing standards

and specifications. The fieldwork will comprise pitting,
sampling, testing and probing to establish the general
characteristics of the main soil profiles and determine
the likelihood of potential hazards. The spacing of these
initial investigation points should be governed by changes
in apparent material types, with a maximum spacing of
around 1,000 m.
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Design investigations (Final Engineering Stage). 3.3.3 Investigation Depths and Nature
These should provide the detail of pavement foundation

characteristics in terms of strength and/or elastic moduli. For The thicknesses of imported or in situ materials to be
new alignments this is likely to be achieved by a combination investigated are defined by Material Depth or Foundation
of pitting and laboratory index testing, with in situ testing, Depth. Both are generally agreed as being influenced
such as Dynamic Cone Penetrometer (DCP), as appropriate. by road classification and pavement type. There is less
The use of a Falling Weight Deflectometer (FWD) or Light general agreement on the detail of these depths, which
falling Weight Deflectometer (LWD) on existing pavements may also have to consider a wider zone of influence if the
or earthworks that are to be overlain can provide valuable occurrence of weaker, compressible, or expansive layers
data. Spacing of the sampling points will be a function of the or voids are suspected.

longitudinal variability of the soil profiles but will normally be

much closer than for the initial investigations (see Sections The zone of influence (Figure 3-2) can also be considered
3.35and 3.36). a function of the road classification and pavement type.

Table 3-2 presents examples of depth details.
Specialised follow-up investigations. These may be required o )
to further investigate the nature and extent of problem The longitudinal geometry of the zone of influence, and
materials. They could comprise the specialist testing of weak, hence its materials and their properties, are functions
compressible or expansive foundation materials along with of the road's vertical alignment and the consequent
possible probing to establish their extent (Jones & Jefferson, earthworks, i.e. whether the road is in a cutting, on an

2012; Gourley & Schreiner, 1993; Weston, 1980). embankment or at grade (Figure 3-2).

Table 3-2: Examples of zone of influence depths

Country / Source Road Classification Foundation Depth (mm) Material Depth (mm)
Vietnam MoT Main roads 300-400 900
Uganda Main roads 550 800-1000
Queensland DoR Main roads 1500*
Austroads Main roads 1000*

) A High volume 1000-1200
South Africa -

B High volume 800-1000

*Includes a zone of influence for weak materials (CBR,2-5%) Sources: MoT (2006), MoWHC (2005), Queensland (2021), Austroads (2017), SANRA (2013)

Figure 3-2: Zone of influence scenarios (new/upgraded alignment)
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3.3.4 Fieldwork Planning

The nature of the subgrade field investigations is governed
by the nature of the relationship between the roadbed and
the existing ground level; as indicated in Figure 3-2 and
Figure 3-3 as summarised in Table 3-3. A consequence of
this relationship is that changes in vertical alignment after
initial investigations and during the design phase may
necessitate additional investigation and/or appraisal of
pavement foundation conditions. Field testing is applicable
to situations where the support values from the in situ
subgrade soil conditions are expected to be similar to those
of the proposed pavement. Laboratory testing is applicable
both in that situation and also when subgrade support is to
be determined from first principles. General principles on
the extent and nature of field investigations are covered in
Davis (2012).

3.3.5 In Situ Testing

In situ testing may be used to determine foundation
strength or moduli in situations where soils similar to
those of for the road being designed have existed under a
sealed pavement for at least two years, and are at a density
and moisture condition similar to those likely to occur in
service. The principal in situ test used in subgrade material
assessment is the Dynamic Cone Penetrometer (DCP)
whose penetration rates can be correlated with CBR. The
general methodology for DCP testing and interpretation is
contained with the guide to the UK DCP 3.1 Software (TRL,
2006). A simplified approach to DCP testing is contained
within ORN 18: A guide to the pavement evaluation and
maintenance of bitumen-surfaced roads in tropical and
sub-tropical countries (TRL, 1999).

The main application of the DCP with respect to pavement
foundations, within the constraints indicated in Table 3-3,
are as follows:

Table 3-3: Zone of influence investigation scenarios

Scenario

Description

Pavement on New Alignment

Alignment at or
near existing
A surface

locations.

Test pit sampling and testing. DCP-CBR testing for
in situ conditions is relevant for identifying weak
or problem materials. They may also be used to
correlate CBR results for different pit sampling

+ Definition of thickness and strength of existing
pavement layers, including subgrade.

+ Variation in the nature and strength of existing natural
ground.

» |dentification of near-surface soft or weak areas.

 Verification of strength and thickness of new placed and
compacted pavement and foundation layers.

The DCP instrument with an extension rod of 400 mm can
be used to a depth of 1200 mm, although further extension
rods could be attached, this practice is not generally
recommended. Deeper probing can be achieved by utilising
the DCP from the base of excavated trial pits. It is essential
that the potential effects of any weak layers below the
design subgrade level are considered in the pavement
design process, particularly for low-strength materials
occurring to depths of about 1 - 2m. The recommended test
intervals are 200 m intervals for project level explorations
and 500 m for network planning explorations.

The FWD option may also be used in pavement foundation
assessment to assess existing pavement layers for
comparison and correlation purposes in a precedent

design strategy (see Section 3.5.2). The apparatus normally
comprises a vehicle-mounted or towed device that records
pavement surface deflection bowls at discrete test points
on the pavement surface. A load is applied to the pavement
surface through a standard loading plate, normally 300 mm
in diameter, by a falling weight with a variable drop height
while the FWD is at rest. (ASTM D4694-09, 2020). There is an
option to use a light falling weight deflectometer (LWD) but
the investigation depths are limited. The following spacing
for FWD points should be considered (AASHTO, 2001):

* Network (planning) level: 200 to 500 m intervals;
* Project (design) level: 50 to 200 m intervals;

» Detailed project level: 10 to 50 m intervals.

Investigation-Testing Implications

Pavement on Existing
Alignment

Test pit sampling and testing.
DCP-CBR testing for in situ
conditions is relevant.

Alignment on

Test pitting for subgrade sampling irrelevant. Testing | Test pit sampling and testing of

B embankment on material from cut or borrow required. DCP-CBR existing embankment. DCP-CBR
(>lm) testing only relevant after embankment fill is placed | testing for in situ condition of
and compacted. embankment is relevant.
Alignmentin cut | Test pitting for subgrade sampling only relevant Test pit sampling and testing of
C (>Im) for material within 2 m of surface. In situ testing existing roadbed material. DCP-

irrelevant. Drilling may give indication of in situ
“native” subgrade condition

CBR testing for in situ condition
is relevant.
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3.3.6 Sampling and Laboratory Testing

The recommended subgrade sampling interval is 250 m for
trunk roads and primary roads, and 500 m for secondary and
tertiary roads. For feasibility studies, these intervals might
be longer. From each point, adequate samples should be
collected to enable strength (three- or six-point CBR tests)
and classification tests (Atterberg Limits, sieve analysis,
moisture content, consolidation, etc.) to be carried out.

Test pits, for the collection of subgrade samples, should
be of sufficient depth to enable samples to be taken from
up to 300 mm below the design formation level. In all
circumstances, test pits should be at least 1.5 m deep.
Safety issues should be considered with deeper test pits;
alternatively, use of a standard penetrometer (SPT) or
auguring should be considered.

Using laboratory soil classification test results, uniform
sections of in situ subgrade should be determined through

a process of computation and grouping. The 10th percentile
CBR value (for trunk roads, the fifth percentile may be used)
for each uniform section should then be used for design
purposes. At least 10 readings are required for each uniform
section. Uniform sections should be of sufficient length to
minimise frequent construction changes but not so long that
the economic benefits of stronger sections are lost. For weak
spots and sub-sections, cutting and replacing with imported
subgrade may improve the subgrade design class. The
coefficient of variation ((standard deviation/mean) x 100%)
of the CBR values for each uniform section should be less
than 30% in all cases, otherwise the section extents should
be adjusted until this criterion is achieved. Replacing weak
spots with imported material and then excluding them from
the computation often improves the coefficient.

3.4 Subgrade Assessment For Design

3.4.1 Empirical Assessment Based on Testing

An important step in assessing foundation conditions is
the division of the total road length into homogeneous
sub-sections for design purposes. The sub-sections should
be selected on the basis that the condition and type of

the subgrade materials is likely to be reasonably uniform.
A subgrade design CBR can then be determined for each
identifiable unit that has been defined on the basis of
topography, drainage and soil type.

The CBR test results taken along the alignment, and /or
on material from borrow areas, are the principal means of
empirical assessment. When a statistical analysis of CBR
data is used to determine the design CBR, this should be
undertaken by calculating the lower 10th percentile, or 5th
percentile (depending on the reliability level chosen), of
the laboratory CBR test results. The design CBR is then the
percentile value obtained. Use of an average CBR value for
design is not considered appropriate.

The sensitivity of the subgrade strength/stiffness to
changes in moisture content should be considered (see
Table 3-4).

As a further check on the subgrade strength, the CBR
values should be reviewed during the construction phase,
which may occur quite a long time after the initial testing.
This should identify any areas that may have become soft
spots and need strengthening or replacing.

Table 3-4: Subgrade soil sensitivity groups

Classi-
Material | fication
codes

Sensitivity

Small fluctuations in moisture
content produce little change in
volume or strength/stiffness.

Sandy

soils SW, SP

Small fluctuations in moisture
content produce little change in
volume but may produce large
changes in strength/stiffness.
Typically, these soils attract and
retain water through capillary
action, and do not drain well.

Silty SM, SC,
soils ML

Small fluctuations in water
content may produce large
variations in volume, and there
may be large changes in strength/
CL,CH stiffness, particularly if the
moisture content is near or above
optimum. Typically, these soils
attract and retain water through
matrix suction

Clay
soils

Table 3-5: Typical presumptive CBR values

Typical CBR % values to

Material Definition

be assumed
o Classifica- 2Ea Fair to poor
Description . to good .
tion : drainage
drainage
Highly plastic
clay CH 5 2-3
Silt ML 4 2
Silty-clay;
Sandy-clay cL 56 -4
Sand SW, SP 10-18 10-18
Source: Austroads, 2017
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3.4.2 Assessment by Precedent

Use of this approach involves the assessment of subgrades
on the basis of geotechnical, topographic and drainage
information, together with some routine soil classification
tests, if possible. Once these factors are assessed, a
presumptive design CBR is assigned (Table 3-5) on the
basis of previous test data and performance for similar
soils in similar conditions.

There may be significant experience and performance data
relevant to the subgrade under consideration within similar
climatic and topographic areas. In situ testing on previously
constructed pavements within similar geotechnical
environments can provide valuable data. Use of this
information, particularly at Planning or Feasibility Stages
may give early design indications and reduce the cost of
subgrade evaluation.

3.4.3 Pavement Moisture Condition and Drainage

Under consistent hydrological condition the pavement
and its foundation may reach an equilibrium moisture
condition, particularly under the central region of the
pavement. There may be significant fluctuations between
the central region and the outer edges. In areas of intense
rainfall, infiltration can have a major influence on the
subgrade material moisture conditions and hence

their support to the overlying layers. Additionally, in
environments where the water table fluctuates seasonally,
the foundation moisture condition may reflect these
fluctuations across the pavement.

Cross-section designs can have a considerable impact

on the pavement moisture regimes, with relatively high
permeability pavement materials either ‘boxed’ into the
surrounding natural materials or flanked by less permeable
shoulder materials can inhibit drainage unless appropriate
pavement drainage is provided.

Moisture condition change and water table fluctuations
might be controlled by installing appropriate pavement and
subsaoil drains. However, subsoil drains are effective only
when subgrade moisture is subject to hydrostatic head
(positive pore pressures). In some tropical wet regions, it

is possible for silts and clays to have equilibrium moisture
content above optimum moisture content and because
pore pressures are not positive, the materials cannot be
drained.

Care must be taken not to make unrealistic assumptions
about the effect of subsurface drains on subgrade moisture
condition. Moisture condition change and water table
fluctuations might be controlled by installing appropriate
pavement and subsoil drains, as described in Section 7.4.
Subsoil drains are, however, effective only when subgrade
moisture is subject to hydrostatic head (positive pore
pressures). In some tropical wet regions, it is possible for
silts and clays to have an equilibrium moisture content
above the optimum moisture content and, because pore
pressures are not positive, the materials cannot be drained.

3.5 Problem Subgrades
3.5.1Volume Change

As a consequence of changes in moisture content,
subgrades and possibly foundations below the zone of
influence, with reactive clays can experience considerable
volume change that can disrupt the pavement in a number
of ways, including:

+ surface deformation, causing increased roughness and
potential ponding of water;

+ pavement layer deformation, that can cause loss of
density and loss of strength;

+ cracking that can allow moisture infiltration and loss of
strength.

+ Mitigation options include one or more of the following:
* reducing entry of water;
* reducing volume change;

« programming future repairs and/or overlays.

The magnitude of volume change depends on the following:
+ potential swell of the subgrade foundation material;
+ extent (width and depth) of expansive materials;

* magnitude of change in moisture content.

Further classification of expansive soils is shown in
Table 3-6 (Austroads, 2017).

Table 3-6: Classification of expansive soils

H 0,
Expansive | ;o iq | plasticity | Plasticity | SWell %
Classifica- | . . in CBR

’ Limit % | Index % Product!
tion Mould?
Very high >70 >45 >3,200 >50

i 2,200-
High ' -

ig >70 > 45 3.200 25-5.0

1,200-

Moderate 50-70 25-45 2,200 05-25
Low <50 <25 <1,200 <05

Notes: 1. PP =PI x % soil < 0.075 mm (75 micron) 2. Soil at OMC compacted at 98%
MDD with 4-day soak, 4.5 kg surcharge
Source: Austroads, 2017
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Table 3-7: Summary of mitigation options for expansive clays in road construction

Summary Description

If minor impact anticipated on pavement, rely on periodic maintenance. This is for those clays

1. Do nothing 19 1 C
classified as “Low” expansivity.
2 Shift road Re-align road onto areas of non-problem soil.
alignment

3. Removal and
replacement

For clays classified as “High” or “Very High” expansivity, dig out of the material and replace with inert or
encapsulated material, Depth of dig out will be a function of the variation in swell potential and the depth
of moisture content variation. An additional precaution is to treat with lime, any extra material that is
not removed.