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Cold Mixed Granular Materials

Preface

This guide has been prepared by the Australian Asphalt Pavement Association
(AAPA) to assist designers and practitioners in the most effective use of cold mixed
materials, predominantly using bituminous materials. The guide is intended to be
informative rather than mandatory.

For this guide the delinition of 'cold mixed'is a road base or sub-base layer,
constructed from virgin granular or recycled in situ base and sub-base materials,
which has its road function characteristics improved by the addition of cold
bituminous materials.

The cold techniques described in this guide offer awide range of economic solutions,
varying from lightly modifred or stabilised layers up to structural base and wearing
course layers.It is essential that the mix design method, particularly the preparation
of specimens in the laboratory, follows the procedure intended for use in the freld.

The pavement design methodologr should also be linked to the mix design process.

Investigation into the cause of existing pavement defects is essential to determine
an appropriate rehabilitation treatment , which remedies the existing defects and
ensures the process adopted extends the pavement life.

The equipment and procedures developed in recent years to measure the
fundamental properties of asphalt can be used with cold mixed materials. This
involves using the grratory compactor to produce samples which are tested in the
Universal MATerials Testing Apparatus (UMAl-fA 

- 
otherwise referred to as the

Universal Testing Machine), to obtain resilient modulus, stress dependency and
creep deformation characteristics of the cold mix material. Beam fatigue testing
for these materials is in the developmental stage.

The various drafts of this guide have been widely circulated within industry and
transport authorities for assessment and comment, resulting in this document.
However, it is expected that as industry and transport authorities use some or all
of the concepts presented, areas will be revealed where changes are required, or
where improvements can be made. AAPA seeks your constructive comments in
the future so that the next edition can be an improved document.
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INTRODUCTION

In this guide the different approaches for designing cold mixed granular
materials using various levels of emulsions and foamed bitumen are presented.

When the residual binder content is less than about I.5o/o, material properties
are improved but the material behaves as an unbound material and a'lightly
modified" approach is adopted. This is suitable to recycling marginal material.
When the residual binder content becomes higher (over about2.Oyol, the treated
material can possess significant tensile strength and a "heavily bound" approach
is adopted.

The definition of "cold mixed" used for this guide is a road base or sub-base
layer, constructed from virgin granular or recycled in situ base and sub base

materials, which has its road function characteristics improved by the addition
of cold bituminous materials. It does not include maintenance patching
materials that are generally made with cutback bitumen. In cold mixes the
bitumen is typically applied in an emulsified or foamed form, although bitumen
with added volatiles (cutbacks) might be employed on rare occasions. The use
of lime, cementitious products or blends of these may also treat the aggregate

being upgraded. The composite material of aggregate, cold bitumen, and perhaps
lime and/or cementitious products, is then termed a'cold mix". The manual
provides some guidance for the design of such mixes and some prediction on
how they may perform under various traffic and environmental regimes.

Cold mixes are historically linked with emulsions that were frrst developed in
the early 19OOs, but only used in road works in their present form since the
1920s. Initially emulsions were applied mainly as sprays for seals or used as

dust suppressing agents. During the period 193O to 1940 their use expanded

slowly, due to the small r€rnge of grades and classes available and also to a
lack of engineering expertise in their application. After World War II there was
an upsurge in the Australian National road building program and the demands
of higher traffic loads and volumes caused rapid development and use of
emulsions for pavement construction.

Foamed bitumen processes appeared later in the 1960s and early 1970s when
a low pressure, cold water system was developed. This technolory has been

continually developed and today's system employs individual expansion
chambers that allow tight control of distribution of foam. Also the extensive
work carried out on bitumen composition and chemistry has allowed the
development of a range of speciality additives to control foam expansion and
life, thereby allowing the use of a wide range of bitumen types and close

control of aggregate wetting in the mixing process.

The enerry crisis in the early 1970s, which prompted many ener5/ conservation
measures worldwide, generally encouraged a greater use internationally of
cold mixes in road construction. This ener$/ crisis also caused large increases
in the cost of bitumen that tended to inhibit the use and development of cold
bituminous base mixes in Australia. Due to limited Australian experience,
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this document draws heavily on experience in other countries, particularly
the USA, France, Ireland and South Africa. Most of these countries use cold
mix as a new construction material, usually in the form of emulsion treated
crushed rock.

The cold mixes referred to in USA, France and Ireland tend to be high quality
"structural" layers, rather than the relatively lower quality in situ recycled
marginal materials typical of Australia. South Africa however, has followed a
similar development as Australia with respect to development of innovative
and low cost pavement design and construction, and carries out a significant
amount of in situ emulsion treatment.

The work in South Africa led to the publication by SAEIITA (1993) of GEMS, "The
design and use of granular emulsion mixes". GEMS is now under review as
part of a national study into the performance of ETBs (emulsion treated base
materials). Australia has a program of investigating cold mixes using its
accelerated loading facility (ALF) and the 1996 ALF trial at Melbourne will
provide valuable information on the performance characteristics of cold mixes.

Among the benefits to be gained from the use of cold treatments, as compared
with asphalt or hot-sprayed residual or cutback bitumen, is a reduction in
enerry needs and costs. The processes, carried out at ambient temperatures,
result in savings in the fuel consumption required for heating. In addition, the
cold treatments often adhere more readily to damp aggregates, which do not
need to be dried, with consequent savings in both fuel and mixing time. In cold
treatments at ambient temperatures, there is no risk of overheating bitumen
and no possibility of the release of potentially harmful solvents or other
substances into the atmosphere. This makes their use acceptable and attractive
from an environmental point of view. Cold mixes can be manufactured by adding
bituminous materials to all of the following:

' virgin marginal materials, with high plasticity, typically treated with lime.

' virgin marginal granular materials, typically treated with cementitious
materials.

. other virgin (granular) materials of better quality.

' recycled marginal material requiring pre-treatment with lime and/or
cementitious materials-

. recycled cement and lime treated bases.

' recycled granular bases which may include surfacing, with mechanical
stabilisation to overcome grading dehciencies.
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2. Aspects of Designing Cold Mixes

Figure I illustrates the salient features of the design process. Most aspects are
also covered in more detail in the following sections and appendices.

2.1 Preliminary Investigation

The first stage of the mix design process is to ascertain what properties are required
in the frnal pavement structure. If the pavement is not formed from in situ recycled
material then the preliminar5r investigation will consider the strength and stiffness
properties of the existing subgrade, and the properties of the materials to be treated.

If a pavement is to be recycled then the existing pavement structure will also need
to be investigated- In both cases a complete whole of life analysis should be carried
out. The four main aspects that must be considered are site investigation, pavement
materials analysis, deflection testing, and design life. These aspects of the
preliminaqr investigation are presented in more detail in Appendix A.

2.2 Range of Applications

Cold treatments may be used in a wide range of applications. In some areas they
may be used for surface courses on low-volume rural roads, and elsewhere for
bases for high volume main routes. Such a wide range of applications is a result of
the huge spectrum of treatments, bitumen contents and aggregate t14pes available.

In spite of this unlimited scope of frnal product, the engineering properties of cold
mixes must be taken into account during the design process, the most important
ones being:

. stiffness

. resistance to permanent deformation

. resistance to fatigue cracking

. durability.

2.3 Influencing Factors

Many factors may influence the decision to use cold mix treatments including
availability of good quality materials, the geological source of the aggregate, climatic
region, and any economic advantages. The aggregate source will determine its
suitability for treatment while its water sensitivity may limit its use to specifrc
climatic conditions. For example, it may not be cost effective to treat a weak,
friable local marginal aggregate that contained excessive fines. The amount of
extra bituminous, and lime or cementitious material required, would likely be
more than the extra costs incurred by acquiring a better material and accepting
the increased transport costs. In remote rural a-reas however, this may not be the
case due to the complete lack of better materials.
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Prior to start ofwork- The road carries heavy

commercial traflic.

Finished surface prior lo 7mm primerseal and 45mm asphalt wearing sutface

Sommerton Road, Melbourne
Cold in-situ foamed bitumen stabilisation

Foamed bitumen stabilisation in progress.
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2.4 Cold Mix Characterisation

Characterisation of pavement materials is an essential requirement for mechanistic
pavement design. In particular, this requires determination of material resilient
modulus (stiffness) and if the material is heavily 'bound', then the fatigue
performance criterion also needs to be established. In addition, deformation
resistance of the treated material should be measured. The curing properties of
cold mix materials need to be considered, because the fundamental properties,
such as modulus, deformation resistance and fatigue performance, will vary with
the cured state.

2.5 Structural requirements

It is important to consider the structural requirements of the treated layer. After
considering the pavement investigation data, in conjunction with projected traffic
loading over the design period, the designer must evaluate the required performance
levels of the treated material. For example, the pavement depth may be adequate
for the required design traffrc loading, but the in situ (base course) material of
marginal quality. The in situ material can then be treated to achieve better strength
and stiffness properties, probably by mixing low additive levels of bitumen and
cementitious material (e.g. 1.5% by mass of mix of each).

Conversely, if the total pavement structure is of inadequate depth and quality,
then deeper stabilisation, with higher additive levels (such as 2o/o cementitious
and 2o/o bitumen by mass of rnix) may be required. Amounts greater than 2o/o can
be used if required but the treatment may not be economical.

2.6 Curing of Cold Mixes

In emulsion treatments, the curing process can result in a signifrcant increase in
stiffness over a period of up to two years or more, dependent upon the prevailing
weather conditions. For example material treated in a hot, low humidity
environment, will cure more rapidly than one placed in cool and wet conditions.
When foamed bitumen is used the curing time is shorter due to the reduced amount
of water in the cold mix. The curing phase must be considered in the design phase,
as final curing may not be completed for up to 12 - 24 months, or even longer.

The failure mechanism during the first or second year is likely to be permanent
deformation or fatigue cracking of the top layer, dependent upon the amount of
emulsion and cementitious materials used. Thereafter, the dominant failure
mechanism is likely to be either fatigue cracking for "heauilg bound" mixes or
shear deformation for "Iightlg modified" mixes. For the purposes of this guide the
definition of "heavilg bound" is a treated material which possesses significant tensile
strength. The defrnition of "lightlg modified" is a material which has its properties
(plasticity, strength, stiffness) slightly improved, but still behaves as an unbound
material.

11



Cold Mixed Granular Materials

i Pavement

I Condition
.-
i Studv f t Survey ) (pavement j

i -^---'^-. 
i \ '- r-- J I I\rfo*odoro r

lStudvl tDutv€yilravementI \- --T- I trrtateridr ]lPavementl ,]

["{9 ) A $"{q"'ll,

Study 
l

Pavement I

Profile I

./
I

I

._v r i _.

\ta\r\ll

iCrackingi iStrength
;Potentiali, -lGain

a - \, i '\___r-__./

lDeformationi j i| ^ ;--.-I fotentlal 1;V : lYr.rvlr.lJ\/;;a-\lr ti.)
Construct i

j Pavement I

i!\---'_.- - ,,/

\7
rt

Monitor

Performance

i Testing | 
- "-1 

Design f-' ] Properties 
i

l--- --- ) \-

I Mvlltl4l 
:

\i /

Figure 1. The cold mix design process

12



Cold Mixed Granular Materials

The effect of curing on the stiffness of the cold mix must be taken into account in
both the mix design and structural analysis of cold mixes. It has been recognised
that the design process for cold mixes is much more complex than for (hot) asphalt.
In simple terms, asphalt can be described as a three component system consisting
of air, aggregate and bitumen, while cold mixes are four, five, or six component
systems containing (perhaps) air, aggregate, cementitious materials,lime, bitumen,
additives for grading correction and water.

Asphalt is a visco-elastic material whose stiffness increases as the temperature
decreases and the rate of loading increases. Cold mixes with high bitumen contents
(heavily bound) can also eventually behave in essentially a visco-elastic manner,
but have the additional factor of requiring curing to reach that condition. Cold
mixes with low bitumen contents however, are only lightly modified and are not
affected by temperature as they perform more like granular materials.

Cold in-situ bitumen emulsion - stabilisation of rural granular pavement

Cold in-situ rec,v"cling job using bitumen emulsion/cement
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3. INGREDIENTS
3.1 Aggregates

3.1.1 Virgin Aggregates

Virgin aggregates are those that have been newly won from borrow pits or quarries
and have not been used previously. The use of appropriate quality control measures
and specifications allow better possibility of controlling properties such as grading
and plasticity, than when recycling variable in situ materials. The properties of the
frnal cold mix are dependent upon the initial characteristics of the source aggregate,
while the level of improvement in a material will depend mostly on the amount and
plasticity of the frne fraction. For example, given equal treatment, a clean, well
graded crushed rock will possess greater strength (say) than silty sandstone that
has high fines content. The poorer quality sandstone will however, experience a
greater proportional increase in strength.

3.L.2 Recycled Aggregates

These are aggregates that already exist within a pavement and are to be reused.
Recycled aggregates are typically treated in situ using large recycling trains. The
quality of the aggregate is harder to control and there is a higher likelihood of
variability in the frnal cold mix product. If the material to be recycled has high
plasticity then additional treatment, usually by lime, may be necessary. If the
material has a major grading deficiency, other granular materials such as sandy
loam, for example, may be added to overcome the defrciency during design. This
type of process has been around for 3O to 40 years, has popularity cycles, and at
the moment is enjoying great favour amongst road rehabilitation engineers.

3.2 Bitumen

As the level of residual bitumen content increases in the mix, the design of the
cold mix (and pavement) becomes similar to that used for asphalt, and laboratory
tests such as dynamic creep, wheel tracking and resilient modulus tests can be

used to estimate variations in performance with time and temperature. Some

difhculty is encountered when it must be decided whether to treat the mix as a
lightly modified granular material or as stabilised bitumen bound material.

For example, behaviour can change from visco-elastic to brittle fracture, dependent
upon the amount and proportions of bitumen and cementitious materials. The

change to a bitumen bound material cannot be specifically defined, as the transition
level is dependent on many variables including the aggregate grading and the
amount of clayey fines.

The reason for the good perfornance of cold mixes is not yet fully understood, but
is believed to be partially related to suction forces occurring in the cold mix during
the curing process. The fines in the aggregate are thought to attract the emulsion
and this can cause major probiems in cold mix production during the mixing
process. Once the emulsion has broken and the fines become bound by the bitumen,
properties such as cohesion, impermeability and resistance to the effect of excess
moisture in the mix are improved. Many road bases with residual binder contents
as low as O.7o/o have been successfully constructed in South Africa (SABITA 1993).
Contents around loh were also used in Victoria about 2O years ago for construction
expediency. Although it worked well, the high cost of bitumen at that time saw its
use disappear (Bethune 1997).

14
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3.2.L Emulsions

An emulsion is a mixture of water and bitumen where the bitumen is very frnely
dispersed and suspended throughout the water. Emulsifying agents and other
stabilising agents and various patented products are employed. The relevant
Australian Standard at the time of writing is AS 1160-1988, "Bitumen emulsions
for construction and maintenance of pavements'.

A perceived drawback of systems \Mith high emulsion contents (greater than about
2.Oo/o residual bitumen) is the extended cure time. High levels of emulsion introduce
high levels of water into the pavement that must be removed for the system to
attain strength. Allowance must also be made for any moisture in the material
being treated, when determining the design fluid content. To achieve uniform
bitumen coating of particles in the mix the raw material must have suffrcient water
to assist the coating process. Specimen mixing in the laboratory at various moisture
contents and visual assessment of the uniformity of bitumen dispersion will
establish the desirable field moisture content for any particular material.

In some newer systems cement is added and mixed with emulsion to aid the
emulsion breaking and also to contribute some strength and stiffness to the new
mix. Various companies currently adopt such systems in Australia.

Low levels of emulsion do not have as much water and thus less water needs to be
removed from the treated material. A well designed emulsion, plus the use of
cement, can greatly reduce the existence of excess water in the compacted cold
mrx.

Emulsion systems, especially where long cartage distances are involved can incur
a freight debit due to the high water content. This can occur even for the "high
bitumen content" emulsions and is more prevalent where water is plentiful- In
arid areas, where water must be carted in, the water in the emulsion provides
compaction water, and the freight debit is less signifrcant. In New Zealand cost
analyses often decide against the use of emulsion due to the cartage of 4O%o (average)

water (Haydon 19971.

3.2.2 Foamed Bitumen

Foamed bitumen consists of bitumen, air,
water vapour, additives, and water. As the
added water is less than 2o/o (by proportion of
emulsion) in most instances, and steam loss
does occur, the morphological structure of
foam is mostly air and bitumen. However
some water will be incorporated from the
contact of the hot foam with cold damp
aggregates. Such a condition is essential for
good subsequent compaction. Foamed
bitumen reduces viscosity to allow a dramatic
improvement in wetting at the bitumen
aggregate interface. This is achieved by
substantially increasing the surface area of
the bitumenf aggregate contact and lowering
the interfacial (surface) tension. Optimum
coating of mineral particles is achieved by Lab o rat o ry foamed b i tu men manufac t u r i ng un i t

15
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careful design of a bitumen/additive system, control of expansion pressures and
temperature, and control of water content and composition. Foams for stabilisation
are required to cover a high surface area due to fines in the mix. A fine foam is
required to allow rapid wetting and an expansion of up to 15 times is desirable.
The foam collapses as its structure is unstable and half-lives are around 6O seconds
but the collapsed foam remains mobile for up to an hour, allowing adequate
compaction. Coating occurs at the aggregateffoam interface at the moment of
contact and the residual mobility aids in compaction.

3.2.3 Cutback Bitumen

Cutbacks have been used in cold mixes, mainly for the production of patching
mixes. They are not normally used for treatment of base and sub-base material.
Adding a volatile dilutent to residual bitumen temporarily reduces the viscosity of
the frnal mix such that it may be more easily applied in pavement maintenance
and construction. In this document the interest lies in cold applications where
large amounts ofvolatile materials must be used. The mostvolatile cutback specified
in the Australian Standard is AMC00 that uses 45 parts of bitumen with 55 parts
of cutter. The cost of volatile agents is much higher than water, less bitumen is
carried in the mixture and curing time can be very long while the volatiles leave
the pavement. Due to these cost penalties the use of cutbacks in cold mixes is
unusual. Also, environmental concerns exist regarding evaporation of volatiles
into the atmosphere. The current Australian Standard is AS 2L57-I997, "Cutback
bitumen".

3.3

3.3.1

Additives

Cementitious Materials

The most common agents used for binding soils include Portland cement(s), fly
ash, hydraulically active slags and blends of these materials. Cementitious blends
are mixtures of normal Portland cement, fly ash, and ground granulated blast
furnace slag (Bullen and Suciu 19941. Addition generally improves the properties
of both in situ and imported materials- Treatment can correct known deficiencies
within a material or improve existing properties further. The various types of
cements available have been dealt with elsewhere (Potter and Guirguis 1996) and
all have specific drawbacks and benefits. Existing trends are the continued
development of blends which allow flexibility in construction due to slow setting
but which also provide long term strength and stiffness for good fatigue life and
less reflective cracking. These materials are usually added to the material at the
s€une time as the emulsion to assist breaking and provide some early strength and
stiffness.

3.3.2 Lime

The use of lime as a modifyi.tg agent has greatest benefit when treating clayey
marginal pavement materials. Lime provides a rapid increase in the workability of
a clayey soil making the soil more friable while reducing its moisture sensitivity.
Almost immediately on midng with moist clay, flocculation occurs, which results
in lowered Liquid Limit, raised Plastic Limit and Shrinkage Limit and reduced
Plasticity Index. The modified clay is less moisture sensitive and behaves more
like a coa-rse silt, or fine sand, due to the particle flocculation and accompanying
aggregation- Lime may be used simultaneously with the emulsion or for earlier
treatment, prior to the addition of emulsion, to assist with subsequent emulsion
dispersion.

to
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4. MATERIAL PROPERTIES

4.1 Aggregates

The compatibility of aggregates with emulsion or foam should be established before
startingthe mix design process. The Plasticitylndex (PI) is amajorfactor influencing
the selection of material, and the limits set will depend upon the environment and
the traffrc volumes to be carried during the pavement's design life. The results of
work carried out in the USA indicate that PIs should not exceed B.

The experience in South Africa with PI however, indicates that depending on the
grading and type of material, even 8 may be too high (SABITA 1993). Australian
practice has indicated that material with PI as high as 12 can be successfully
treated. The types of material that are known to react well with emulsions (especially
at low emulsion contents) without lime treatment include those listed below. These
types of non-plastic materials are also common across Australia.

. decomposed granites

. quartzitic gravels

. dolomite/chert gravels

. sandstone gravels

. crushed stone of various rock types.

Many other aggregates may also respond to treatment. For example, fine dune
sand materials were successfully treated in the southeast Melbourne metropolitan
area, as stabilised sub-base about 15 to 2O years ago (Bethune 1997).

If the PI of the material available is high (e.g. greater than 12), itwill be necessary
to determine how the material reacts with lime. Often local experience will assist
here. It is not possible to predict the exact plasticity limit that defrnes acceptable
behaviour in a material, as the variables of climate and material properties (such
as vesicularity) must be taken into account.

4.L.L Grading

To ensure mechanical interlock is obtained the aggregate base may be required to
comply with grading recommendations given in the relevant road authority
specifrcations. If no guide exists, to define acceptable grading in non-standard,
marginal materials, the specifications used in South Africa and given in Table I
(SABITA 1993) could be used as a rough guideline (also refer to Section 4.I.2l'-

Table 1. Grading and Plasticity Index Limits for marginal aggregate (SABITA 1993).

Sieve size (mmf Cumulative 7o passing

26.5

2.35

0.075

80-100

25-85

3-15

Plasticity Index (PI)

Sand equivalent value

maximum 7

minimum 30

17
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Table 2. Guide to property limits for effective cement stabilisation (NAASRA 1986)

Property Limit

Maximum particle size

Passing 4.75 mm

Passing 425 um

Passing 75 um

Finer than 2 um

75 mm

> 5Oo/o

> ISV>

< 5oo/o

< 3Oo/"

Liquid Limit

Plastic Index

< 40o/o

<20

If tle grading is unacceptable, it possibly may be modihed using cementitious
materials, which will cause an agglomeration of particles and alter the material
grading. The grading can also be altered using other natural materials such as
silty loam, silty sand or sand. The information provided in Table 2 rnay be used as
a guide to the grading limits for materials able to be effectively treated with
cementitious products-

4.1.2 Plasticity

If tlre PI of the material exceeds about L2, t}:.e material may be treated with lime to
reduce its PI to an acceptable level. The actual level where treatment would be
required however, would need to be determined in the laboratory. The economics
of the lime and emulsion treatment would also have to be carefully studied.

In Australia, cementitious material is often added to the aggregate simultaneously
with emulsion and any mixing water. There are benefrts obtained by selecting
material with low PI, or even non-plastic material. This is does not apply in a
recycling process, where the engineer has no choice of material.

Various types of lime, cementitious materials and blends may react differently
with specifrc types of aggregates. The information in Tables 3 and 4 provides an
indication of the wide range of aggregate types suitable for treatment with
bituminous materials. Table 3 is a general recommendation from the Asphalt
Institute (1989) for soil material suitable for bitumen treatment.

The plasticity indexes provided in Table 4 approach the recommended permissible
limit of 12, but acceptable cold mix materials can be produced even at levels up to
a PI of 18, dependent on material type and achieving intimate mixing. It should
also be noted that these general gridelines should not pre-empt local experience.
In arid areas, for example, higher plasticity may be acceptable because of the
reduced exposure of the cold mix to moisture.
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Table 3. Grading limits for suitability for bitumen treatment
(Asphalt Institute, MS-14 1989)

* (ASTM D 424)

Table 4. Types and characteristics of materials
which can be treated with bitumen (NAASRA 1989)

Property
sieve size (mmf

Sand
7o passing

Silty Sand
o/o passing;

Sand-Gravel
7o passing

Fine Crushed Rock
7o passing

32.5

26.5

19.O

+.75

2.36

o.425

o.150

0.o75

100

50-100

5-12

50-100

30-75

10-35

loo

60-100

35_100

13-50

8-3s

o-12

100

70-100

40-70

3HO

15-45

8-20

Liquid Limit

Plasticity Index <10

<30

<12 <10

<30

<12

4.1.3 Layer Properties: Resistance to embedment

Cold mix pavements should have adequate resistance to embedment, to prevent

the aggregate particles in an overlying spray seal from being forced into the treated
pavement under the action of trafhc. If required, increased surface hardness can

be obtained by armour coating the top 50 mm of the pavement with a tough crushed

aggregate. Spray sea,l design will address this problem, and if asphalt surfacing is
used then the problem is not an issue.

Property Range/limit

Product of (Pl).(minus 75 um material)

Sand equivalent value*

<72

minimum 35
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4.2 Bitumen

4.2.1 Emulsion

Emulsion should comply \Mith AS1160- 1988. Manufacturers usually provide
guidelines on the use of emulsions for specifrc applications. Slow setting anionic
or cationic emulsions can be used. Care may hav€ to be taken when acidic crystalline
aggregates, such as quartzite and granites, are used because of possible stripping
problems at the surface if the treated material is to be directly traffrcked. However,
there have been no reports of problems with the use of such aggregates with
emulsions in Australia.

4.2.2 Foamed

Foaming processes often involve the use of patented processes and special additives.
Advice should be sought from the emulsion supplier a,nd/or manufacturer regarding
the design of foam treated cold mix.
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5. LABORATORY DESIGN OF THE COLD MIX

The design for cold mixes determines the best composition of components (such
as bitumen emulsion content) to ensure compliance with mix design criteria ald
parameters for the structural design process. Mix design methodologr will also
depend upon the frnal properties required in the mix. A cold mix which is a heavily
bound material will have a different mix design process to that for a lightly modified
material.

Since the cold mixes under consideration are essentially bituminous based, testing
temperatures are important and should be chosen to match the spectrum of
temperatures applying at the time of construction and during the design life. This
aspect is not as important with lightly modifred materials which, due to their low
residual bitumen content, have properties which are not as temperature dependent
as heavily bitumen bound mixes.

The following temperatures are typical of those prevailing in the upper base layer
in Australia, however, other locations may require different test temperatures- It
is the responsibility of the designer to adopt a representative temperature spectrum.

Summer conditions

Winter conditions

3O'to 60"C

10'to 25"C

It is extremely important to ensure the preparation of specimens in the laboratory
follows the procedure intended for use in the fteld. For example, in the field the
material may be treated with lime prior to emulsion addition, and the treated
material then left to "cure" for several days. The laboratory specimens should be
prepared in a similar manner to model the field treatment.

Similarly if cement is to be used simultaneously with emulsion (perhaps to assist
with breaking) then this also should be modelled in the laboratory. Curing
techniques will also var5r, dependent upon what is intended for the held.

Reference to the flow chart in Figure 2 illustrates what is intended in the laboratory
assessment.

5.1 Determination of Maximum Dry Density and Optimum Fluid
Content

5.1.1 Aggregate Pre-treatment.

Sieve analysis of the aggregate is carried out in accordance with AS 1289 Method
3-6.1, and the aggregate is divided into that portion passing the 19 mm sieve, and
that retained on the 19 mm sieve. Only material passing the 19 mm sieve is normally
used in the laboratory evaluation due to the size of specimens prepared.

Material passing the 425 um sieve should have its Atterberg Limits determined in
accordance with AS 1289 Methods 3.2.1, 3.3. I ,3.4.L, 3.9. If lime or cement is to be

used then these should be incorporated into the aggregate in a manner that
replicates the intended held procedure (also refer to section 5.3).
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5.L.2 Determining Laboratory Optimum Fluid Content and Compacted
Density

The determination of maximum dry density and optimum fluid content (OFC) should
be carried out using the predicted blend of emulsion and water. OFC is defined as
that fluid content at which maximum "dry" density (MDD) is achieved (similar to
OMC). If the blend is unknown, a 50/50 mix of added compaction water and
emulsion (bitumen and water) could be used, although a range of bitumen and
water contents should be studied if resources permit such an approach.

If there is no treatment with lime or cementitious materials, the water followed by
the emulsion, is added to cool oven-dry minus 19 rnm aggregate and the material
is then compacted at room temperature, preferably close to 23"C, and the MDD
and optimum fluid content determined.

In the case of material treated with low levels of emulsion (ie. lightly modifred) then
vibratory compaction has been found to provide good results. If the material is to
be treated with higher levels of foam or emulsion (i.e. bound) then ryratory
compaction should be used (AS2B91 Method 2.2).

If the material has been lime treated earlier. then the emulsion is added to the
matured mix, allowing for any water already within the mix.

5.2 Determination of Target Residual Bitumen Contents

The target residual bitumen content will be a function of the performance of the
treated material and the economics of the mix. In the case of lightly modifred
material, the target residual bitumen content will be a function of economics and
improved mechanical properties. The aim is to obtain adequate performance
(superior to the untreated material) at some perceived economic limit. Heavily
bound materials will have residual bitumen contents closer to the OFC.

If specihed residual bitumen content is not available, then specimens can be
prepared at various target residual bitumen contents. At least 4 specimens at
contents of between loh and 6%o are suggested for determining the optimum bitumen
content.

The rationale for specifying the optimum must also be provided; it may be related
to maximum 'dry'density, stiffness, creep, fatigue or durability resistance (also
refer to sections 6.3 and 8.2). For example the UMATTA may be used to determine
the optimum bitumen content with respect to stiffness in the indirect tension
mode, for heavily bound materials.

Similarly the UMATTA in its Repeated Load Triaxial Test (RLTT) mode can be used
to determine the optimum residual bitumen content of lightly modified materials
with respect to resilient modulus and deformation resistance, under specihc stress
conditions representing held conditions.

If there is no previous data available to make an initial estimate of emulsion content,
the empirical relationship provided below (Asphalt Institute 19S9) may be used.
Since the relationship was derived for the production of dense graded mixes (heavily
bound), rather than lighter modified rnaterial, it will usually result in a high bitumen
content.
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Univers al Tes ting Machine

It must be noted that the relationship is only intended for estimating an initial
bitumen content for heavily bound materials, all percentages in the relationship
are expressed as whole numbers.

P : (O.O5A + 0.1B + 0.5C)*(0.7)

Where: P = Percent by weight of bitumen emulsion, based on dry aggregate

A = Percent of aggregate retained on 2.36 mm sieve

B = Percent of aggregate passing2.36, retained on 75 um sieve

C = Percent ofaggregate passing 75 um sieve.

5.3 Specimen Preparation 
- 

Emulsions

5.3.1 Addition of cementitious materials

Cementitious material may be added to the mix to control the breaking of the
emulsion and also to provide early life stiffness and strength to the mix. The rate

and magnitude of strength and stiffness gain will depend upon what the designer
is attempting to achieve. In both cases the cementitious products should be

thoroughly mixed with the dry aggregate, before the addition of mixing water and
emulsion. The cementitious product must be well dispersed throughout the
material. If lime has been earlier added to the material, to break down plasticity,
then the cementitious products will have to be mixed with the (already wetted)

lime treated material.
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5.3.2 Addition of lime

Lime is added to reduce plasticity and to allow better and easier compaction in the
field, the process takes time. The lime should thus be added to dry aggregate and
some compaction water (say 5O%) added to facilitate the amelioration process. The
treated aggregate is left in a sealed bag for (say) 24 hours before continuing with
specimen preparation. Typically the "curing" time will reflect the intended field
treatment.

5.3.3 Addition of water

From the total fluid content, the different proportions of water and emulsion can
be calculated. Total water is the added water, plus the water in the emulsion, plus
the existing water in the material (moisture content) to be treated. This means
that the moisture content of non-oven dried aggregate should be determined before
the addition of the emulsion or extra water.

The additional water required is added to the aggregate first, followed by the
emulsion. The mix is stirred for one minute with a hand-held or mechanical mixer,
or until a homogeneous blend is achieved. The mixing procedure adopted must
remain consistent during a mix design. In the case of prior treatment with lime
some water will already be in the mix. It has been found prudent to add loh of
water above the design to compensate for that lost during mixing and specimen
preparation.

5.3.4 Addition of bituminous binders

The binder may be added either in its undiluted form after the water has been
mixed in, or in a diluted form. On no account should neat emulsion be added to
any aggregate in which individual particles have been allowed to dry in any way. If
this occurs premature breaking of the emulsion can take place, accompzrnied by
balling of the bitumen. It is important to ensure there is sufficient moisture present
to ensure uniform dispersion of the emulsion through the mix.

The frnal mix is then allowed to stand for 3O-60 minutes before compaction is
carried out, to allow some equilibrium to be achieved within the mix. Shorter
standing times of 15-20 minutes can be used with sandy mixes.

5.4 Specimen Preparation - Foamed Bitumen

Specimen preparation consists of bringing the aggregate to optimum moisture
content and then mixing intimately with freshly prepared foamed bitumen. The
specimen is compacted in either a lO0 mm or 150 mm diameter mould. The lOO
mm mould is used when the percentage retained on the 19 mm sieve is less than
IOoh. A minimum of three binder contents in the range 2%o to 5% is used to prepare
the specimens.

5.5 Specimen Compaction

A maximum voids content of l1oh is recommended to prevent excessive strength
loss due to the possible ingress of water into the materia-l (SABITA 1993). The
voids content of the mix should not be less than 5%. The voids content targeted
will depend on the curing regime and the desired curing rate. Low voids keep out
water but also reduce the curing rate. High voids allow increased curing rates but
allow ingress of water and also contribute to mtting and loss of strength. A lightly
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modifred material with low percentage of bitumen, which has been rapidly broken
by the judicious use of cement, will not require much curing and the frnal voids
level will be a function of the required final density.

In the case of lightly modifred materials vibratory compaction has been found to be
very useful and replicates the compaction process in the held. Vibratory compaction
also prepares good axial specimens for the Repeated Load Triaxial Test (RLT'I) in
the UMATTA. For heavily bound materials, gzratory compaction is the recognised
standard procedure. After rolling mill compaction, it most closely replicates freld
compaction and provides good specimens for testing in the UMATTA in indirect
tension. The various compaction methods available are described below.

5.5.1 Dynamic compaction

Dynamic compaction may be classified into 2 types, that of low frequency and
high impact (such as used in Standard and Modihed Compaction testing), and
that of high frequency and low impact (vibratory compaction).

Marshall equipment is used for lowfrequency and high impact dynamic compaction
and produces specimens ready sized for UMATTA testing in the indirect tensile
testing mode. This type of compaction can also be used to prepare specimens for
the RLTT.

Vibratory compaction using devices such as the Kango Hammer is high frequency
and low impact, and good for producing specimens for RLTT in the UMATTA. Note
that the level of enerry input may vary when specimens with predetermined frnal
densities are malufactured used pre-weighed materials-

5.5.2 Static compaction

Static compaction is ranked the least effective means of preparing specimens
(Austroads 1992). If the method must be used, it is recommended that a floating
mould with 2-way compaction be employed. This approach will help ensure a
consistent density profile through the specimen. The frnal specimen density is
easily controlled using a fixed initial wet mass, which is compressed to a
predetermined set volume. Specimens have good end surface linish, which is
important for testing. Compaction is usually carried out using a universal testing
machine such as used for concrete cylinder testing.

5.5.3 Gyratory compaction

Gyratory laboratory compaction is the recognised method of compaction for heavily
bound materials intended for testing in the UMATTA in indirect tension. The
compaction conditions used for mechanical characterisation should be
representative of the compaction level achieved in the held. The modifred soil
compaction procedure (Standards Australia, 1993a) can be used as a compaction
reference (as for determination of MDD and optimum fluid content). As an initial
guide, mould diameters of 100 and 150 mm would require 80 cycles at2" and24O
kPa, and 3u and 540 kPa respectively.

5.6 Specimen Curing

The intention of specimen curing is to approximate field conditions. There is mixed
evidence concerning the vatidity of using oven curing (to force removal of water
from specimens), to model field conditions. The use of oven curing will provide
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some information on the potential performance of the treated materials, but may
not accurately model future behaviour in the field. It is essential to obtain correlation
between laboratory accelerated curing with freld performance.

Special Note on Curing Cementitious Materials

If cementitious materials are incorporated in the mix, then it is essential that
specimen curing be allowed prior to any oven curing. This ensures that cement
hydration is able to take place, in a similar manner as may occur in the freld. If the
specimens are subjected to oven curing immediately after compaction, all hydration
processes cease because potential hydration water is removed from the specimen.
Specimens treated with cementitious materials should be allowed to cure for a
minimum of 7 days to allow hydration to take place.

The normal curing procedure consists of sealing the specimens in airtight
containers, such as plastic bags, and allowing the compaction water to be used in
the hydration process.

The specimen can then be subjected to either short term or long term oven curing
as an approximation of held conditions. The oven curing procedure is intended to
extract the water from the specimen, allowing it to cure quicker; the process is
described in Section 5.6.3.

If it is desired to investigate the full possible strength gain due to the cementitious
materials then the specimens may be left to cure for a longer time in their sealed
containers. Accelerated oven curing can then be carried out after the specimens
have been allowed to cure for the required period and the cementitious materials
hydrated to the desired level. The oven curing will then allow removal of water
from the mix and assist the emulsion to cure.

As stressed earlier the use of accelerated testing for predicting in situ performance
must be validated with held data.

5.6.1 Initial in-mould curing

Most cold mixes can be removed from the compaction mould imrnediately. However,
in some cases, such as crushed rock with low fines content, the specimen may
have to be left in the compaction mould until adequate strength is achieved to
allow the specimen to stand free of support. Usually this period will not exceed 4
hours but the actual time must be determined by trial.

5.6.2 Standard specimen curing

In this guide, standard curing means using sealed containers such as plastic bags,
where compacted specimens are left to allow hydration to take place in specimens
incorporating cementitious materials. The Standard method is to allow 7 days
curing at23'C in a sealed container or plastic bag. This may be varied if the effects
of additional hydration time on strength and stiffness are to be studied.

s.6.3 Accelerated curing

As indicated earlier, the use of accelerated testing should be validated by field
research. In any case, accelerated curing is intended to assist in identifying the
curing process of the cold mix under investigation. Short term accelerated curing
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is meant to provide information on mix properties immediately subsequent to
pavement construction. Long term accelerated curing provides some information
on optimal mix properties after curing is completed, perhaps 2 years after
construction, when €rny cementitious materials are fully hydrated and all the
emulsion fully cured.

It should be noted however, that this optimal service condition may never be

achieved in the freld. The designer can use accelerated curing as a design aid,
while remaining aware of its limitations.

5.6.4 Short term curing

After removal from the compaction mould, the specimens and their supporting
trays are placed in a fan draft oven set to 40 + 2'C and left for four hours. They are
then allowed to cool to the test temperature of 23"C, which normally takes about
1.5 hours when standing at the test temperature (Bullen 1995). The dry density
and voids content of each specimen is determined as described in AS 1289 Method
5.1.1.

Specimens prepared in the grratory compactor for testing in the UMATTA in its
indirect tensile mode respond better to short term curing due to their size. Larger
specimens, such as those prepared for the RLT'| take longer to cure and are more
prone to moisture variations through their body.

5.6.5 Long term curing

The specimens and their supporting trays are placed in a fan draft oven for 4 days
at 60'C + 2"C. A shorter time is permissible if it has been established that full
curing has been achieved in the reduced time. They are then allowed to cool to the
test temperature of 23"C, which normally takes about 2 hours when standing at
the test temperature (Bullen 1995). The dry density ald voids content of each
specimen are determined as described in AS 1289 Method 5. 1. 1.

5.7 Moisture sensitivity

If the effect of exposure to water is required, then either of two methods is available,
dependent upon whether capillary or full wetting effects is to be studied. This may
be carried out on short or long term cured specimens, as required for the design
process. If rapid, full wetting is to be studied, then the specimen may be immersed
in water at 23'C for 18 hours, followed by 2 hours under vacuum de-airing. The
initial wetting period is to avoid high stresses being set up in the specimen due to
extreme moisture transients which may occur in vacuum de-airing. Specimens
need only be subjected to water exposure during the design process if the
constructed road is be located in a wet region, or an arid region which is subjected
to long periods of localised flooding.

The capillaqr method is used in South Africa (SABITA 1993). The test procedure
has one end of the specimen immersed to a depth of 14.3 mm in a pan containing
25 mm depth of water, at 23'C for 48 hours. The specimen is then inverted and
the other end immersed in water under the same conditions. An interim minimum
value of 50 kPa for the indirect tensile strength after the materia-l has been exposed
to water is suggested until the results of further research provide more reliable
cntena.
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6. MEASURING MIX STRENGTH,
STIFFNESS AND CREEP

The fundamental performance criteria for lightly modified materials are resilient
modulus and deformation resistance. For heavily bound materials, fatigue
performance characterisation should also be determined. Testing for each of those
criteria can be conducted in the laboratory, however, monitoring testing in the
field should be done to determine any shift factors between held and laboratory
testing and also to gauge the effect of curing on those criteria.

The selection of the method of evaluating mix properties will depend upon the mix
type under study. Lightly modifred materials will most likely be evaluated using
the UMATTA in its RLTT mode to determine resilient moduli, and deformation, at
varying stress conditions relevant to the perceived in situ operating conditions.
The test also enables characterisation of the raw granular material and
subsequently, improvements in the raw material properties can readily be gauged,

to optimise the required additive levels.

Heavily bound materials can be evaluated using the UMATTA in its indirect tensile
mode or for fatigue in the form of beam specimens. A perceived drawback of the
indirect tensile test is that a Poisson's ratio must be assigned to the material prior
to testing, and which is used in the calculation of resilient modulus. Thus al
incorrect Poisson's ratio can lead to an incorrect resilient modulus. The Austroads
recofiunended default Poisson's ratios for cemented, granulal, and asphalt materials
are O.2O, 0.35 and 0.4 respectively. If the cold mix has been treated with
cementitious material and is cemented, then a consistent Poisson's ratio value of
O.2 could be used. If the cold mix is heavily bound with emulsion and approaches
asphalt, then 0.35 could be used.

Whatever value is selected should be used consistently during the mix design to
allow test data to be compared.

6.1 Unconfined Compression (UCSI

This test procedure is not suitable for evaluating any basic characteristic of a cold
mix, useful in pavement design. Historically UCS has been used for the design of
cement bound materials. In this case, the use of the UMATTA for resilient modulus
testing is preferred. UCS can be used as an empirical comparative index and

Queensland Transport (199O) has 3 categories of cement treated materials (termed

CTM or CTB) and the assumed moduli and minimum UCS are shown in Table 5.

Further requirements on shrinkage, aggregate characteristics and unconfined
compressive strength exist and reference could be made to the Queensland
Pavement Design Manual (QMRD 1992).

Queensland Transport (Ramanjuram 19941 found from their Warwick trial that
2.Oo/" cement and 3.37o emulsion achieved their UCS target strength of l.O MPa.
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Table 5. Queensland Transport cemented material categories

6.2 Indirect Tension - Indirect Tensile Strength (ITSI

If a UMATTA system for determining the resilient modulus of cold mixes is not
available, the indirect tensile strength (ITS) may be used for determining the stiffness
by means of a regression analysis of stiffness on the ITS. The following relationship
is used in South Africa to estimate the resilient modulus (E) of their granular
emulsion mixes (GEMS) (SABITA 1993), but if it is to be used in Australia, then it
is strongly recommended that the relationship be verified for local materials. The
ITS can be a useful preliminary test to determine the maximum load which may be
used during resilient moduli testing, provided the load-strain relationship can be
accurately monitored to determine the critical strain levels.

For general information, in South Africa, the ITS is determined under quasi-static
conditions at a loading rate of 50 mm/min. and a temperature of 23"C. The
recommended minimum indirect tensile strength is IOO kPa.

E (MPa) = 2.2 x ITS (kPa) + 168

6.3 UMATTA Resilient Moduli

The UMATTA may be used to determine stiffness, which can be used as a measure
of the optimum bitumen content for heavily bound materials. The procedure is
described in Section 5.2. It should be noted that high emulsion contents may be
uneconomical, and lower than optimum emulsion contents may be considered,
provided the mix design criteria are met.

During resilient moduli testing in the UMATTA cold mix specimens which have
high stiffness (say 4000-6000 MPa) due to treatment with cementitious materials
can be very prone to damage at low strain levels. It has been found that about 10
micro-strain should not be exceeded, until it can be shown that the specimen is
not being damaged (Needham and Brown 1995, Bullen 1996). Testing in Australia
and overseas has found that a rise time of 30 ms with an impulse load selected in
the range of 150 kN to 600 kN, is useful to ensure that initial micro-strain levels
are around 10. Initially the lower impulse loads should be used to ascertain the
level of micro-strain being achieved. There are no guidelines for maximum or
minimum resilient moduli in Australia but the recommended minimum resilient
modulus at 2O"C used in South Africa is 100O MPa (SABITA 1993).

Cemented material

Type A Type B

Modulus

(MPa)

UCS

IMPa)

Modulus

(MPa)

UCS

IMPa)

Category 1

Category 2

Special high strength

5000

2000

15000

> 3.0

> 2.O

> 8.0

5000

2000

15000

> 3.O

> 3.0

> 15.0
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6.4 Repeat Load Triaxial Testing (RLT'TI

The RLTT is the more pertinent mode of testing for the evaluation of lightly modifred
(e.g. low percentage of residual bitumen) materials. If UMATTA triaxial equipment
is readily available then it can be used to identify the resilient moduli, stress
dependency and creep deformation characteristics of the cold mix.

6.5 Repeated Load A:<ial Creep (Dynamic creepl

The deformation potential of cold mixes with relatively "high" residual bitumen
contents (say above 2%ol can be investigated using the dynamic creep test, or
laboratory wheel tracking. The procedure for preparation of specimens is the same

Srratory compaction method as used for strength or stiffness. The test method is
set out in AS 289I Method 12.1.

6.6 Beam fatigue

The use of beams for fatigue analysis of cold mixes is at the development stage and
no specific guidelines exist for the manufacture or testing of beams, other than
rolling wheel compaction. If test apparatus is available and time allows the fatigue
properties to be investigated, data should be distributed as wide as possible to
build up a data bank for cold mix performance. Work carried out for the ALF
Stabilisation Trial in Melbourne will assist with the development of a standardised
test procedure-

In the case of lightly modifred material beam fatigue testing will not be relevant, as
the modified material will not behave in a fullv bound manner.
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7. ANALYSIS METHODS FOR
TEST SPECIMENS

The following analysis methods cover most of the test methods likely to be used in
the analysis of cold mix specimens. Other properties which may be required for
evaluation of a cold mix are available in accordance with AS 2891. "Methods of
sampling and testing asphalt".

7.1 Bulk density

The bulk density of the compacted cold mix can be determined in accordance with
AS2891.9.1, AS 2891.9.2, AS 2891.9.3 or AS1289 Method 5.2.1.

7.2 Relative Density

The relative density of a lightly modihed cold mix must be determined in accordance
with AS1289 Method 5.4.r (1993) and Method 5.3.1 (1993).

7.3 Bitumen content

The binder content of the cold mix must be determined in accordance with AS
289 I .3 - 1, AS 2893.2 or AS 289 1.3.3. The most commonly used method in indu str5r

for determination of binder content is AS 289I.3.3.

7.4 Modulus and Creep

These properties of lightly modihed materials cal be determined in accordance
with AS1289 Method 6.8.1, "Soil Strength and Consolidation Tests - Determination
of the resilient modulus and permanent deformation of gralular unbound pavement
materials".
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8. GENERAL ASPECTS OF COLD MIX
PAVEMENT DESIGN

8.1 Introduction

As the level of bitumen increases in the mix the design process becomes similar to
that used for asphalt and laboratory dynamic creep, fatigue and resilient moduli
work can be used to estimate variations in performance with time and temperature.
Some diffrculty is encountered when it must be decided whether to treat the mix
as a lightly modifred granular material or as a heavily bound material. For example,
behaviour can change from essentially unbound to visco-elastic, to brittle fracture,
dependent upon the amount and proportions of bitumen and cementitious
materials.

The change to a bitumen bound material cannot be specifrcally defrned, as the
transition level is dependent on many variables including the aggregate grading
and the amount of clayey fines. In South Africa, an arbitrary value of 1.5% of
residual bitumen has been adopted as the change from modification to stabilisation
(sABrTA 1993)

The prediction of life can be a complicated affair. Any tendency for cracking must
be balanced against any gain in strength and stiffness by the treated material due
to any continued cementitious action and emulsion curing. Figure 3 shows a
schematic performance/degradation model for a hypothetical emulsion and
cementitious material treated pavement. The two h5rpothetical strength-gaining
processes involve tJre curing of bituminous and cementitious binders. The composite
effect will depend on the amount, and curing strength gain of binder(s) present
and the rate of degradation of the cemented material.

true composite effect

I
I

I

Strength

or
stiffness

ompressed zone I

curing strength gain

of emulsion

strength loss due to cracking
of cement modified \

Time or ESA ------------+

compressed zone 2

Figure 3. Schematic representation of the curing process
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Long term emulsion curing may occur where strength and stiffness can increase
for over 2 years, while cementitious action takes place relatively quickly and may
even be completed by the end of construction. Degradation of the cemented bonds
can take place simultaneously while hydration is continuing and curing of the
bitumen emulsion component continues.

The "compressed zones" refer to accelerated freld testing such as occurs with the
ALF. These zones illustrate how the long term degradation of the cementitious
bonds (compressed zone 1) can be adequately evaluated using the ALF but how
the long term strength gains, due to the emulsion, may be incorrectly predicted
(compressed zone 21.

It must also be noted that the curing processes illustrated in Figure 3 will be
affected by any cyclic wetting and drying of the pavement material in the road and
consequent varying damage effect under traffrc loading. The degree of influence of
the cyclic changes on performance and damage will also be dependent on the
stage of curing within the treated material.

8.2 Design Bitumen Content

The design residual bitumen content must be determined using an appropriate
design concept as described earlier, where the level of residual bitumen was seen
to be a function of the required strength properties of the frnal cold mix and
economics. In the case of levels of residual bitumen above (sayl 2.5oh, and if
'modulus" is defined as the governing design criterion, the path identifred as'A"
in Figure 3 may be followed- In the case of a lightly modifred material however,
(say 1% to 1.5% residual bitumen), the path identifred as '8" would likely be
followed.

If deformation resistance is the governing criteria with high percentage bitumen
mixes then the results from the dynamic creep test will be very important. If fatigue
resistance is the governing criteria then specimen stiffness and beam fatigue life
will be the most important criteria. The schematic plot shown in Figure 4 indicates
how resilient modulus may be used to select the design bitumen content.

a
v)
(D
(<

H

U)

Residual Biturnen (%)

Figure 4. Schematic representation of optimising bifitmen content
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8.3 Curing behaviour

The most important aspect to consider in the design phase is the curing behaviour
of the cold mix. Some treated pavements may achieve their full strength at a very
early stage but in other cases a curing period of over two years may be required,
dependent upon whether an emulsion or foam has been used. The curing
phenomenon is a function of water dissipation and removal and thus any wetting
and drying cycle(s) which take place during the curing period will also influence
the time to attain final equilibrium and frnal strength conditions. Even after curing
is completed wetting up still can influence the modulus of the treated material to
a var5ring degree-

Obviously the curing period must be included in the design and hopefully predicted
during the laboratory study phase. For instance, length of the curing period is
affected by many factors including those listed below. In the case of emulsions
and foamed bitumen, the water can assist as a densification and dispersion agent
by setting up vacuum (soil suction) forces as it evaporates. This brings the individual
particles closer together and densifies the mix. The residual bitumen then reinforces
this densifrcation by acting as a binder.

. the rate at which the aggregate absorbs water (rough textured, porous
aggregates reduce the setting or "break" time of the emulsion by absorbing
the water contained in the emulsion)

. the moisture content of the mix after compaction

' the grading of the aggregate and the voids content of the mix

. the type and quality of tJle emulsion

. the mechanical forces caused by compaction and trafhc

' the mineral composition of the aggregate (the rate of cure may be affected by
possible physico-chemical interactions between the emulsion and the surface
ofthe aggregate)

' the electrical charge of the aggregate in relation to that of the emulsion.

. ongoing wetting and dryrng cycles throughout the pavement life.

Any "free" cement or lime present in the mix may act as a catalyst and assist the
breaking of emulsion. Such additions are recommended for thick layers or where
the percentage of voids in the compacted material is very low. As indicated earlier,
good foam and emulsion design plus the judicial use of cementitious materials
can control curing.

8.4 Rutting

Permanent deformation is the result of the accumulation of repeated plastic strains
occurring in the cold mix pavement due to traffrc loading. It is caused by the
combination of consolidation and shear movement. Excessive consolidation is
normally prevented by proper compaction, whereas resistance to shear deformation
is inherent in a proper mix design. Ali cold mixes are sensitive, to some degree, to
perrnanent deformation during the early stages of the curing period, particularly
during the frrst few months after construction.
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During the curing period the pavement will be subjected to cyclic conditions of
temperature and rainfall. Both will quicken or slow the curing process, however,
the overall trend is for the pavement material to cure to an equilibrium situation.
Once this curing process has been completed, perrnanent deformation is rarely
the primary failure mechanism in a well-designed pavement. Naturally wetting up
of the pavement due to water infrltration through surface cracks in periods of
extended rainfall or flooding, will cause a reduction in the strength and modulus
of the treated material.

8.5 Fatigue

The tensile strength of cold mixes with high percentages of bitumen andf or
cementitious materials is progressively reduced by repeated stress applications,
which can lead to fatigue cracking. Such cracking can be controlled by proper
pavement and mix design. As stiffness increases, the cold mix attracts more load
and may be more prone to fatigue, dependent upon the characteristics of the cold
mix and overall pavement structure and traffrc conditions.

8.6 Stiffness

The stiffness of cold mix bases is important with respect to the load-spreading
characteristics of the pavement structure. A stiff layer will help to protect the sub-
base and subgrade and, consequenfly, will reduce the possibility of rutting in the
subgrade. The stiffness of cold mixes is largely governed by the nature of the
initial material and factors such as the amount of curing, compaction, temperature,
rate of loading and use of lime andf or cementitious materials. These factors should
be considered during the mix design and structuraf design processes. The effects
of temperature are assessed by the appropriate laboratory test conditions. The
effect of curing is investigated during the structural analysis by considering various
stiffness vafues at different time intervals during the curing phase (see Section 9).
The effects of wetting and drying cycles must be considered and an evaluation of
moisture sensitivity evaluation (section 5.7) will provide information on the modulus
of the wetted, treated material.

8.7 Moisture Sensitivity

The reduced sensitivity of cold mixes to the ingress of water is attributed to a
perceived coating of the fines. The increased density gained in cold mixes (for
equivalent compaction water and energr) is also a major factor contributing to
their good performance in the presence of moisture. Certain materials, such as

ferricrete and laterites, may be extra sensitive to water, especially at low emulsion
contents.

Logically, the use of larger amounts of emulsion, if costs permit, can improve
"durability" as more of the material is sealed from water. The capillary test or
immersion test described earlier in Section 5.7 can be used to assess the water
sensitivity of cold mixes. Such an approach is of particular importance if the cold
mixes are planned for wet regions.

During the pavement design process, special attention should be given to the
drainage aspects of the road as losses in strength and modulus can occur with
both bitumen foam and emulsion treated material.
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8.8 Economics

This is something that only the client can evaluate. It is not simply a question of
comparing the cost of using, for example, 4.5Vo of Class 320 grade bitumen with
that of using 6.5% of TOoh bitumen emulsion (4.5o/o residual bitumen). There are

cost differentials between plant mixing, and in situ mixing of cold mix, and the
long term structural and economic advantages of the cold mix may outweigh the
bitumen cost differences. The use of cold mixes must be economically justifted
using normal procedures. Some aspects that should be considered during the
economic analysis include:

. additional costs of materials and construction

. benefits in the reduction of hauling and crushing costs

. benefits in the upgrading of marginal materials.

The risk of unforeseen failures, due to factors such as moisture ingress and
construction faults, can be greatly reduced by using cold mixes, compared to the
no-treatment option. The treatment of good and fair quality materials may not
always be cost-effective and should be balanced against the expected improvement
in performance.

In the case of marglnal materials, a balance should be struck between the cost of
treatment for locally available marginal materials, and the haulage costs for
importing good quality material. When the hauling distance exceeds a certain
level, the use of emulsions with marginal materials becomes cost-effective- Excellent
performance of treated marginal materials under accelerated testing with the HVS
in South Africa has been reported (SABITA 1993). Information from the 1996 ALF
Trial in Melbourne will assist in providing information for future economic analyses.
The performance of the marginal sandstone treated vuith2o/o cement artd2o/o residual
bitumen has been excellent.
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9. PREDICTING STRUCTURAL
PERFORMANCE OF COLD MIXES

The pavement design process should comply with the mechanistic principles
promulgated in the Austroads Pavement Design Guide. Before the structural design
process can begin, the following (usual) steps should be undertaken:

. determine cause of pavement failure (if relevant)

. determine pavement and subgrade material properties and conditions

. determine the road category

. determine a design stratery

. determine the traffrc class

. select and evaluate pavement materials

. determine the effect of the environment.

If the amount of residual bitumen is high and the material heavily bound, then the
design will need to prevent fatigue cracking of the cold mix base or sub-base. In
the case of low levels of residual bitumen when the material is lightly modifred,
then the treated material will behave more like an unbound material and fatigue
will not be an issue. In both cases excessive pennanent deformation of the subgrade
must be prevented- Possible failures in the sub-base and selected layers should
also be addressed. The mix design criteria recommended in this document should
prevent emy permanent deformation from taking place within a treated material
during its design life.

The following information is required for the structural design procedure for a
pavement with a treated base:

. number of standard axles over the design period

' type of sub-base

. thickness and stiffness of sub-base

. stiffness of subgrade

. stiffness of treated base at various temperatures and curing intervals

. knowledge of the predictive fatigue relationships.

The stiffness of the treated material changes with time as curing progresses and
will also to some degree (dependent upon level of residual bitumen), be dependent
on temperature, wetting, d.yr.tg and loading. Determining the effects of curing,
temperature and water is therefore, arr integral part of the suggested analysis
procedure (as outlined in sections 5 ald 6).

Once again it rnust be noted that improper specimen preparation, curing and
testing may invalidate the entire design process and there is still the need to
correlate laboratory test performance with field performance.
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9.1 In Situ Cold Mix Performance

To predict the in situ perforrnarrce, the design period can be divided into parts
where each has different stiffness characteristics. The resilient modulus for each
part is a function of temperature (winter or summer conditions), moisture
conditions, amount of curing and any wetting or drying cycles that occur. This is
relevant, to a var5ring degree, for cold mixes with both low and high percentages of
bitumen.

A method proposed by Santucci (SAEIITA 1993) foremulsion treated materials was
simplifred for use in GEMS (SABITA 1993) by making the analysis period quarterly
instead of monthly. Thus a stmctural analysis is done in which the mean base
temperatures for each quarter are taken into account. Temperatures of 23'C and
40'C can be used for winter and summer conditions respectively when determining
the stiffness of the treated base material, but designers may adopt their own values.

The GEMS Manual is presently under review but the concept espoused in Santucci's
approach (an application of Miner's Law) remains valid.

Table 6. Assigning stiffness of GEMS, (SABITA 1993)

Quarter 6 month cure

ldry regionf

1 year cure

(moderate regionf
2 year cure

(wet regionf

I

2

3

4

5

6

7

8

thereafter

0.46x(Mf-Mi) +Mi

0.94x(Mf-Mi) +Mi

Mf

Mf

Mf

Mf

Mf

Mf

Mf

O.3Ox(Mf-Mi) +Mi

O.7Ox (Mf - Mi) + Mi

0.88x(Mf-Mi) +Mi

0.98x(Mf-Mi) +tvti

Mf

Mf

Mf

Mf

Mf

O.18x(Mf-Mi) +Mi

0.46x(Mf-Mi) +Mi

0.64x(Mf-Mi) +Mi

O.74x (Mf - Mi) + wti

0.78x(Mf-Mi) +Mi

O.82x(Mf-Mi) +Mi

O.96x(Mf-Mi) +Mi

0.99x(Mf-Mi) +Mi

Mf

Where Mf = stiffness modulus at

Mi : stiffness modulus at

fully cured state

initial cured state

The mean of the summer ald winter stiffnesses is used
conditions. A method for calculating the stiffness va-lues
for various curing rates, using the resilient moduli before
(laboratory), is illustrated in Table 6.

for spring and autumn
for the different periods
and after the final cure
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Since the values of Mi and Mf in Table 5 are laboratory data they do not necessarily
reflect what will exist in the actual pavement. Designers may use their own Mi and
Mf values, taking into account reduction in moduli due to wetting up of the
pavement. Construction of treated pavements in sumner will enhance early strength
development and reduce moisture sensitivity.

If the stiffness values given in Table 6 are used, the maximum horizontal and
vertical strains in the treated layer and at the top of the subgrade (and wherever
else required) can be calculated for each period using computer progr€rms, such
as CIRCLY. The structural design then follows the normal mechanistic procedure,
similar in process to that outlined in the Austroads Pavement Design Guide.
However, the fatigue relationships to be used would be similar to those established
in the ALF Trials at Cooma (Dash 1996) and Beerburrum, but will be much more
accurately predicted from the ALF Stabilisation Trial at Melbourne.
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10. SUMMARY

In this guide the different approaches for designing mixes using various levels of
emulsions and foams has been presented. When the residual bituminous binder
content is less than about I.soh then a modifrcation (lightly bound) approach is
adopted. This is suitable to recycling marginal material. When the residual binder
content becomes higher a heavily bound approach is adopted.

10.1 Environmental Health and Safety

An increased health and safety awareness by both authorities and workers
internationally, has led to a gradual decrease in the use of cutback bitumen, where
volatiles are released into the atmosphere. Thus the use of emulsions has increased
greatly over the years and this trend is expected to continue.

LO.z Economics

The use of cold mixes should be economically justifred using existing guidelines
(Austroads 1996). When life cycle costs, such as user costs are incorporated into
the evaluation, the additional costs of using cold mixes will be significantly reduced.
This is due to the perceived better performance and reduced maintenance associated
with cold mixes.

Some otleer aspects that should also be included are:

. benefits in reduced hauling and crushing costs for new material.

. benefrts in the superior performance obtained by upgrading existing marginal
material.

. any extra costs incurred in material and construction incurred by the use of
cold mixes-

1O.3 Mix Design

The mix design method describes procedures for estimating the correct composition
of mixes, such as emulsion and foam, to ensure that the intended design criteria
are met. This then provides the design input required for determining structural
performance. Residual binder increments for evaluation will depend on whether
the material is to be lightly or heavily bound. If only a small percentage of bitumen
is envisaged then increments should be about O.sVo, and if a large percentage of
bitumen is envisaged then the increments may initially be increased up to l.Oo/o

before refining the design.

Dependent upon whether the cold mix is lightly modified or heavily bound, the
UMATTA in its repeated load triaxial test (RLT'|) or indirect tension modes is able
to provide information for the resilient moduli in relationship to residual bitumen
content. The mix design procedure should also consider both fatigue and
deformation properties.
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lO.4 Structural Design

The pavement design methodolog' should be linked to the mix design process. In
the case of lightly modifred cold mixes, the applicable moduli and deformation
resistance is best determined using the RLTT operating at the appropriate stress
regimes. Elastic computer progrelms such as CIRCLY are then used to predict in
situ pavement stress and strain.

When heavily treated mixes are used the resilient moduli may be evaluated using
repeat load indirect tension testing, and deformation using the dynamic creep or
wheel tracking tests. Design must include an analysis where the stiffness and
deformation at the different operating conditions (temperature and rainfall) are
estimated, and moisture sensitivity if the environmental conditions warrant such
consideration.

Reference should also be made to Appendix B, for information on accumulation of
structural damage.
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APPENDIX A

The Preliminary Pavement Investigation

Investigation into the cause of pavement defects is essential to determine an
appropriate rehabilitation treatment, which remedies the existing defects and
extends pavement life. In the case of recycling, a site inspection of the candidate
road for rehabilitation should be made, to record the type and severity of pavement
defects. Analysis of pavement defects should be done in conjunction with a

structural assessment of the pavement condition. The structural assessment may
be determined from analysis of pavement deflections under a standardised load.

In the case of a new pavement, this phase will be lirnited to a subgrade investigation.
Selection of appropriate treatment options can then be made a-fter analysing the
investigation data and considering the pavement design life required.

A fuhole-of-life'economic analysis should be conducted for each treatment option,
over the design life required, identifying the total true cost of each treatment. The
analysis should consider things such as ongoing routine maintenance and
rehabilitation costs, as well as initial construction costs and salvage value of the
pavement at the end of the design life.

In addition, trafhc delay and other user costs could be included in the economic

analysis, to gauge the degree of effect of each treatment option, due to the
rehabilitation works.

The following sections provide some guidelines for the steps involved in the
preliminary pavement and material inve stigation.

Site inspection

It is essential to record the t54pe, extent and severity of pavement defects. With
cracking for example, it would be relevant to record crack type (e.g. crocodile

cracking), extent (e.g. extensive occurrence in wheel paths) and crack severity
(e.g. crack width).

Reference should be made to the NAASRA (now AUSTROADS) 1987 publication
titled: 'A Guide to the Visual Assessment of Pavement Condition", for description

of the various types of pavement defects and their possible causes-

Pavement materials analysis

There are two aspects of materials analysis. The frrst is the need to sample in situ
pavement and subgrade materials, to determine exact pavement composition and

assist determination of the causes of pavement defects. In general, samples of
pavement and subgrade materials should be taken to determine particle size

grading, Atterberg limits and moisture content.

The second aspect is to determine recycled mix characteristics (e.g. particle size

distribution of the blend) and appropriate types and levels of additives.
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Deflection testing

Deflection testing provides an indication of the strength and stiffness of the
pavement. If a mobile Deflectograph is used, then deflection 'bowls" can usually
be recorded at about 5 m intervals in both wheel paths. A Falling Weight
Deflectometer (FWD) survey would not have the site coverage of a deflectograph.
For each site tested, however, the FWD enables estimates of the modulus of the
pavement and subgrade layers and interpretation of that data can provide insight
to causes of pavement failure and information for design of the rehabilitation
treatment.

Deflection testing should also be used as a monitoring tool, after recycling, to
measure in-situ strength to check design assumptions and provide a gauge to the
rate of curing of the recycled material.
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APPENDIX B

Accumulation of Structural Damage

The expression in equation I could be said to be a qualitative relationship used to
determine the amount of damage accumulating in the subgrade supporting a cold
mix treated base and/or sub-base. Similar expressions can be easily derived, and
are available, for determining the amount of damage accumulating in an asphalt
layer or any heavily bound material in the pavement. An accelerated full-scale
trial would not follow the relationship below as the tirne and temperature dependent
variables are not truly represented during such a trial.

The first term in the equation considers the behaviour of the pavement due to any
lime or cementitious material while taking account of variations in base properties
during the non-cracked period due to changes in time and temperature. If the
material has not been treated with cementitious materials, and is heavily bound
with emulsion, then this term will be negligible. If the material is cemented however,
then the term carr have a signifrcant effect on extending the life of the subgrade.

The second term accounts for the cracking phase where behaviour gradually
changes from cemented to unbound. Again, this term will be negligible if the material
has no degree of cementation. It accounts for variations in material properties due
to the gradual degradation from fatigue, as well as changes in base load transfer
due to temperature variations and emulsion curing within the base.

The frnal term considers the post-cracking phase where behaviour is fully unbound.
This phase takes account of variations in base contribution due to temperature
variations and emulsion curing. If no cementitious materials have been used then
this term will be the sole one remaining in the equation. It must be remembered
that the relationship is attempting to gauge the life of the pavement with respect
to rutting caused by the accumulation of plastic strain in the subgrade.

where:

Nr.**(ra^,"

N.o-ua**,.

N.**,".^,0

Nro-"**,0

Nt 
1"r^,.

N.o,-,.

a,b,c

is the number of standard axles during the non-cracked, bound material
during various Time and Temperature regrmes.

is the predicted life of the pavement for rutting during the same Time and
Temperature during the same non-cracked period.

is the number of standard axles during cracking for a bound material
during any Time and Temperature.

is the predicted life of the pavement for rutting at any Time and
Temperature during the same cracking periods.

is the number of standard axles loading during any Time and Temperature
during the flexible behaviour period.

is the predicted life of the pavement for rutting at any Time and
Temperature during the same flexible behaviour periods.

are the number of different Time and Temperature periods during the

non-cracked, cracking and flexible phases respectively.
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Thus the designer must know the time and environmental dependent properties
of all materials in the pavement. The time and temperature regimes are determined
after consideration of the curing/strength gain curve which represents the aging
of the emulsion, and the strength gain and cracking of the cementitious ingredients,
while taking into account temperature effects- The transient effects of moisture
ingress are not addressed in equation 1, but can be included if adequate data is
available. Predicting such events is usually beyond the scope of most pavement
designs.

It would be diffrcult to establish a "continuous" relationship that predicts
performance and thus step functions are usually best applied to simpliff the
problem. Such a structural analysis procedure adopted by Marais and Tait (1989)
is used in South Africa (Sabita 1993). However, the problem of how to deal with
the different components of the cold mix continues as the effects of each variable
are inter-dependent and cannot be entirely separated-

50





..1:

....

:.;.::.,,

:rir'.;

..i.

',,4':.

Austrolion Asoholl Povemenf Associotion

level 2, 5 Wellington Skeet

Kew Victorio 310l AUSTRAIIA

Telephone:

Fox:

(03) 98s3 3s9s

{03) 9853 3484
E-moil: info@oopo.osn.ou

Web: www-oopo.osn au


