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Foreword

This manual is a practical guide to asphalt mix design for engrincers and others
concerned with the technicalities of constructing all types of pavement with hot mix
asphalt. It also serves as an excellent texthook for students being initially exposed to
asphalt mix design,

This sixth edition of the Mix Design Manual includes these revisions from previous
editions: the addition of a Voids Filled with Asphalt (VFA) criterion to Marshall mix
design; the recommendation to initially select asphalt content at four percent air voids;
the redefinition of the nominal maximum aggregate size; discussions to assist the
designer in making minor changes in the designed mix; mix design using reclaimed
asphalt pavement (RAP); and procedures used in field verification of asphalt mixtures.

At the time this sixth edition of the Mix Design Manual was released, the asphalt
mix design procedures being developed in the Strategic Highway Research Program
(SHRP) had not been finalized. Therefore, the SHRP mix design procedures have not
been included here. Pleasc contact the Asphalt Institute for the most recent information
concerning SHRP mix design.

Asphalt Institute
Lexington, Kentucky

The Asphalt Institute has used extreme care in the assembly of this
publication. However, the Institute can assume no responsibility for
an error or omission in the printing of these standards. Because
these standards are subject to periodic review and revision, those
who use them are cautioned to obtain the latest revision.
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Introduction

£.01 PURPOSE AND SCOPE — The objective of hot mix asphalt (HMA) mix
design is to determine the combination of usphalt cement and aggregale that will give
long lasting performance as part of the pavement structure. Mix design involves
laboratory procedures developed to establish the necessary proportion of materials for
use in the HMA. These procedures include determining an appropriate blend of
aggregate sources to produce a proper gradation of mineral aggregate, and sclecting the
type and amount of asphalt cement to be used as the binder for that gradation. Well-
designed asphalt mixtures can be expected to serve successtully for many years under
a variety of loading and environmental conditions.

The mix design of hot mix asphalt is just the starting point to assure that an asphalt
concrete pavement layer will perform as required. Together with proper construction
practice, mix design is an important step in achieving well-performing asphalt
pavements. In many cases, the cause of poorly-performing pavements has been
attributed to poor or inappropriate mix design or to the production of a mixturc
different from what was designed in the laboratory. Correct mix design involves
adhering to an established set of laboratory techniques and design criteria. These
techniques and criteria serve as the design philosophy of the governing agency. They
are based on scientific research as well as many years of experience in observing the
performance of asphalt concrete pavements. It is critical that these laboratory methods
be followed exactly as written.

Successful mix design requires understanding the basic theory behind the steps and
following the intent of the written instructions. It also includes having the proper
training in laboratory techniques and effectively interpreting the results of laboratory
tests. This manual was preparcd with these goals in mind. It contains the latest
information for the design of hot-mix asphalt paving mixtures to meet the demands of
modern traffic conditions and to ensure optimal performance of asphalt concrete
pavements.

Chapter 2 of this manual relates the application of mix design and testing to gencral
practice. Testing references and detailed procedures are outlined for the routine
analysis of materials and paving mixtures. A number of aggregate gradation compu-
tations with typical examples of routine calculations related to mix design are included
in Chapter 3. Chapter 4 describes the asphalt mixture properties important to the long
term performance of asphalt pavements.

The principal features of this manual are the detailed prescntations for two methods
of asphalt paving mix design (Marshall Method in Chapter 5 and Hveem Method in
Chapter 6}. The test procedures for each mix design method are described, along with
the corresponding guidelines and procedures for selecting the design asphalt content.
Many of these calculations and guidelines are included in the Asphalt Institute
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Computer-Assisted Asphalt Mix Analysis (CAMA) compuicrt prograal. The Appendix
presents the addition of rectaimed asphalt pavement (RAP) into Marshall and Hveem
mix design.

Each mix design method and the corresponding test criteria are presented without
any specification requirements for materials and construction.  The compuction
method and the level of compaction energy approximale the degree of compaction that
will exist in the pavement after several years of traffic. The design asphalt content is
chosen 1o provide for all of the mix components (asphalt, aggregate, and air) to be in
cofrect proportion at this point in time.

The Marshall and Hveem methods of mix design are both widely used for the design
of hot mix asphalt. The selection and use of either of these mix design methods is
principally a matter of engineering preference, since each methed has certain unique
features and apparent advantages. Both methods are currently being used with
satisfactory results when all of the principles of proper mix analysis are observed.

The durability of aggregates and asphalt-aggregate compatibility can be a major
concern in some cases. Additional material testing topics are covered in Chapter 7.

As stated earlier, laboratory mix design is just the starting point of the process. To
ensure that the mix being placed in the pavement is the same as the mix designed and
evaluated in the lab, field verification and guality control are essential. Chapter 8
describes the various facets of quality management systems for asphalt mixes.

1.02 HOT MIX DEFINED — Hot mix asphalt paving materials consist of a
combination of aggregates that are uniformly mixed and coated with asphalt cement.
To dry the aggregates and obtain sufficient fluidity of the asphalt cement for proper
mixing and workability, both must be heated prior to mixing—giving origin tothe term
“hot-mix.”

The aggregates and asphalt are combined in an asphalt mixing facility, continuously
or in batch-mode. These two main components are heated to proper temperature,
proportioned, and mixed to produce the desired paving material. Afterthe plantmixing
is complete, the hot-mix is transported to the paving site and spread with a paving
machine in a partially-compacted layer to a uniform, smooth surface. While the paving
mixture is still hot, it is further compacted by heavy self-propelled rollers to produce
a smooth, well-consolidated course of asphalt concrete.

1.03 CLASSIFICATION OF HOT MIX ASPHALT PAVING — Asphalt
paving mixes may be designed and produced from a wide range of aggregate blends,
each suited to specific uses. The aggregate composition typically varies in size from
coarse to fine particles. Many different compositions are specified throughout the
world — the mixes designated in any given locality generally are those that have
proven adequate through long-term usage and, in most cases, these gradings should be
used.

For a general classification of mix compositions, the Asphalt Institute recommends
consideration of mix designations and nominal maximum size of aggregate: 37.5 mm
(1-1/2in.),25.0mm (1 in.), 19.0 mm (3/4in.), 12.5 mm (1/2in.), 9.5 mm (3/8 in.), 4.75
mm (No. 4), and }.18 mm (No. 16), as specified in the American Society for Testing
and Materials (ASTM) Standard Specification D 3515 for Hot-M, ixed, Hot-Laid

MS-2 3

Biruminous Paving Mixmures. The grading ranges and asphalt content limits of these
uniformly-praded dense mixes penerally agree with overall practice but may vary from
the practice of a particular local area. Further discussion of asphalt mixture graciatinns
is presented in Article 2.03.

Depending on the specific purpose of the mix, other non-uniform gradings have
been used with great success, such as gap-graded and open-graded aggregate compo-
sitions,  The design philosophy and construction provedures of these mixes e
differeni becavse of the additional void space incorporated between the larger
puarticles. The design procedurcs in thns manual should not be uscd for gap-graded or
open-graded asphalt mixiures.
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Mix Design Practice

2.01 GENERAL — Agphalt paving mix design demands atlention w the detads
oullined in standard test procedures. Primarily, this means following specific, writien
instructions. But it also means having proper training in laboratory technigue and the
relation of mix design testing to pavement field specification requirements.

While mix design often is treated as an 1solated subject, it cannot be separated from
the other related items of the material specifications. It is the purpose of this chapter,
therefore, to cite the general objectives of mix design and present a guide for applying
the mix design principles to asphalt paving construction specifications.

2.02 OBJECTIVES OF ASPHALT PAVING MIX DESIGN — The design of
asphalt paving mixes, as with other engineering materials designs, is largely a matter
of selecting and proportioning materials to obtain the desired properties in the finished
construction product. The overall ohjective for the design of asphalt paving mixes is
to determine (within the limits of the project specifications) a cost-effective blend and
gradation of aggregates and asphalt that yields a mix having;

(1} Sufficient asphalt 1o ensure a durable pavement.

(2) Sufficient mix stability to satisfy the demands of traffic without distortion or

displacement.

(3) Sufficient voids in the total compacted mix to allow for a slight amount of
additional compaction under traffic loading and a slight amount of asphalt
expansion due to temperature increases without flushing, bleeding, and loss of
stability.

(4) A maximum void content to limit the permeability of harmful air and moisture
into the mix.

(5) Sufficient workability to permit efficient placement of the mix without segrega-
tion and without sacrificing stability and performance.

{6) Forsurface mixes, properaggregate texture and hardness to provide sufficient
skid resistance in unfavorable weather conditions.

The final goal of mix design is to select aunique design asphalt content that will achieve
a balance among all of the desired properties. Ultimate pavement performance is
related to durability, impermeability, strength, stability, stiffness, flexibility, fatigue
resistance, and workability. Within this context, there is no single asphalt content that
will maximize all of these properties. Instead, an agphalt content is selected on the basis
of optimizing the properties necessary for the specific conditions.

Since the fundamental performance properties are not directly measured in a normal
mix design, asphalt content is selected on the basis of 4 measured parameter that best
reflects all of these desires. Considerable research has determined that air void content
is this parameter. An acceptable air voids range of three to five percent is most often
used. Within this range, four percent air voids is often considered the best initial
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estimate for a design that balances the desired performance properties.  Slight

refinements are then considered in the unulysis of the mix testing resuhts,

Mix Type Selection

2.03 GENERAL — Dense-graded HMA mixtures are gencrally divided into three
major categories dependent upon their specific use:  surface mixiures, binder or
intermcdiate mixtures, and base mixtures. HMA mixtures are typically designed with
layer thickness and availability of aggregates in mind. The maximum sizc aggregate
is generally largest in the base, smaller in the binder or intermediate course, and finest
in the surface course; however, this practice is not universal. Nevertheless, any
properly designed HMA mix can generally serve at any level in the pavement. Surface
course mixtures may become “binder” mixes if subsequently overlaid, so strength
requirements should not be compromised regardless of the location of the mix within
the pavement.

Generally, there is no single, uniform standard set of HMA classifications used by
the various public agencies. There are similarities with respect to mixture types, but
the geographic availability of materials and different climatic design requirements
have led to various identifications. Fach agency usually has its own designation for
identifying various mixture types. While most HMA mixtures have a typical design
use, these mixes offer a wide range of performance characteristics and there 18
substantial overlap of mixture application.

This article describes the various types of HMA mixtures and typical applications.
One national standard that identifies HMA according to maximum aggregate size and
gradation is ASTM D 3515, Standard Specifications for Hot-Mixed, Hor-Laid Bitumi-
nous Paving Mixtures. The aggregate gradations given in the various figures have been
taken from this specification. Table 2.1 presents the dense-graded mixture gradations
from ASTM D3515. HMA mix types can generally be narrowed down to discussions
of the mixture gradation (dense-graded or open-graded) and the maximum aggregate
size (sand-asphalt up to “large-stone” mixes).

Depending on the gradation, pavement layers are confined to practical minimum
and maximum lift thicknesses. The minimurn thickness for a surface mix usually varies
from 2 to 3 times the maximum aggregate size; however, the actual minimum thickness
of any course is that which can be demonstrated to be laid in a single lift and compacted
to the required uniform density and smoothness. The maximum lift thickness is usually
governed by the ability of the rollers to achieve the specified compaction for that layer.

Regardless of the mixture classification, the same degree of design, production, and
construction control procedures should be used to ensure proper performance of the
pavement.

Surface Course Mixtures

Surface course mixes must be designed to have sutficient stability and durability to
both carry the anticipated traffic loads and to withstand the detrimental effects of air,
water, and temperature changes. In general, surface mixtures have a greater asphalt
content than binder or base mixtures due to the higher VMA requirements of smaller
maximum aggregate size mixtures. Maximum aggregate sizes for surface mixes vary
from 9.5 to 19 mm (3/8 to 3/4 in.). The choice of maximum aggregate size is often
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Figure 2.1 — Typical surface course gradations

predicated on the desired surface texture, with a smaller maximum size aggregate
producing a smoother, tighter surface. Figure 2.1 illustrates typical gradation ranges
of 9.5mm (3/8 in.) and 19 mm (3/4 in.} nominal maximum size dense-graded mixtures.

A special type of surface mixture used for reducing hydroplaning and increasing
skid resistance is an open-graded friction course (OGFC), also known as a porous
friction course (PFC}) or popcorn mix. The function of this mixture is to provide a free-
draining layer that permits surface water to migrate laterally through the mixture to the
edge of the pavement. The open-graded mixture also provides a skid resistant surface
as its coarse texture provides excellent friction between the pavement and the tire,
OGFCs contain a relatively high asphalt content using a 9.5 to 12 mm (3/8 to 1/2 in.)
maximum size aggregate, with few aggregate fines to produce the ‘open-graded
mixture. Typically placed in 16 to 19 mm (5/8 to 3/4 in.) thicknesses, the mixes are
placed only to facilitate rapid removal of surface water and not as an improvement to
structural capacity. Figure 2.2 shows the gradation range of a typical 9.5 mm (3/8 in.)
open-graded friction course.

Binder Course Mixtures

Binder mixes are often used as an intermediate layer between the surface mixture
and the underlying asphalt or granular base. Binder mixes typically have a larger
maximum size aggregate of 19 to 38 mm (3/4 to 1.5 in.), with a corresponding lower
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Figure 2.2 — Typical open-graded mixture gradations

asphalt content, Binder and base mixes are often used interchangeably in pavement
design and construction. Where heavy wheel loads are involved, a typical binder mix
for highway construction can be used as a surface mix if a coarser surface texture will
not be aconcern. This approach has often been used in port facilities using heavy cargo
handling vehicles; in logging yards that use large log-handling vehicles; and for truck
unloading and industrial areas with high percentages of heavy trucks. Largeraggregate
mixes (with less asphalt and sand contents) are often more resistant to the scufting
action of tight radius power steering turns. Figure 2.3 shows the gradation range of a
25 mm (1-in.) nominal maximum size dense-graded mix.

Base Course Mixtures

Hot mix asphalt base mixes can be placed directly on the compacted subgrade or
over a granular base. HMA base mixes are characterized by larger aggregate sizes that
range up to 75 mm (3 in.). The relative asphalt content will be lower due to the larger
maximum aggregate size, which is appropriate because this mixture is not exposed to
climatic factors. Maximum aggregate sizes for base mixtures are often established by
the locally available material. Figure 2.3 illustrates the gradation range of a 50 mm
(2-in.) nominal maximum size dense-graded HMA.

Base mixes can also be designed with an open gradation to facilitate drainage of
water that may eventually enter the pavement structure. A similar type open-graded
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Figure 2.3 — Typical binder and base course gradations

mix is used as a crack-relief layer in pavement rehabilitation, Open-graded base
mixtures are designed to provide an interconnecting void structure, using 100 percent
crushed materials with maximum aggregate sizes of about 38 to 76 mm (1.5 to 3 in.).
Positive, free drainage must be incorporated in the overall pavement design with these
layers. Figure 2.2 shows the gradation range of a typical 50 mm (2-in.) open-graded
mixture.

Sand-Asphalt Mixes

An appropriately graded manufactured sand or natural sand or a combination of
both can be used effectively as either a base or surface mixture. The primary difference
between a base and surface sand-asphalt mix would be in the amount of asphalt cement
and minus 75 1 m (No. 200) material that may be specified. Also known insome areas
as aplant-mix seal ot as sheet asphalt, sand-asphalt mixes do not normally have the high
stability associated with larger-sized aggregate mixtures. These types of mixtures are
not recommended in heavy traffic-load areas.

Sand-asphalt mixes produce the tightest surface texture of any HMA and with
proper selection of aggregate type (hardness and shape} can also produce a highly skid
resistant mixture. An additional advantage of sand mixes is that they can be placed in
thicknesses as thin as 15 mm (0.60 in.). For this reason sand mixes can be used as a
thin leveling course prior to an HMA overlay. A sand asphalt mix can be made into
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a sheet asphalt by the addition of relutively lurge atounts ol nuneral Ifler and asphall
cement.

2,04 DESIGN METHOD AND REQUIREMENTS — Ultimatcty, one should
recognize thal the mix design method and design requirements form an essentie/ par
of the construction specifications for asphalt paving prajects. The constiuction apency
or wuthority responsible for of the paving construction usually establishes (he mix
design method and design requirements. Once these Hems are eslublished, it then
becomes the duty and responsibility of (the engineer (o do the mix design wilhin the
framcwork of all the specification requirements,

The Marshall and Hveem methods ot mix design prescnted in this manual have been
widely used with satisfactory results. For each of these methods, criteria have been
empirically developed by correlating the results of laboratory tests on the compacted
paving mixes with the performance of the paving mixes under service conditions. In
each instance, however, the correlation was made within certain limits; these limits are
clearly listed for each method.

IMPORTANT: For the above reasons, the design criteria for each mix
design method are applicable only to the prescribed test procedure within
the limits of the original correlation. Hasty or haphazard modification of
these design methods, test procedures or design criteria is never justi-
fied. Inthose cases where it can be clearly shown that a modification or
extension of the design method is needed, all proposed changes should
be fully supported with additional correlation data covering the new limits
or conditions of design.

All mix design procedures involve preparing a set of trial mixture specimens using
materials proposed for use on the project. An examinaticn of the standard procedures
will indicate that there are three key components of mix design:

« laboratory compaction of trial mix specimens,
« stability (or strength) and volumetric testing, and
» analysis of results.

An additional step that is becoming more common is the evaluation of moisture
susceptibility or the compatibility of the aggregate and the asphalt cement.

The purpose of laboratory compaction is not to produce conveniently-sized trial
mixture specimens. The compaction technique is intended to simulate the in-place
density of HMA after it has endured several years of traffic. Numerous studies have
been done to compare the measured properties of cored specimens to laboratory-
compacted specimens of actual plant-mixed materials. Research has failed to establish
one compaction method which consistently produces the closest simulation to the field
for all of the measured properties. Four compaction methods are currently in use:
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+ impact compaction, used in the Marshall mix design method
» kneading compaction, used in the Hveem mix design method
+ scveral forms of gyratory compaction

« compaction using vibratory impact hammers

Various agencies have investipated the use of gyratory compaction to replace the
currently accepted compaction procedures. The impact and kncading compaction
procedures used in the Marshall and Hveem mix design methods, respectively, shoutd
not be altered unless extensive studies have been performed to validate the alternate
compaction procedure.

After taboratory compaction, the specimens are lested for strength and density or
void properties. Normally, five trial mixtures are compacted. The aggregate gradation
remains the same for each trial and the asphalt content is varied. Toensure statistically
significant results, at least three replicate specimens of each trial mixture (i.e. asphalt
content) should be prepared.

2.05 EVALUATION AND ADJUSTMENT OF MIX DESIGNS — When
developing a specific mix design, it is often necessary to make several trial mixes to
find one that meets all of the design criteria. Each trial mix design, theretfore, serves
as a guide for evaluating and adjusting the trials that follow. For preliminary or
exploratory mix designs it is advisable to start with a blended aggregate gradation that
approaches the median of the specification limits. Initial trial mixes are used to
establish the job-mix formula and verify that an aggregate gradation within the
specification limits can be produced by the central mixing facility. This assurance is
particularly important when there are no service records available on the prospective
aggregate sources,

When scheduling preliminary mix designs, it should be verified that both asphalt
and aggregate materials meet the proposed specification requirements. When several
possible sources of aggregate are to be considered, it may be necessary to make a
anumber of trial mix designs to determine the most economical combination of
aggregates that will fulfill all of the specification requirements. The results of the
preliminary mix designs serve as a basis for making a preliminary estimate of costs.

When the initial trial mixes fail to meet the design criteria at any selected asphalt
content, it will be necessary to modify or, in some cases, redesign the mix. To correct
adeficiency, the easiest way to redesign a mixture is to change the aggregate gradation
by adjusting the component percentages. Often this adjustment is enough to bring all
properties within compliance. If adjusting the percentages is not adequate to meet all
of the design criteria, serious consideration should be given to changing one or more
material sources.

For many engineering materials, the strength of the material frequently denotes
guality; however, this is not necessarily the case for hot mix asphalt. Extremely high
stability often is obtained at the expense of lowered durability, and vice versa.
Therefore, in evaluating and adjusting mix designs always keep in mind that the
aggregate gradation and asphalt content in the final mix design must strike a favorable
balance between the stability and durability requirements for the use intended.
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Moreover, the mix must be produced as a practical and economived construction
aperation.

Grading curves are helpful in muking necessury adjustiments in niix designs. For
example, cutves determined Trom the Fuller cquation™ represent mix conditions of
praximum density and minimum voids in minerul nggreguie (VMA). Paving mixtures
with sach curves may he casily compacted, but lend to pack very tight and have air void
vontents that are too low. Usually, deviations trom these curves will resuld m ingher
VMA and lower densities for the same compactive effort. 'The extent ol change in
density and VMA depends on the amount of adjustment in fine or coarse aggregate.
Figure 2.4 illustrates a scries of Fuller maximum density curves plotted on a conven-
tional semi-log grading chart.

Figure 2.5 illustrates maximum density curves determined from the maximum
density eqguation with particle sizes raised to the 0.45 power** and plotted on the
Federal Highway Administration grading chart (based on ascale raising sieve openings
to the 0.45 power). Many designers find this chart more convenient to use for adjusting
aggregate gradings. The curves on this chart, however, need not be determined from
the maximum density equation. They may be obtained by drawing a straight line from
the origin at the lower left of the chart to the desired maximum particle size™** at the
top 100 percent passing line. Gradings that closely approach this straight line usually
must be adjusted away from it within acceptable limits to increase the VMA values.
This allows enough asphalt to be used to obtain maximum durability without the
mixture flushing.

These are general guidelines for adjusting the trial mix, but the suggestions outlined
may not necessarily apply in all cases:

(a) Voids Low, Stability Low—Voids may be increased in a number of ways. Asa
general approach to obtaining higher voids in the mineral aggregate (and therefore
providing sufficient void space for an adequate amount of asphalt and air voids) the
aggregate grading should be adjusted by adding more coarse or more fine aggregate.

If the asphalt content is higher than normal and the excess is not required to replace
that absorbed by the aggregate, the asphalt content may be lowered to increase the voids
provided adequate VMA is retained. It must be remembered, however, that lowering
the asphalt content may decrease the durability of the pavement. Too much reduction
in asphalt content may lead to brittleness, accelerated oxidation, and increased
permeability. If the above adjustments do not produce a stable mix, the aggregate may
have to be changed.

#p = 100(d/D)0-3 in which, p = total percentage passing given sieve
d = size of sieve opening
D = largest size (sieve opening) int gradation

#*P = | ()()(d,fD)UAS

*#¥For processed aggregate, the maximum particle size in a standard set of sieves listed in the applicable
specification is two sizes larger than the first sieve to retain more than 10 percent of the material.
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It usually is possible to improve the stability and increase the aggrepate void content
of the mix by increasing the amount of crushed matertals and/or decreasing the amount
of material passing the 75 (L m (No. 200) sieve, With some agpregates, however, the
freshly-fractured faces are as smooth as the water-worn faces and an appreciable
increase in stability is not possible. This is generally true of quartz orsimilur rock types.
By adding more manufactured sand, the void content can also be improved withoul
sacrificing mix stability.

(b) Voids Low, Stability Sarisfactory—Low void content may cventually result in
instability due to plastic flow or flushing after the pavement has been ¢cxposed to traffic
for a period of time because of particle reorientation and additional compaction.
Insufficient void space may also result because of the amount of asphalt required to
obtain high durability in finer mixes, even though stability is initially satisfactory for
the specific traffic. Degradation of a poor aggregate during mixture production
and/or under the action of traffic may also subsequently lead 1o instability and flushing
if the void content of the mix is not sufficient. For these reasons, mixes low in voids
should be adjusted by one of the methods given in (a) above, even though the stability
may initially appear satisfactory.

(c) Voids Satisfactory, Stability Low—Low stability when voids and aggregate
grading are satisfactory may indicate some deficiencies in the aggregate. Consider-
ation should be given to improving the coarse aggregate particle shape by crushing, or
increasing the percentage of coarse aggregate in the mixture, or possibly increasing the
maximum aggregate size. Aggregate particles with rougher texture and less rounded
surfaces will exhibit more stability while maintaining or increasing the void content.

(d) Voids High, Stability Satisfactory—High void contents are frequently associated
with mixes found to have high permeability. High permeability, by permiiting
circulation of air and water through the pavement, may lead to premature hardening of
the asphalt, ravelling of aggregate, or possibly stripping of the asphalt off the aggregate.
Even though stabilities are satisfactory, adjustments should be made to reduce the
voids. Small reductions may be accomplished by increasing the mineral dust content
of the mix. It may be necessary to select or combine aggregates to a gradation which
is closer to the maximum density grading curve.

(&) Voids High, Stability Low—Two steps may be necessary when the voids are high
and the stability is low. First the voids are adjusted by the methods discussed above.
If this adjustment does not also improve the stability, the second step should be a
consideration of aggregate quality as discussed in (a) and (b) above.

2.06 QUALITY MANAGEMENT TESTING SYSTEM — Mix design testing
for asphalt paving construction is only the starting point of the process of producing a
quality pavement. Field verification testing must be continually performed on the
field-produced mixture to ensure that the criteria established and used in laboratory
design for the particular mixture are being met on the job. Significant equipment and
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material differences exist between the small scale aperation of the laboratory mixing
bowl and an asphalt mixing facility. Field verification of hat mix asphall is necessary
to measure what differences exist and to determing what, if any, corrective measures
need to be taken. It is important to note that mix design criteria apply equaldly 1o both
field produced mixtures and labortory mixed specimens.

Normally, a lotal guality management system will have four imporfant phages
wilhin the overall project: pre-production sampling and testing, inilial job-mix formula
verification, daily job-mix control festing during production. and in-place acceptance
testing. The following ouilines the purpose ol cach phase ol the qualily assurance
system, 'This outline is intended to show only the relationship of mix design testing to
the overall program of job inspection and control. More discussion of quality
management 1s contained in Chapter 8. The actual details of field inspection may be
found in the Asphalt Institute’s Principles of Construction of Hot-Mix Asphalt
Pavements, Manual Series No. 22 (MS-22).

(a) Pre-Production Sampling and Testing—The principal purpose of this phase is
to determine that the prospective sources of aggregate and asphalt are of satisfactory
quality and will produce a paving mix satisfying all of the physical requirements and
mix design requirements contained in the specifications.

(b)yJob-Mix Formula Verification—In this phase, tests are performed at the start of
plant production to compare field-produced mixture properties with the previously-
established job-mix formula that was based on laboratory-mixed specimens. This is
one of the key points of quality control for the paving construction since the job-mix
formula establishes the actual gradation and asphalt content of the production mix. It
may be necessary to make slight adjustments in the job-mix formula due 1o the
characteristics of aggregate components. If the specifications are met, these results
may then serve as the new adjusted job-mix formula and would then be the accepted
target for all quality control testing that occurs.

When a field laboratory is required by the contracting agency and
used for the purpose of job mix control, it should meet the same
requirements for test equipment and test procedures as a central labora-
tory.

(c)Daily Job-Control Testing—Quality control testing is performed during produc-
tion to indicate if any of the mix properties deviate from the specifications. This testing
is performed on an established schedule during the paving operation. Representative
samples of the hot mix asphalt are obtained at the mixing facility and analyzed for
design properties. (A random sampling method should be used to obtain HMA
samples.) The results are compared with the job-mix countrol specifications. When
irregularities occur and the limits of the job-mix formula are exceeded, appropriate
corrections may be required at the plant. Occasionally, situations may warrant re-
evaluation and redesign of the paving mixture,
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{dy In-Place Acceptance Testing—Acceptance sampling and testing of in-place
HMA can be authorized by the specifying agency to assure that satisfactory quality
control has been exercised Lo atlain the proper specification compliance. Its impor-
tance is cmphasized by the fact that the results of these tests serve as a basis for the final
acceptance of the paving construction by the owner.

2,07 AGGREGATE SEZE FRACTIONS — ki is abmost universal praclice to
specify the gradation of aggregatcs on the basis of the total aggregute grudalion, ie.,
total percent by weight passing the designated sicve sizes. The individual {Tactions of
the total aggregate gradation, however, are typically designated in terms such as:

Coarse Aggregate [retained on 2.36 mm (No. 8) sieve]
Fine Aggregate [passing 2.36 mm (No. 8) sieve]
Mineral Filler [passing 75pm (No, 200) sieve]

It is also important o note that the aggregate gradations and individual fractions are
specified independently of the total mix compositicn or binder content; i.e., the total
aggregate equals 100 percent.

Apggregate materials often are also identified in broader terms such as rock, sand,
and filler, or in terms of aggregate size designations as supplied by the aggregate
producer, such as 57s, 68s, and 8s. These terms usually are applied to the stockpiled
materials supplied to the job site. These definitions appear to have the greatest usage:

Rock—Material that is predominantly coarse aggregate [retained on 2.36 mm
{No. 8)]

Sand—Material that is predominantly fine aggregate [passing 2.36 mm (No. 8)]

Filler—Material that is predominantly mineral dust [passing 75 um (No, 200)]

Chapter 3 presents further information on aggregate gradations and blending calcula-
tions.

208 PROPORTIONING AGGREGATE AND ASPHALT — When propor-
tioning asphalt and aggregate it is important to note that the asphalt content may be
expressed either as a percentage by weight of total mix or as a percentage by weight
of dry aggregate. While expressing asphalt content as a percentage by weight of total
mix is most common, each method of specifying asphalt has certain advantages and
either method is acceptable provided it is clearly understood which method is being
used. This example illustrates the two methods:

Assume that a given mix contains aggregates and asphalt in the proportion of 45.36
kg (100 Ib.) of aggregate to 2.72 kg (6 1b.) of asphalt. The asphalt content of such
amix could be expressed as (2,72 + 45.36) 100 = 6.0 percent asphalt by weight of
dry aggregate. This asphalt content may alsobe expressed as[2.72 + (45.36+2.72)]
100 = 5.7 percent asphalt by weight of total mix.
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of the contract and/or project spectfications. These tost methods are recommended if
others are not specified. (Test methods shall be the tatest revision of methods adopred
by the American Association of Stare Highway and T'ransportation Officials or the
American Society for Testing and Materials.)

ASTM AASHTO
Designalion Designution
(a) Asphalt Cement -
Penetration D35 T 49
Viscosity
Absolute D 2171 T 202
Kinematic D 2170 T 201
Flash Point D92 T 48
Thin Film Oven Test D 1754 T179
Rolling Thin Film Oven Test D 2872 T 240
Ductiliry D113 T 51
Solubility D 2042 T 44
Specific Gravity b 70 T 228
(b) Mineral Aggregates
Los Angeles Abrasion Cl13lor T 96
C535
Unit Weight C29 T19
Sieve Analysis (Aggregates) C136 T27
Sieve Analysis (Filler) D 546 T 37
Specific Gravity (Coarse) C 127 T 85
Specific Gravity (Fine) C128 T 84
Specific Gravity (Filter) D854 or T 100 or
C 188 T 133
Sulfate Soundness C88 T 104
Sand Equivalent D 2419 T 176
Particle Shape D 4791
(c) Hot Mix Asphalt Paving
Asphalt Content (extraction) D 2172 T 164
Asphalt Content (nuclear) D 4125 T 287
Recovery of Asphalt D 1856 T 170
Density and Voids Analysis See Chapter 4
Maximum Specific Gravity of
Paving Mixtures D 2041 T 209
Bulk Specific Gravity D 1188 or T 166
D 2726
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2.10 MATERIAL SAMPLING AND TESTING — Prior to mix design testing,
ample representarive samples of nggregates and asphalt should be oblained 1o
accomplish the required number of tests. These muterial quantities are suggested:

Asphalt Coment . 4 liters (1 gul)
Coarse Aggregate (or Rock) v 23 kilograms (30 1b.)
Fine Aggregate {0 5and) .viininimninnn, 25 kilograms (30 Ib.)
Filler {when required) ..., 10 kilograms (20 1h.)

Additional materials may be required if the above quantities result in appreciable
wasile when combining materials for the design gradation, or if several aggregate
combinations are to be investigated, or if’ water sensitivity analysis of the asphalt
mixture is to be performed.

Each material sample should be completely identified by source location, project
location, and project number or job number. Each asphalt cement sample should be
stored in clean, small metal containers with tight 1ids or covers to avoid the necessity
of reheating the entire supply each time a mix is tested. Each aggregate sample should
be placed in a tightly woven cloth sack, securely wired or tied.

In advance of the mix design testing, a list or schedule of the tests to be performed
should be made. Tests should be performed in proper and fogical sequence. It is
important that all material specification tests be completed before the mix design tests
are started. In this way sources of substandard aggregates are eliminated from the
design studies. Chapter 3, Evaluation of Aggregate Gradation, suggests a schedule of
aggregate analysis and testing.

2.11 PREPARATION OF TEST MIXES — Detailed procedures used in the
preparation of test mixes for each method of mix design are outlined later in this
manual. In general, the procedures illustrated in Figures 2.6 through 2.9 are used.

MS-2
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Figure 2.7 — Heating aggregate batches in oven
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Evaluation of Aggregate
Gradation

3.01 GENERAL — Aggregate pradation anabysis and the combining of aggregates
to obtain the desired gradation are important sieps in hot mix asphalt design. The
aggregate pradation must meet the gradation requirements of the project specifications
and yield a mix design that meets the criteria of the mix design method. The gradation
should also be made up of the most economical aggregates available that are of suitable
quality. Quality of aggregate particles in terms of physical characteristics is discussed
in Chapter 7.

This chapter outlines the recommended steps for analyzing aggregates for asphalt
paving mix design. The methods illustrated by these examples are applicable to
blending and adjusting the aggregate gradation in laboratory control of the mix, in
production control of aggregates, and in plant control during construction.

Fresa gl Y 3.02 ANALYZING AGGREGATE FOR PRELIMINARY MIX DESIGNS —
Figure 2.8 — Adding asphalt to heated aggregate For preliminary mix designs, aggregate analysis will be governed, to some extent, by
the method of producing the gradation during construction. Different methods may be
used, depending on the type of local aggregate sources and the project specifications.
In smaller operations, aggregates from local sources are sometimes produced either as
a “single aggregate,” or as a “major aggregate” supplemented by minor additions of
filler or “sized aggregates.” “Single aggregate” production operations will cften
require a certain amount of “waste” to obtain the desired grading. In larger operations,
aggregates from commercial producers are usually supplied as “sized” aggregates, in
which case all of the various required sizes are blended, with or without filler, to
produce the aggregate gradation desired.

The laboratory procedures below normatly apply to the testing of aggregates for
preliminary mix designs. It may be necessary to modify this plan to meet the testing
requirements that arise during the progress of the mix design.

(a) Dry all aggregate samples to constant weight at 105°C to 110°C (220°F to

230°F). Separate pans should be used for each aggregate sample.

(b} Perform washed sieve analysis and specific gravity tests on representative
samples including filler from each proposed aggregate source.

(c) Compute a blend of aggregates to produce the desired mix gradation, using the
gradation for each aggregate source (adjusted for waste if required). A starting
point for preliminary mix designs would be an aggregate gradation that
approaches the median of the specification limits.

Figure 2.9 — Mechanical mixer for batch mixing of asphalt and
aggregate
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{d) Separate each dricd aggregate into fractions (sizes) if nccessary based on the
results of (h). These sizes arc generally recommendeds

plus £9.0 mm {3/4 in.)

FO.0 mm (3/4 in) 1o 9.5 mm {38 in.)
8.5 mm 38 in.)y 0 4.75 mm (No. 4)
4.75 mm {No. 4) to 2.36 mm {No. §)
minus 2.36 mm (No. 8)

The size separations may vary depending on the amount of material in each
fraction for a specific aggregate. Combine fractions it nccessary.

{&) Compute the blend proportions and batch weights (see Article 3,13) of the sized
aggregates and filler required to produce batch mixes of the desired gradation.
As a matter of practical convenience it is preferable to use the same weight of
aggregate for each batch in the trial mixes.

(f) Preparc mix design test specimens in accordance with the procedure prescribed
for the particular mix design method being used.

3.03AGGREGATE ANALYSIS FOR JOB-MIX FORMULA — To determine
the job-mix formula, the aggregate analysis will be somewhat governed by the number
of aggregate stockpiles and the type of hot mix asphalt mixing facility being used. This
phase of mix design estahlishes the job-mix formula that defines the actual gradation
and asphalt content to be obtained in the finished construction.

The procedures below normally apply to the testing of aggregates for establishing
the job-mix formula at the mixing facility. More discussion on verification of the
asphalt mixture at the mixing facility is found in Chapter 8. For the actual details of
field sampling, plant calibration and control, refer to the Asphalt Institute’s Principles
of Construction of Hot Mix Asphalr Pavements (MS-22). It may be necessary to modify
this plan to suit the contro! features of the mixing facility,

(a} Secure representative samples from each aggregate stockpite, including filler,

to be used in the production of the hot mix asphalt. ,

(b) Dry all aggregate samples to constant weight at 105°C to 110°C (220°F to
230°F). Scparate pans should be used for each aggregate sample,

{c) Perform washed sicve analysis and specific gravity tests on representative
samples from the respective stockpiles.

{d) Compute the blend of aggregates required to produce the desired mix gradation,
using the full gradation for each individual aggregate.

(¢) Adjust the cold aggregate feeder controls to obtain the desired aggregate blend
and combined gradation.

(f) Inabatch plant, perform a washed sieve analysis on a representative sample of
each aggregatc size separation produced. These samples should be obtained
from the hot bins only after the gradation unit has reached normal operation. In
a drum-mix plant, perform a washed sieve analysis on representative samples
taken from the main cold-feed belt.

Ms-2 25

(g) Compute the blend proportions and hatch weiphts of the sized apprepates (it a
batch plant) or combined aggregate (if a drum plant) and filler required to
produce one luborutury butch mix of the desired pradation. Tt is preferable to use
the samie weight of aggregate Tor each butch in a trial niix sevies.

{h) Prepare test specimens of the design mix in accordunce with the procedure
prescribed for the mux design method being used. Anulyze the test specimens
to determine that the mixture has the same propertics as that devigned in
the lahoratory.

(i} Adjust plant controls to obtain the design asphalt content and blend proportions
of aggregates desired in the final paving mix.

(J} Verify the aggregate gradation in the plant mix by performing washed sieve
analysis on representative samples of extracted aggregate.

3.04 BLENDING AGGREGATES BY WEIGHT — Determining the propor-
tions of two or more aggregates to achieve a gradation within the specification limits
is largely a matter of trial and error, Graphical and mathematical methods may
sometimes be used to advantage. It is desirable to initially plot the sieve analyses for
all aggregates to be used as shown in Figures 3.1 and 3.2. In this way it is often possible
to make a visual estimate of the blend proportions required, depending on the
experience with the local aggregates.

3.05 BASIC EQUATION — Regardless of the number of aggregates combined or
of the method by which the proportions are determined, the basic equation expressing
the combination is:

P=Aa+Bb+Cc+ .. N
where, P = the percentage of the combined aggregates passing a given sieve;
A,B,C,...= percentage of malerial passing a given sieve for the individual

aggregates; and
a,b,c,... = proportions of individual aggregates used in the combination,
where the total = 1.00.

The combined percentages (P in Eq. 1) for each of the different sieve sizes should
closely agree with the desired percentages for the combined aggregate. None should
fall outside the established grading specification limits. Obviously, there may be
several acceptable combinations. An optimum combination would obviously be one
in which the percentages of the blend are in as close agreement as possible to the
original desired percentages. However, the desired percentages are difficult to define
and could change with specific project circumstances.

Mathematical procedures have been developed that will directly determine an
“optimum” combination of aggregates. To accomplish this calculation, various
optimization procedures have been used, such as the closest to the middle of the
specification range. The speed of these methods varies with the number of stockpiles
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. Figure 3.2 — Job aggregates and specification plotted on 0.45 power
Figure 3.1 — Job aggregates and specification plotted on conventional gradation chart
aggregate grading chart
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being blended. Many designers use computer spreadshect programs to assistinquickly
evaluating a number of alternative blends. The Asphalt Institute’s Computer-Assisted
Asphalt Mix Analysis (CAM A} computer program can also be used to visually evaluate
the gradation plot of numerous blends very rapidly. Regardless of which method is
used, atrial-and-errar approach puided by a certain amount of reasoning is usnatly the
easiest and best procedure to determine and refine a satisfactory combination of
aggregates. A computer-generated blend should not be used without further evalvation
und checking,

3.06 GRAPHICAL SOLUTIONS — Graphical methods have also been devised
for determining combinations of aggregates to obtain a desired gradation. Like
mathematical methods, some graphical methods are quite complicated. As the nnmber
of aggregates to be combined is increased, the graphical method becomes even more
complicated. For two and sometimes three aggregate materials, graphical solutions
may be used to advantage over trial-and-error methods. In other cases, graphical
methods may be used to indicate the starting point for trial-and-error solutions.

Proportioning Determinations

3.07 COMBINING TWO AGGREGATES — The basic equation for combining
two aggrepates is:

P=Aa+Bb (2}

Since a+ b=1, then a=1 - b. Substituting this expression intc Eq. 2 and solving for
b:

P-A
b= —— 3
5 TA 3)

An expression for a, can also be found:
a= —— 4

EXAMPLE

Assume that a single aggregate stockpile is to be blended with sand to meet grading
requirements for an asphalt paving mixture. These are given in Figure 3.3a as
aggregates A and B. To make a determination:

1. Examine the two gradations to determine which aggregate will contribute most
of the material for certain sizes. In this case, most of the minus 2.36 mm (No.
8) aggregate will be furnished by aggregate B.

MS-2 29

2. Using the percentuges Lor the 2,36 mm (No, 8) sicve and substituting into Eq.
3, the proportions are delermined o meel the mudpoint of the specificution
{Figurc 3.3b).

3. Inspection of the first trial gradation shows the percent passing the 75 u m (No.,
2000 sieve to be close to the lower specification limit. inercase the proporion
of aggregate B {inthis case to1.53) and computc the gradation ol the sccond trial
(Fipure 3.3¢).

4. Inspection now shows the gradation is critical on the 600 . m (No. 30) sieve,
Reduce the proportion of aggregate B to 0.52 and compute the gradation of the
third trial (Figure 3.3d). The third trial is o “best {it” considering the percents
passing the 600 1 m (No. 30) and 75 p m {No. 200) sieves.

The two aggregates may also be combined graphically, as shown in Figure 3.4:

1. The percents passing the various sizes for aggregate A are plotted on the right-
hand vertical scale (representing 100 percent aggregate A).

2, The percents passing the various sizes for aggregate B are plotted on the left-
hand vertical scale (representing 100 percent aggregate B).

3. Connect the points common to the same sieve size with straight lines, and label.

4, For a particular size, indicate on the straight line where the line crosses the
specification limits measured on the vertical scale. (As an example, for the 9.5
mm (3/8-in.) size, two points, shown as arrows, are plotted on the line at 70 and
90 percent on the vertical scale.)

5. That portion of the line between the two points represents the proportions of
aggregates B and A, indicated on the top and bottom horizontal scales, that will
not exceed specification limits for that particular size.

6. The portion of the horizontal scale designated by two vertical lines, when
projected within specification limits for all sizes, represents the limits of the
proportions possible for satisfactory blends. In this case, 43 to 54 percent of
aggregate A and 46 to 57 percent of aggregate B will meet specifications when
blended. Itcan also be seen that the percent of blended material passing the 600
i m{No,30}yand 75 o m (No. 200) sieves will be the critical or controlling sizes
for keeping the blend within the specification limits.

7. For blending, usually the midpoint of that horizontal scale is selected for the
blend. In this case, 48 percent aggregate A and 52 percent aggregate B.
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PERCENT PASSING

(90 | /258 25 47512361600 300|330 75
mm Lmm Pmm | mm | | o L | g Ly

Sieve 3" N 3R Mg 8 ag so | so0 | 200

Spec. /00 1 80-00| 7090 | 5073 3550(/8-29|/3-23} 8/6 | 1-/¢0

Aggr A 0oL g0 | 59 se i 32 | 1 4 0 ¢
Aggr. B jop | teo | 00 | 96 L B2 | & | 3e | 21 | %2

(a) Grading Specitication snd sieve analyses of aggregares

_PA_425-32_ I
For 2.36rmm (No.8),b= 52 = 122 =222050a =/- 0.50= 0.50

/SO /28| 75 |[#75[Z36]go0]|300] /15O0] 75
2 | ez | e | | e | S0 | fA 0 | fd#0 | R

Sieve S0 et 3R M4 B L 30 S0 | o0 | 200

SO XA 50 | 4501 295| 8.0 Le | 06
E0x B 50 | 50.0| 50.0|48.0 | 4/.0 | 250 /80| 10.5| 4.6

Tora/ 100 | 950 | 795 | 560 | 42.6 | 25¢ | /B0 | 10.5 | 4.6
Spec. 100 |80-100)|70-90 |50-70 | 35-50|/8-29 | /3-23 | 8-/16 | 4-/0

Minus 75;#?70\/0-200)/0%/} incredse b fo 0.55, a o 045
(b) Firsr trial combination

(FO (1258 95 |475 1236|600 | 300 | /50| 75
2w | IR | ey | I L | AT | A7 | A | 7
Sieve 34" Y| 3" (A4 8 | 3¢ | 50 | /00 | 200

A5 XA 45 | 40.5 | 266 | 72| 14} 0.5
E5x B 55 | 55.0 | 5501528 |45 |28.0| /198 | /1.5 | 5.4

Total /00 | 955 18i.6 160.0 |465 | 285 |/9.8 | /N5 | 5/
Spec. /00 180-/00) 70-90 | 50-70 |35-50 | /8-29 | 13-23 | 8-/6 |4-/0
Minus 600um (No.30)high, let b= 0.52, a=0.48
(¢} Second trial combination

/70 | /2.5 95| £75] 236 600 | 3oo | /507 75
I N Mo L | | pRaT | | A | T Lhey]

Sieve 34" " |3 {Ned| 8 30 5o | o0 | 200
48X A 48 432|283 77| 5 a5 o o =
.52 %8B sp sz |52 499|426 | 265 187 109|458

Total joo |95.2 803 (576 |44 (270 | 187 | 109|458

Spec. 100 |@o-too| Fo.90| S0-70| B5-501i8-72913-28 | B-/e | 4O

(d) Third trial combination

Figure 3.3 ~ Trial-and-error calculations for combining two aggregates

MS-2 a

Percent of Aggregate B

Aggregate B, Percent Passing
Aggregate A, Percent Passing

0 10 20 30 40 50 60 70 8 90 100

Percent of Aggregate A

Figure 3.4 — Graphical solution for proportioning two aggregates

3.08 COMBINING THREE AGGREGATES — The basic equations for com-
bining three aggregates are:

P=Aa+Bb+Cc (5)
l.0=a+b+c (&)

The mathematical and graphical trial and error procedures are more complicated than
with two aggregates, as expected.



) ketabton.com: The Digital Library

a2 Evaluation of Aggregate Gradation

EXAMPLE

Assume that mineral filler, C, is 1o be blended with aggregastes A und B from the
previous example (o obtain a gradation meeting specification requirements. The
specification and gradations are given in Figure 3,5 and the procedure is:

1. An inspection of the gradations indicates thal there is a4 reasonably cleun
separation between the plus 2.36 mm (No. 8) sieve sizes and the minus 2.36 mm
{No. 8) sizes. Aggregate A will furish most of the plus 2.36 mm (No. §) sizes.
Determine the approximate proportion of aggregate A required to obtain 42.5
percent passing the 2.36 mm {No. 8) sieve (the midpoint of specification range),

using Eq. 4 (Sec Figure 3.5).

3. The percentages passing the 75 4 m (No. 200} sieve are examined next using
Eqgs. 5 and 6. Values are substituted from Eq. 6 into Eq. 5, assuming a is 0.50
from above. The remainder of the calculations are self-explanatory and are
shown in Figure 3.5b.

)

Should the blended gradation exceed specification limits, that proportion in the
blend apparently responsible should be altered, with the other aggregate proportions
altered similarly to make up a total of 1.0 or 100 percent.

Trial-and-error solutions are exactly that; however, each trial reveals more informa-
tion to reduce the range of possible solutions. An inspection of the gradations for
indications to assist in establishing proportions narrows the number of solutions
considerably.

Graphical methods may help in trial-and-error solutions; however, they may not in
cases of aggregate gradations having overlapping grading curves. Several graphical
methods are possible, but the procedure described here appears to be one of the more
practical procedures. Each of the aggregates is divided into these gradings:

{a) percent material retained on 2.36 mm (No. 8) sieve,

{b) percent material passing 2.36 mm (No. 8) but retained on the 75 1 m {No, 200)
sieve, and

{c} percent material passing 75 L m (No. 200) sieve.

The specification kimits are divided in a somewhat similar manner: (corresponding o
a}allowable percentage limits retained on a 2.36 mm (No. §) sieve, and (corresponding
to c) allowable percentage limits passing 75 L m (No. 200) sieve.

MS-2 33

PERCENT FPASSING

/RO /Z 5} P 475|236 600) 300 s50] 75
D123 | MM L AT | ke L L | LT |
Sieve gt At Bst i Ned | B | B0 0 zo | w0 | 200
Spec. 100 | B0-100| 70-90 1 55-% | 35-50/8-29 | 1323 | &4 | 4-/0
Aggr A | /00| 90| 591 /6 | 32| It
Agor B | 100 | /oo | /90 | 9% | 82 | 5/ 3% | 2 2.2
Aggr. C | /00 | 00 | 100 | 100 | /80 | o0 | 98 | 93 | 82

(a) Grading specitication and gradations

_FPB _ 425-82 _
R.3bmm (No.8), a=-4—g = S555 = 0.50
754 m (No.200), P=Aa +Bb + (e

7=0(050) +92b+82¢c

7=92(050-c)+82¢

7-4.6 o
%355 = 0.03, b=050-003=0.47

/90 |28 95 | 475|236 600 | 00| r50| 75
I} | 202 | 12?2220 | AR | T | 7 /_/m Y
Sieve 3| e | 3" | Mod | 8 | 30 | 50 | 10 | 200

50X A 50 | 450 | 295 80| te| 04
4748 47 | 470 | 47.0 | 45 | 385|240 | /69| 99| 43

, bre = /-050 = 0.50

C =

L03xC 3| 30| 30| 30| 30| 30| 30! 28| 2.5
Total 106 | 950 | 795 | 56.0 | 434 | 276 | /99 | s27 | ¢-8
Spec. 100 |Bo-100,70-90 | K0-10 | 35-50 | 18-29 | /3-23 | 8-16 | 4-/0

(b) First trial solution for combining three aggregates

Figure 3.5 — Trial-and-error soluticn for combining three aggregates

EXAMPLE

To combine the same three aggregates in a graphical solution, points representing each
of the three aggregate gradings are plotted on a chart, as shown in Figure 3.6. Only the
portion retained on the 2.36 mm (No. 8) sieve and the portion passing the 75 p m (No.
200) sieve are used for each of the three aggregates to locate points on the chart. The
point designated A represents the coarse aggregate grading, B is the sand or fine
aggregate grading, and C is the mineral filler grading. Point S represents the middle
of the specification grading band for material retained on the 2,36 mm (No. 8) sieve and
passing the 75 |t m (No. 200) sieve. Lines are drawn between and beyond Points A and
S and between Points B and C. Line AS is extended to Line BC to establish Point B'.
The length of each line segment is determined by using the differences in percentages
between terminal points. Then the percentage of each aggregate material needed for
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100 90 80 70 B0 B0 40 30 20 10 o 309 ADJUSTING FOR SUFFICIENT VOID SPACE — A link beiween the
100 i ’ ! ! ! ! ! | ‘ 100 aggrepate pradation curve and asphalt mixture performance has been recognized lor

many years. However, quantifying this relationship has been difficult. Considerable
research has been done toiry {o [ind a formula Lor the “oplimum™ gradution curve that
would provide ndequate space for & minimum amount oi asphalt and air voids as well
as adequate stability under traffic, Some sources have shown that this combined space

S0 - = 90

- 80 for air and asphali could not be used to statistically explain observed performance; this
i duc o the many other factors that can affect averall pavement performance.
4 70 Regardless, the concept of needing sufficient space to develop adequately-thick

asphalt films on the aggrepate for adhesion and durability is fundamentally sound.

The packing characteristics of asphalt-coated aggregate particles n an asphalt
mixture are related to both aggregate surface characteristics and gradation, Aggrepate
surface characteristics include angularity and surface texture. When selecting aggre-
— 50 gate for a project, surface properties are not considered for void purposes, bul rather
for stability and skid resistance. Therefore, if adjustments in void space are required,
changes are usually made to the aggregate gradation. Unfortunately, the gnidance for
adjusting the gradation curve to change the void space is not straightforward.

It has been shown that the densest packing condition of aggregate particles is
= 30 approximated by the straight line on the 0.45 power chart as discussed in Chapter 2 and
shown in Figure 2.5. A combined aggregate gradation that plots very close to this line
- 20 is not desirable. These blends typically produce very low voids in the mineral
aggregate (VMAY} which is the space occupied by both the asphalt cement and the air
s voids. (See Chapter 4 for more information on VMA.) Even if aggregate blends near
- 10 this line meet the aggregate grading specification, a gradation curve that closely

N follows the maximum density line should be avoided.
0 ] ] ! 1 i ! 1 ! 0 if too much void space is measured in a laboratory-compacted mix and an open-

0 10 20 30 40 50 60 70 80 90 100 graded mixture was not being designed, then the aggregate blend could be adjusted to
plot slightly closer to this line to possibly decrease the void content. In this approach,
it is assumed that the problem lies with the gradation and not with the laboratory
compaction procedure. Aggregate adjustments are discussed in Articles 3.07 and 3.08.

The more common problem is too little VMA, which can lead to inadequate space
for the asphaltcement. Many approaches have been tried to increase VMA by adjusting
the blend is calculated using the following equations derived from the basic formula the gradation.

(Eg. 1). If all other factors remain constant, fine aggregate contributes more to VMA than
coarse aggregate. In practice, changes are often attempted by adding natural sands,

a - lineSB" _58-77 _41 _ 051 which normally are fine, well-rounded particles passing the 600 u m (No, 30) sieve.

line AB' 97-17 80 However, excessive amounts of natural sand have been identified as a cause of

permanent deformation and tender mix problems, as discussed in Article 3.10. The

Since b+c = 1.0-a,then addition of natural sand to increase VMA is strongly discouraged. Many agencies have
placed maximum limits on the percentage of fine, natural sand, such as 15to 20 percent

_ (1.0-a)line BB - (1.0-0.51)x (13 - 9)= 0.49x 4 - 0.03 of the total weight of the aggregate, These rounded particles, which include more
line CB 82-9 73 inherent void space than manufactured, angular sands, may also allow compaction to

occur more easily and thoroughly. This can lead to a decrease in VMA, defeating the
b = 10-a-¢=10-051-003 =046 purpose,

Percent Passing 75 um (No. 200) Sieve

Percent Retained 2.36 mm {No. 8) Sieve

Figure 3.6 — Chart for estimating three aggregate blends
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The filler material [particles passing the 75 m (No.200) sieve] is the aggregate
component with the highest VMA due to its large surface area, These VMA values
have been reported to be as high as 32 percent. However, adding more of these fines
to the mix can produce different VMA results, because of the wide variety of shapes
and sizes found in these particles. Insome cases, the extremely fine particles (fess than
10 microns) may function as an asphalt extender which would effectively cause the
available VMA o decrease, not increase as desired. Most specifications limit the
amount of the filler- sized material; therefore, it is not usually feasible to increase VMA
by increasing the percentage of these particles,

VMA increases can be achieved by an overall adjustment of the gradation or
possibly changing the shape or texture of the intermediate portion of the blended
aggregates. Because of the interaction of the two factors on the packing characteristics
of an asphalt mixture, gradation changes (typically moving away from the maximum
density line) are only reasonable with the same aggregate sources, By adjusting the
proportional percentages of the aggregates that substantially contribute to the interme-
diate sizes, the gradation curve can be revised to plot further away from the maximum
density line. Again, the previous examples with two and three aggregates demonstrate
the mechanics of such an adjustment. In most cases, this shift will increase VMA.

Particle shape and texture can also make a difference. Changing the source of one
aggregatc may introduce a completely new interaction betwecen all of the aggregate
particles. Specifically, changing the angular shape and texture of coarse aggregates by
crushing, or switching from natural sands to more angular manufactured sands (or
screenings), can implement a significant change in VMA. The entirc aggregate
interlocking and packing mechanism is modified. In each specific locale, engineers
and material suppliers should develop experience with the behavior of local materials.
In summary, the same aggregate gradation with the same compaction effort, but with
different shaped particles, can produce a different amount of VMA.

3.10 CHECKING FOR TENDER MIXES — A pavcment that exhibits very low
resistance to deformation under relatively heavy loads with small contact areas or that
shoves and scuffs with tight radius, turning loads is showing the symptoms of a tender
mix. This phenomenon will usually occur very early in the pavement service life.
Fortunately, this problem can be temporary; it may disappear as the asphalt cement
ages and the mix toughens with the kneading action of traffic.

There are many factors which may contribute to this behavior, as discussed in
Tender Mixes: The Causes and the Cures, Asphalt Institute Information Series No. 168
(IS-168). Aggregate surface characteristics are again significant. Rounded aggregates
are far more likely to have this problem than angular, rough-textured aggregates.
Normally, there is a combination of factors involved. Since aggregate interparticle
contact provides nearly all of the internal shear deformation of an asphalt mix, two of
the most prevalent factors deal with the aggregate gradation.

One factor that is easily avoided is a low percentage of materia! passing the 75 um
{(No. 200) sieve. Together with the asphalt cement, this portion of the aggregate makes
a major contribution to the mix cohesion. High cohesion provides the internal tensile
strength and mix toughness to resist the shearing forces. Both the size distribution and
the percentage of these fines can have an additional impact on this effect.
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The other factor thal appears 10 be the most important single factor lending to mix
tenderness 15 an excess of the middle-sized sund [ruction in the materind that passes the
4.75 mm (No. 4) sicve. This condition is characterized by a “hunp” in the grading
curve that can appear on nearly any sicve belween the 4,75 mmi(No, 4) and the 1500 m
{No. 100) sieve. The hump typically occurs near the 600w m {No. 30) sieve, Problem
gradations can usually be detected on the (.45 power gradation chart. Studics have
indicated that if there is a deviation exceeding 3 percent upward in the gradanon curve
from a straight line drawn from the origin of the chatt to the point at which the gradarion
curve crosses the 4.75 mm (No. 4) sieve line, a tender mix problem is likely. An
example of this oceurrence is shown in Figure 3.7,

This gradation check may not apply to highly-crushed, rough-textured aggregales.
1t should be noted that gradation alone may not cause tendemess in a mix, If other
factors exist at the same time, this “humped” type of gradation can be a significant
consideration, It is recommended that an aggregate gradation curve with this shape be
avoided.

3.11 ADJUSTING FOR DIFFERENT SPECIFIC GRAVITIES — Aggregate
gradations and grading curves are determined and expressed in percentages of total
welght for convenience of measurement. The grading curve of each material is
determined by weight using sieve analysis. However, grading specifications are
established to require certain percentages of material at each of the various volumetric

100 7
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Sieve Size Raised to 0.45 Power

Figure 3.7 — Example of a “humped” gradation
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as Evaluation of Aggregate Gradation
Aggregate Sp Gr Propertion
A 1.00 0.52
B 2.00 Q.45
C 3.00 0.03
(1) (2}
Aggr. Percent Sp Gr Waight Parcent
Vol Wt
A 52.0 1.00 52.00 34.4
B 45.0 2.00 90.00 59.6
Cc 3.0 3.00 9.00 6.0
Total 100.0 - 151.00 100.0
{1} Weight = Vol. xSp Gr
Individual Weight, W

w
(2} Percent Wht. x 100 = pry x 100

Total Weight

Figure 3.8 — Adjusting percentages by volume to percentages
by weight

sizes in the hot mix asphalt. The blending process assumes that all of the aggregates
have the same specific gravity. As long as the specific gravities of the combined
aggregate materials are reasonably alike, the percentages by weight will approximate
the percentages by volume for all practical purposes.

However, when the specific gravities of the individual aggregates differ signifi-
cantly (by 0.20 or more) and they are to be blended together to make a target gradation,
the aggregate proportions that are set up in the plant controls (percentages by weight)

should be adjusted for this variance. Without this correction, the blend being made by
weight at the plant to produce final volumelric proportions in the mix could deviate

significantly from the blend of sizes designed in the laboratory on paper, since the
different sized materials have different unit weights or densities. The adjustment is
based on the fact that:

VOLUME X SPECIFIC GRAVITY = WEIGHT

EXAMPLE

Assume this combination was calculated for three aggregates having different specific
gravities as shown in Figure 3.8. The necessary calculations are included in tabular
form in the figure. The final percentages by weight in column 5 are the proportions to
be used at the plant to obtain the percentages by volume in column 2 that were
calculated by blending, assuming that all the specific gravities were the same.
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3.12 ADJUSTING BY WASTING — Where the main source of agprepate is a
single pit, it is often the cuse thal the crusher-run aggregales are either coarser or finer
than desired. If the gradation is courser than desired, finer material con usually be
bicnded with the crusher-run aggregate. Bul for gradutions that have anexcess of finey,
the most ceconomical adjustinent is usually made by wasting a portion of the fine
fraction. Most crushing plants will make the scparations on the 4,73 man (No. 4) [or
possibly 2.36 mm (No. 8)] screen. Where an cxeess on a smalier size oceurs, the
correction is made by wasting a portion of the minus 4.75 mm (No. 4) Jor 2.36 mm (No.
B)] fraction. The amount of waste is expressed as a percent, considering the total
crusher-run material as 100 percent.

The equations for analysis of gradations before and after wasting are:

{Sizes above waste screen use percent retained)

_RaRy
Ry = 4 @
{Sizes below waste screen use percent passing)
Py Py
Pp= 8
b P (8)

where, Py, R, = percent passing, or retained, of a given size before wasting;
Py, Ry = adjusted percent passing, or retained, of a given size after wasting;
P1, R} = percent passing, or retained, of the waste size before wasting; and
P2, Ry = adjusted percent passing, or retained, of the waste size after
wasting.

The percent of waste, W, is found using:

100(Pq - Pp)

W= =100 -75)

&)

EXAMPLE

Assume that a single aggregate stockpile is being produced from a local roadside pit.
The specification limits and crusher-run gradation are shown in Figure 3.9a. Note that
the 4.75 mm (No. 4} size is above specification limits and that the other percentages
approach the upper limits of the specification, A portion of the minus 4.75 mm (No.
4) fraction will be wasted to reduce the percent passing 4.75 mm (No. 4) from 75 to 70.
The adjusted percentages of the sizes below the 4.75 mm (No. 4) sieve are found using
Eq. 8 as shown. The other percentages are first converted to percent-retained and the
adjusted percents retained on the sizes above the 4.75 mm (No. 4) are determined.
These percentages of the coarse sizes are found using Eq. 7 and reconverting to percent
passing. The percent of waste of the passing 4.75 mm {No. 4) fraction is then found
using Eq. 9.
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/e 25| 98 | 4T85 234 oo | /50 75
mm L Mien | mm | miem | e | Ay | AT pm

Sieve | e 3mT| 4 ] 30 | soo | 200

Spec, 100 | 80061 70-90 | 55-13 | 40-55 | 2030 | Jo18 | 410
% Pass, Pa /e0 | 98 L 87 | 75 | 54 | 28 | 7 9
% Ket, Ra ] 2 13 | 25

Adf % Ret, Kb 0 2 I 30
Adj T Pass, Pb | /00 | 98 | 84 | 70 | 50 | 26 | /6 | &4

o=t pu= = 0930 Ry R Ry =20 Ra= 120K

100(P-Fp) _ 100 (75-70) _
(o0-P2) ~ " (/90-70)

(a) Caleulations based on adjusting percent passing 4 .T5mm (Ve 4)

So | r25) 95| £75]| 236 600 | /50 75
mm | mm | mm | mm|mm | Jm | prd |

/6.7 %

Waste, W=

Sieve 3470 2| 350 4 8 30 | /00 | 200

Spec. /00 | 80-106| 70-90 | 5573 | 40-55 | 2030 | /0-/8 | 4-10
T Fzss, Pa 00 1 95 | 85 | 70 53 | 3 16 7
T: Ret Ra 0 5 1 75 | 30

Ady % Ret, R 0 6 | 8 | 37
Adj B Pass,Re | /00 | 74 | 82 | 65| 48 | 28 | /4 | &4

B p 28 5 K2 p 37 5
o= Fa =57 Fa= OF0la Ry=p2 Roas Ra=[23Ka
Waste, W= [00(R-P2) _ 100(710-63) _ 15 oo

[00-P, J00-63
(b) Calcul3tions based on 3djosting percent passing 600um (No.30)

Figure 3.9 — Adjusting gradation by wasting

EXAMPLE

Assume, in this case, that the 600 p m (No. 30) size exceeds the specification limits.
Therefore, a sufficient amount of the minus 4.75 mm (No. 4) fraction will be wasted
toreduce the 600 n m (No. 30) material from 31 percent to 28 percent (shown in Figure
3.9b). In this case, P1 and P3 for the fine fraction sizes are the values for the 600 W m
(No. 30) sieve. When the adjusted percentages are obtained, Ry and R forthe 4,75 mm
(No. 4) sieve are used for the coarse fraction material.
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3.13 COMPUTING LABORATORY BATCH WEIGHTS — In the analysis of
aggregates for a given mix design, the final operation is the computation of the
laboratory batch weights. It is convenient to use the same weight of aggrepate in each
batch of a trial mix series; in this way, the only variable is the amount of asphalt cement
to be added. There are many approaches to preparing the laboratory batches of
agpregate; most laboratories deicrmine the simplest and best procedure for the kinds
of materials that they typically use.

The goal of batching is to closely match the Taboratory aggregate blend to the finul
field apgregate blend. Tight contral over the stockpile sampling and laboratory
blending procedures will help achieve the close match. The degree of control required
in the laboratory will depend on how narrowly the aggregate stockpiles are sized.

The four aggregate sample gradations in Figure 3.10 arc representative of field
stockpiles for amix design. The first step is to determine the blend of these gradations
to achieve the desired gradation. For this example, the percentages are givenbelow the
stockpile gradations. After the blend is determined, there are typically three ways that
the aggregates can be combined to create each batch. The three methods will be given
in decreasing order of control over the batching process.

The most control is exerted when cach stockpile is separated into fractions.
Typically, these five fractions are used:

plus 19.0 mm (3/4 in.)

19.0 mm (3/4 in.) t0 9.5 mm (3/8 in.)
9.5 mm (3/8 in.) to 4.75 mm (No. 4}
4.75 mm (No. 4) to 2.36 mm (No. §)
minus 2.36 mm {No. 8)

The weight of each stockpile fraction needed to make a batch is determined by
multiplying the total batch weight (typically 1,200 g), times the percentage of each
stockpile needed in the blend, times the percentage of each stockpile fraction. The
percentage of each stockpile fraction and its batch weight is shown in Figure 3.10. If
a fraction represents less than one percent of a stockpile and another stockpile is the
same aggregate type, substitutions should not sacrifice any batching control. In this
example, if the 57/68 and #8 aggregates are from the same source, the 4,75 mmto 2.36
mm (No. 4 to No. 8) fraction for the 57/68 stockpile could be taken from that portion
of the #8 stockpile.

The next method does not separate the stockpiles into fractions, but just combines
the total sample weight of each stockpile into the batch. If the stockpiles are mostly one
size material, the degree of control lost in this batching process should not be too great.
As with sampling the stockpile in the field, care must be made to ensure that a
representative portion is incorporated into each sample batch.

The method with the potential for the least control entails propottionately mixing
a large amount of each stockpile to create the desired blend, and then taking 1,200 g
of thisblend to make each batch. As previously, the same care must be taken to ensure
arepresentative sample is used ineach batch. Anadditional drawback with this method
is that if the desired gradation is modified later, these combined materials cannot be
reused in the mix design.

Regardless of the aggregate batching method used, the weight of asphalt cement
required for each batch is determined by dividing the aggregate batch weight (i.e.,
1,200 g) by one minus the asphalt content {expressed as a decimal). (See Figure 3.10).
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Percent Passing
Sieve Size Aggregate Stockpiles
mm (i) 57/68 #8 #10 Nat. Sand  Blend
254 (1.0) 100 100 100 100 100
19.0 (3/4) 95.3 100 100 . 100 99,1
127 (1/2) 35.3 98.5 100 100 88.8
9.5 (3B} 8.0 88.8 100 100 75.3
4.75 {No. 4) 1.5 18.0 97.0 100 8.7
2.36 {No.8) 1.3 5.0 70.0 89.8 257
1.18 {No. 16) 1.3 3.5 46.0 72.5 18.6
0.6 (No.30) 1.2 3.2 30.0 51.5 13.0
3 03 (No.50) 1.2 31 220 18.3 8.0
1 0.15 (No. 100) 1.1 3.0 17.0 2.3 5.4
3 0.075 (No. 200) 1.1 2.8 14.9 1.2 47
3 Percentage of
; Total Blend 20.0 50.0 20.0 10.0 100

Fraction, mm (in.)
pius 19.0  {3/4)

19.0t0 9.5 (3/4 to 3/8}
9.51t04.75 {3/81t0 No. 4)

4.75 t0 2.36(No. 4 to No. 8}

minus 2.38 (No. 8}
Total

Fraction, mm (in.)
plus 19.0 (3/4)

minus 2.38 {No. 8}
Total

19.010 8.5 (3/4 to 3/8)
9.5104.75 (3/8to No. 4}
4.75 to 2.36(No. 4 to No. 8}

Stockpile Passing/Retained, %

57/68 #8 #10  Nat. Sand
4.7 0 o 0
87.3 11.4 0 0
8.5 70.6 30 0
0.2 13.0 27.0 10.2
1.3 5.0 70.0 89.8
100 100 100 100

Stockpile Batch Weights, g

57/68 #8 #10  Nat. Sand
11.3 0 0 0
208.5 68.4 0 0
15.6 423.6 7.2 0
0.5 78.0 64.8 12.2
31 30.0 168.0 107.8
240 600 240 120

Asphalt Cement Batch Weights

AC, pct by wt of total mix

3.

0o
oo

AC, g

43.5
50.0
56.5
63.2
69.8

Total Batch wt, g

1243.5
1250.0
12566.5
1263.2
1269.8

Figure 3.10 — Worksheet for computing laboratory batch weights

Target

100.0
95.0
8.0
68.0
50.0
36.0
250

._.
0100y
oog
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Volumetric Properties
of Compacted Paving
Mixtures

4.01 GENERAL — The volumetric prapertics of a compacted paving mixture |air
voids (Vy), voids in the mineral aggregate (VMA), voids filled with asphalt (VFA), and
effective asphalt content (Pye)] provide some indication of the mixture’s probable
pavement service performance. As noled in Article 2.04, the intent of laboratory
compaction is to simulate the in-place density of IIMA after it has endured several
years of traffic. How well the laboratory compaction procedure simulates either the
compacted state immediately after construction or after years of service can be
determined by comparing the properties of an undisturbed sample removed from a
pavement with the properties of a sample of the same paving mixture compacted in the
laboratory.

It is necessary to understand the definitions and analytical procedures described in
this chapter to be able to make informed decisions concerning the selection of the
design asphalt mixture. The information here applies to both paving mixtures that have
been compacted in the laboratory, and to undisturbed samples that have been removed
from a pavement in the field.

A comparison of field and laboratory compacted mix properties has been made in
several research studies. Statistical analyses of these data have failed to establish one
laboratory compaction method that consistently produces the closest simulation to the
field for all of the measured properties. However, there is a trend toward the gyratory
method of compaction based on these findings and other subjective factors. Thisis a
very complicated issue. Compaction method, level of compaction, structural concerns,
construction conditions and other influences can all make a difference in these
comparisons. Assuming that a reasonable degree of simulation is achieved by
whatever compaction procedures are used, it is universally agreed that the air void
analysis is an important part of mix design.

4.02 DEFINITIONS — Mineral aggregate is porous and can absorb water and
asphalttoa variable degree. Furthermore, the ratio of water to asphalt absorption varies
with each aggregate. The three methods of measuring aggregate specific gravity 1ake
these variations into consideration. The methods are ASTM bulk, ASTM apparent, and
effective specific gravities. The differences among the specific gravities come from
different definitions of aggregate volume.

Bulk Specific Gravity, Ggp, - the ratio of the weight in air of a unit volume of a
permeable material (including both permeable and impermeable voids normal to
the material) at a stated temperature to the weight in air of equal density of an equal
volume of gas-free distilled water at a stated temperature. See Figure 4.1.
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Apparent Specific Gravity, Gy, - the ratio of the weight inar ot a unit volume of an
impermeable material at a stated temperatire to the weight in air of cqual density
of ancgual volume of gas-free distilled water at a stated temperature, Sce Figure 4.1,

Effective Specific Graviry, Gy - the ratio of the weight in air of a unit volame of a
permeable material (excluding voids permicable to asphalt) at a stated temperature
to the weight in air of equal density of an equal volume of gas-free distilled water
at a stated temperature. See Figure 4.1,

NOTE: The accuracy of specific gravity measurements for mix design is
important.

Unless specific gravities are determined to four significant figures
(three decimal places) an errorin air voids value of as much as 0.8 percent
canoccur. Therefore, the Asphalt Institute recommends the use of weigh
scales whose sensitivity will aliow a mix batch weighing 1000 to 5000
grams to be measured to an accuracy of 0.1 gram.

Effective ——

Asphalt
Binder
Water Permeable
Voids Not Fiilled With Asphalt
(Part of Aggregate Volume
Aggregate < for Effective 5.G.)

N

Water Permeable Voids

~— (Part of Aggregate
™"} Volume of Bulk S.G.,

not for Apparent 8.G.)

Asphalt
Permeable

Voids (i.e.
Absorbed Asphalt)

Figure 4.1 — lllustrating bulk, effective, and apparent specific gravities;
air voids; and effective asphalt content in compacted
asphalt paving mixture
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Air * Va ‘
T 1]
Via V
Asphalt ' ‘ b
Voa A ‘
* A
Vi
Vimm
Mineral Y
Aggregate s Vse
r v vy

Vima = Volume of voids in mineral aggregate

Vmb = Bulk volume of compacted mix

Vimm = Voidless volume of paving mix

Vig = Volume of voids filled with asphalt

Va = Volume of air voids

Vp = Volume of asphalt

Vpha = Volume of absorbed asphait

Ve = Volume of mineral aggregate (by bulk specific gravity)
Vse = Volume of mineral aggregate (by effective specific gravity)

Figure 4.2 - Representation of volumes in a compacted asphalt
specimen

The definitions for voids in the mineral aggregate (VMA), effective asphall content
(Ppe), air voids (Vy), and voids filled with asphalt (VFA) are:

Voids in the Mineral Aggregate, VMA - the volume of intergranular void space
between the aggregate particles of a compacted paving mixture that includes the air
voids and the effective asphalt content, expressed as a percent of the total volume
of the sample. See Figure 4.2.

Effective Asphalt Content, Ppg - the total asphalt content of a paving mixture minus
the porticn of asphalt that is lost by absorption into the aggregate particles. See
Figure 4.2.
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Air Voids, Vy - the total volume of the small pockets of air between the coated
aggregate particles throughout a compucted paving mixture, expressed as percent
of the bulk volume of the compacied paving mixture. See Figure 4.2,

Voids Fitled with Asphalt, VFA - the portion of the volume of inlergrunulur void
space between the aggregate particles (VMA) that is occupied by the ctfective
asphalt. See Figure 4.2,

The Asphalt Institute recommends that VMA values for compacted paving mix-
tures should be caleulated in lerms of the aggregate's bulk specific gravity, Gyp,. The
effective specific gravity should be the basis for calculating the air voids inacompacicd
asphalt paving mixture.

Table 4.1 illustrates that the type of aggregate specific gravity used in the analysis
of a compacted paving mixture can have a very dramatic effect on the values reported
for air voids and VMA. These differences are enough to make it appear that a mixture
may satisfy or fail the design criteria forair voids and VM A depending on the aggregate
specific gravity used for analysis. Asphalt Institute mix design criteria do not apply
unless VMA calculations are made using bulk specific gravity and air void content
calculations are made using effective specific gravity.,

Voids in the mineral aggregate (VMA) and air voids (V) are expressed as percent
by volume of the paving mixture. Voids filled with asphalt (VFA) is the perccntage
of VMA that is filled by the effective asphalt. Depending on how asphalt content is
specified, the effective asphalt content may be expressed either as percent by weight
of the total weight of the paving mixture, or as percent by weight of the aggregate in
the paving mixture.

Because air voids, VMA and VFA are volume quantities and therefore cannot be
weighed, a paving mixture must first be designed or analyzed on a volume basis, For
design purposes, this volume approach can easily be changed over to a weight basis to
provide a job-mix formula.

4.03 OUTLINE OF PROCEDURE FOR ANALYZING A COMPACTED
PAVING MIXTURE — This list delineates all the measurcments and calculations
needed for a voids analysis:

(a) Measure the bulk specific gravitics of the coarse aggregate (AASHTO T 85 or

ASTM C 127) and of the fine aggregate (AASHTO T 84 or ASTM C 128).

(b) Measure the specific gravity of the asphalt cement (AASHTO T 228 or ASTM

D 70) and of the miperal filler (AASHTO T 100 or ASTM D 854).

{¢) Calculate the bulk specific gravity of the aggregate combination in the paving

mixture.

(d) Measure the maximum specific gravity of the loose paving mixture (ASTM

D 2041).
(e) Measure the bulk specific gravity of the compacted paving mixture (ASTM
D 1188 or ASTM D 2726).

(f) Calculate the effective specific gravity of the aggregate.

{g) Calculate the maximum specific gravity of the mix at other asphalt contents.

(h) Calculate the asphalt absorption of the aggregate.
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Table 4.1 — Influence of type of specific gravity on determination of
VMA, VFA, and air voids

Butk Specific Gravity of Compacted Mixture, Gmp .o 2436
Density of Compacted Mixture, W, Mg/m3 (b/At3) ... £.435 {152.0}
Asphalt Content, percant by weight of total mix ... 5.8
Asphalt Absorbed by Aggregate Particles, percent ..., 0.8
Spacific Gravity of Asphalt Cemant, G .o 1.011
Void Properties
Compacted Mixture
Allowance
For Ahsorp- | Percent Percent
Specific Gravity Employed tion of Voids in Percent | Voids Filled
for Aggregate Asphalt by Mineral Air Voids With
Aggregate | Aggregate Asphalt
ASTM Bulk 2.651 Yes 13.6 1.1 92
ASTM Bulk 2.651 No 13.8 -0.8 106
ASTM Bulk
(sat. surf. dry) 2.716 Yes 15.6 32 79
ASTM Bulk
(sat. surf. dry) 2.716 No 15.6 1.3 92
ASTM Apparent 2.834 No 18.1 49 74
Effective 2.708 No 154 1.1 g3

(i) Calculate the effective asphalt content of the paving mixture.
(j) Calculate the percent voids in the mineral aggregate in the compacted paving
mixture.
(k) Calculate the percent air voids in the compacted paving mixture.
(1) Calculate the percent voids filled with asphalt.
Equations for these calculations are found in Articles 4.05 through 4.11 and their
application may be expedited by use of the appropriate worksheet, Figures 4,3 and 4.4.

4.04 PAVING MIXTURE DATA FOR SAMPLE CALCULATIONS — Table
4.2 illustrates the basic data for a sample of paving mixture. These design data are used
in the sample calculations used in the remainder of this chapter,

4.05 BULK SPECIFIC GRAVITY OF AGGREGATE — When the total
aggregate consists of separate fractions of coarse aggregate, fine aggregate, and
mineral filler, all having different specific gravities, the bulk specific gravity for the
total aggregate is calculated using:

GS"*P1+?_2-+...+ED_ (D
where, G = bulk specific gravity for the total aggregate
sb

P1. P2, P, = individual percentages by weight of aggregate
G, Gy, Gy = individual bulk specific gravities of aggregate




ketabton.com: The Digital Library

48 Volumetric Properties of Compacted Paving Mixtures

Table 4.2 — Basic data for sample of paving mixture

{a) Constituents

Specific Gravity Mix Composition
Percent Percent

AASHTC | ASTM | By Weight | By Weight
Material Bulk Method | Method | of Total of Total

Mix Aggregate
Asphait Cement 1.030{Gp) T 228 D70 5.3{Pp) 5.6{Pp)
Coarse Aggregate 2.718(Gy)| T85 C127 | 47.4(P1) | 50.0(Py)
Fine Aggregate 2.689(Go) | T84 G128 | 47.3(F2) | 50.0(P2)

Mineral Filler --- T160 D 854 --- -—

(b} Paving Mixture
Bulk specific gravity of compacted paving mixture sample, Gmb

(ASTM D 2726) _— 2.442
Maximum specific gravity of paving mixture sample, Gmm
{ASTM D 2041} _ 2535

The bulk specific gravity of mineral filler is difficult to determine accurately.
However, if the apparent specific gravity of the filler is substituted, the error is usually
negligible.

Using the data in Table 4.2:

500 + 500 100
Ggp = 500 | 500 100 5a03
2716 © 2.689 1841 + 18.59

4,06 EFFECTIVE SPECIFIC GRAVITY OF AGGREGATE - When based
on the maximum specific gravity of a paving mixture, Gy, as measured using ASTM
D 2041, the effective specific gravity of the aggregate, Gy, includes all void spaces in
the aggregate particles except those that absorb asphalt. Ggg is determined using:

_ Pom — Pp
Gie = B~ py @)
Gmm  Gp
where, (g = effective specific gravity of aggregate
Gmm = maximum specific gravity (ASTM D 2041} of paving mixture (no
air voids)
Pam = percent by weight of total loose mixture = 100
Pp, = asphaltcontentat which ASTM D 2041 test was performed, percent

by total weight of mixture
Gp = specific gravity of asphalt

MS-2 a9

Using the data in Table 4.2

100 - 5.3 94.7 .
Gee= o0 53 - a5 515 - 270l
2535~ 1.030

NGOTE: The volume of asphalt binder absorbed by an aggregate is
almost invariably less than the volume of water absorbed. Conse-
guently, the value for the effective specific gravity of an aggregate
should be between its bulk and apparent specific gravities. When the
effective specific gravity falls outside these limits, its value must be
assumed to be incorrect. The calculations, the maximum specific
gravity of the total mix by ASTM D 2041, and the compasition of the
mix in terms of aggregate and total asphalt content should then be
rechecked for the source of the error.

The apparent specific gravity, Gga, of the total aggregate can be
calculated by the same formula as the bulk by using the apparent
specific gravity of each aggregate constituent.

4.07 MAXIMUM SPECIFIC GRAVITY OF MIXTURES WITH DIFFER-
ENT ASPHALT CONTENTS — In designing a paving mixture with a given
aggrepate, the maximum specific gravity, Gy, at each asphalt content is needed to
calculate the percentage of air voids for each asphalt content. While the maximum
specific gravity can be determined for each asphalt content by ASTM D 2041, the
precision of the test is best when the mixture isclose tothe design asphaltcontent. Also,
it is preferable to measure the maximum specific gravity in duplicate or triplicate.

After calculating the effective specific gravity of the aggregate from cach measured
maximum specific gravity (see Article 4.06) and averaging the Gge results, the
maximum specific gravity for any other asphalt content can be obtained as shown
below. For all practical purposes, the effective specific gravity of the aggregate is
constant because the asphalt absorption does not vary appreciably with variations in
asphalt content.

P

G e mm %)
P Py

Gge Gp

]

where, Gpmym = maximum specific gravity of paving mixture (no air voids)
Pmm = percent by weight of total loosc mixture = 100

Py = aggregate content, percent by total weight of mixture
Py = asphalt content, percent by total weight of mixture
Gge = effective specific gravity of aggregate

G, = specific gravity of asphalt
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Using the specific gravily data from Table 4.2 and the effective specific gravity, Gge,
determined in Article 4.06, the Gy, at an asphalt content, Py, of 4.0 percent would be:

Gmm = 100 = 100 = 2.587

56 . 4.0 3477 + 3.88

2761 1.030

4.08 ASPHALT ABSORPTION — Absorption is expressed as a percentage by
weight of aggregate rather than as a percentage by total weight of mixture. Asphalt
absorption, Py, is determined using:

Gge — Gy
Pp, = 100 22 _—59G 4
ba Gyb Gge b

where, Ppg absorbed asphait, percent by weight of aggregate

Gge = effective specific gravity of aggregate
Ggp = bulk specific gravity of aggregate
Gp = specific gravity of asphalt

Using the bulk and effective aggregate specific gravities determined in Articles 4.05
and 4.06 and the asphalt specific gravity from Table 4.2:

2.761 - 2,703 _ 0.058 -
Ppa = 100 (m) 1.030 = 100 (—7.463) 1.030 = 0.8

4,09 EFFECTIVE ASPHALT CONTENT OF A PAVING MIXTURE — The
effective asphalt content, Ppe, of a paving mixture is the total asphalt content minus the
quantity of asphalt lost by absorption into the aggregate particles. It is the portion of
the total asphalt content that remains as a coating on the outside of the aggregaie
particles and it is the asphalt content which governs the performance of an asphalt
paving mixture. The formula is:

Pba
= —_ep 5
where, Pn. = effective asphalt content, percent by total weight of mixture

P, = asphalt content, percent by total weight of mixture

Pya = absorbed asphalt, percent by weight of aggregate

P, = aggregate content, percent by total weight of mixture

Using the data from Table 4.2 and Article 4.08:

0.8
Phe =53 — Jo5 X 947 = 45
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4. PERCENT YMA INCOMPACTED PAVING MIXTURE — The voids in
the mineral agprepate, VMA, are defined as the interpranular void space between the
agarepate particles in a compacted paving mixture that includes the air voids and the
effective asphalt content, expressed as a pergent of the total volume, The VMA is
calculated on the basis of the bulk specific gravity of the aggregute und is expressed as
apercentage of the bulk volume of the compucted paving mixture, Therefore, the VMA
can be caleulated by subtracting the volume of the aggregate determined by iis bulk
spectfic gravity from the bulk volume of the compacted paving mixture. A method of
calculation is llustrated for cach type of mixture pereentage content,

If the mix composition is determined as percent by weight of total mixture:

vMa = 100 SmbPs (6)
Gsb
where, VMA = voids in mineral aggregate, percent of bulk volume
Ggp = bulk specific gravity of total aggrepate
Gmb = bulk specific gravity of compacted mixture
(AASHTO T166; ASTM D 1188 or D 2726)
P = aggregate confent, percent by total weight of mixture

Using the data from Table 4.2 and Article 4.05:

2,442 x 94.7

VMA = 100~ 3703

= 100- 856= 144

Or if the mix composition is determined as percent by weight of agpregate:

VMA = 100_ Smb 100

G, < 100475 ' 7

where, Pp = asphalt content, percent by weight of aggregate.

Using the data from Table 4.2 and Article 4.05:

2.442 100

YMA = 100 - 5763 X 100+ 5.6

x 100 = 100 — 85.6 = 144

4.11 PERCENT AIR VOIDS IN COMPACTED MIXTURE — The air voids,
Vg, in the total compacted paving mixture consist of the small air spaces between the
coated aggrepate particles. The volume percentage of air voids ina compacted mixture
can be determined using:

V, =100x9m_fl‘____c_@_12 (8)

mm
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where, V¥, = air voids In compacted mixiure, percent of total volume
Gy = maximum specific gravity of paving mixture {as determined in
Article 4.07 or us measured direetly for a paving mixture by ASTM
D 2041)
Gpn = bulk specific gravity of compacted mixture

Using the duta from Table 4.2:

25352442 _

2.535 37

Vu = H00x

4.12 PERCENT VFA IN COMPACTED MIXTURE — The voids filled with
asphalt, VFA, is the percentage of the intergranular void space between the aggregate
particles (VMA) that are filled with asphalt. VFA, not including the absorbed asphalt,
is determined using:

100 (VMA - V)

VFA = VA (%)
where, VFA = voids filled with asphalt, percent of VMA

VMA = voids in mineral aggregate, percent of bulk volume

V, = air voids in compacted mixture, percent of total volume

Using the data from Table 4.2 and Articles 4.10 and 4.11:

144 -37
VFA = 100 x lia = 74.3 percent
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Figure 4.3 - Worksheet: Analysis by weight of totai mixture

Worksheet for Volumetric Analysis of Compacted Paving Mixture
{Analysis by weight of total mixture)

Sample: o Date:

ldentification: _

Composition of Paving Mixture

Spedific Gravity, G Mix Composition, % by wi. of Total Mix, P
Mix or Trial Number
Bulk 1 2 3 4 5

1. Coarse Aggregale G4 276 Py 474

2. Fine Aggregate Go 2669 P2 475

3. Mineral Filler Gy - P3 -

4. Total Aggregate Gs -- - Pg 247

5. Asphalt Cement Gp 1.030 — Py ' 5.9

TEquation”

6. Bulk Sp. Gr. {Ggp,), total aggregate m 2703

7. Max. Sp. Gr. (Gmm), paving mix SS;:: — 2.525

8. Bulk Sp. Gr. (Gmnp), compacted mix 32:2“2 — 2.442

9. Effective Sp. Gr. (Gge), total aggregate (2) 2.761
10. Absorbed Asphalt (Ppa), % by wgt. total agg.| (4) 0.8
CALCULATIONS

11. Effective Asphalt Content (Ppe) =

(Line 10 x Line 4 P 4.5
Line 5 Pp — s) (5)
100
12. VMA = Line 8 Line 4 P
Ing 3 X Line ]
100- —— % [
Lne 6 (€) 14.4
13. Air Voids (V) =
Line 7 - Line 8
100 ————— 8
Line 7 (&) 5.7
14, VFA = Line 12 — Line 14
—1iin
100 —nele —Hne s (9) 745

Line 12

*Equations from Chapter 4, MS-2
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Figure 4.4 — Worksheet: Analysis by weight of aggregate

Worksheet for Volumetric Analysis of Compacted Paving Mixture
{Analysis by weight of aggregate)

Sample: N Date:

tdentification:

Composition of Paving Mixture

11. Effective Asphalt Content (Ppe) =

Line 12

*Equations from Chapter 4, MS-2
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Chapter 5

Marshall Method of
Mix Design

A. General

5.01 DEVELOPMENT AND APPLICATION — The concepts of the Marshatl
method of designing paving mixtures were formulated by Bruce Marshall, a former
Bituminous Engineer with the Mississippi State Highway Department. The U.S. Army

Specific Gravity, G Mix Gomposition, % by wt. of Aggragate, P Corps of Engineers, through extensive research and correlation studies, improved and
Mix or Triat Number added certain features to Marshall’s test procedure, and ultimately developed mix
Bulk 1 2 3 4 5 design criteria. The Marshall test procedures have been standardized by the American
1. Coarse Aggregate |G one Py 50.0 Society for Testing and Materials. Procedures are given by ASTM D 1559, Resistance
) to Plastic Flow of Bituminous Mixtures Using Marshall Apparatus * Testing proce-
2. Fina Aggragate G2 2689 [P 50.0 dures presented here are basically the same as those of the ASTM method.
3. Minerat Filler Ga - Py - The original Marshall method is applicable only to hot-mix asphalt paving mixtures
containing aggregates with maximum sizes of 25 mm (1 in.) or less. A modified
4. Total Aggregate Gs - - Ps 100.0 Marshall method has been proposed for aggregates with maximum sizes up to 38 mm
5. Asphalt Cement Gol 1030 - Py 5.6 (1.5in.). The differences between this proposed method and the original are discussed
Tauaron” in Article 5.16. The Marshall method is intended for laboratory design and field control
6. Bulk Sp. Gr. (Gsp), total aggregate (M 2703 (Chapter 8} of asphalt hot-mix dense-graded paving mixtures. Because the Marshall
7. Max. Sp. Gr. (Gmm), paving mix 32;:'1’ — > 5535 stability test is empirical in nature, the meaning of the results in terms of estimating
relative field behavior is lost when any modification is made to the standard proce-
8. Bulk Sp. Gr. (Gmb), compacted mix AT | 0 442 ) any mo . P
- Bulk Sp. Gr. (Gmb), compac D726 : dures. An example of such modification is preparing specimens from reheated or
9. Effective Sp. Gr. (Gge), total aggregate 2 2.761 remolded materials.
10. Absorbed Asphalt (Ppa), % by wgt. total agg. | {4) 08 5.02 OUTLINE OF METHOD — The procedure for the Marshall method starts
CALCULATIONS with the preparation of test specimens. Steps preliminary to specimen preparation are:

(a) all materials proposed for use meet the physical requirements of the project

specifications.
Line 5 Py — Line 10 {5) 45 (b} aggregate blend combinations meet the gradation requirements of the project
specifications.
12. YMA = Line 8 100 (c) for performing density and voids analyses. the bulk specific gravity of all
" Line 6 * 100 + Line 5 Py, x 100 | (7) 44 aggregates used in the blend and the specific gravity of the asphalt cement are
s determined.
13. Air Voids (V) =
Line 7 —Line 8
1 —_—— 8
00 Line 7 ®) 37
14. VFA = Line 12  Line 13
ine 12 —Line (9 4.5

* AASHTO T245 “Resistance te Plastic Flow of Bituminous Mixtures Using Marshall Apparatus” agrees
with ASTM I} 1559 except for provisions for mechanically-operated hammer, AASHTO T2435 Par. 2.3 Note
2 - Instead of a hand-operated hammer and associated equipment, a mechanically-operated hammer may be
used provided it has been calibrated to give results comparable to the hand-operated hammer.,



:) ketabton.com: The Digital Library

56 Marshail Method of Mix Deasign

These requirements are matters of routine testing, specifications, and laboratory
tcchnique that must be considered for any mix design method. Refer to Chapter 3,
Evaluation of Aggregate Gradation, for the preparation and analysis of aggrepates.

The Marshall method uses standard test specimens of 64 mm (2- 1/2 in Yheight x 102
mm (4 in.) diamcter. These are prepared using # specified procedure for heating,
mixing, and compacting the asphalt-aggregate mixture. The two principal features of
the Marshall method of mix design are a density-voids analysis and a stabilily-{low iest
of the compacted test specimens.

The stability of the test specimen is the maximum load resistance in Newtons (fb.)
that the standard test specimen will develop at 60°C (140°F) when tested as outlined.
The flow value is the total movement or strain, inunits of 0.25 mm (1/100 in.) occurring
in the specimen between no load and the point of maximum foud during the stability
test,

B. Preparation of Test Specimens

5.03 GENERAL —In determining the design asphalt content for a particular blend
or gradation of aggregates by the Marshall method, a series of test specimens is
prepared for a range of different asphalt contents so that the test data curves show well-
defined relationships. Tests should be planned on the basis of 1/2 percent increments
of asphalt content, with at least two asphalt contents above the expected design value
and at least two below this value,

The “expected design” asphalt content can be based on any or all of these sources:
experience, computational formula, or performing the centrifuge kerosene equiva-
lency and oil soak tests in the Hveem procedure (Chapter 6). Another quick method
to arrive at a siarting point is to use the dust-to-asphalt ratio guideline (0.6 to 1.2),
discussed in Article 7.02. The expected design asphalt content, in percent by total
weight of mix, could then be estimated to be approximately equivalent to the
percentage of aggregate in the final gradation passing the 75 U m (No. 200) sieve.

One example of a computational formula is this equation:

P=0.035a+0.045b+ Kc +F

where: P = approximate asphalt content of mix, percent by weight of mix
a = percent® of mineral aggregate retained on 2.36mm (No. 8) sieve
b = percent* of mineral aggregate passing the 2.36mm (No. 8) sieve and
retained on the 75 |t m (No, 200) sieve
= percent of mineral aggregate passing 75 . m (No. 200) sieve
K = 0.15 for 11-15 percent passing 75 u m (No, 200) sieve
0.18 for 6-10 percent passing 75 |1 m (No. 200) sieve
0.20 for 5 percent or less passing 75 i m (No. 200) sieve
F = 0to 2.0 percent. Based on absorption of light or heavy aggregate. In
the absence of other data, a value of 0.7 is suggested.

[e]
|

#*Expressed as a whole number.
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Toprovide adequarc data, at least three test specimens wre prepured for cach asphalt
contentselected. Therefore, a Marshall mix design using six ditlerent asphall conlents
will narmally require at least eighteen test spocimens. Each test specimen will usually
require approximately 1.2 kg (2.7 10 of uggregate. Assuming some minor waste, the
minimunt aggregate requirements for one series of fest specimens of a given hiend and
gradation will be approximaiely 23 kg (50 1b). About {our liters (one pallon) of asphalt
cement will be adequule.

5.04 EQUIPMENT — The equipment required for the preparation of test speci-

mens is:

{a) Flat-bottom metal pans for heating aggregates,

(b} Roundmetal pans, approximately 4-liter (4-qt.) capacity, for mixing asphalt and
aggregate.

(¢) Ovenand Hot Plare, preferably thermostatically-controlled, for heating aggre-
gates, asphalt, and equipment,

(d) Scoop for batching aggregates.

(e} Conmainers: gill-type tins, beakers, pouring pots, or sauce pans, for heating
asphalt.

() Thermometers: armored, glass, or dial-type with metal stem, 10°C (50°F) to
235°C (450°F), for determining temperature of aggregates, asphalt and asphait
mixtures.

(g) Balances: 5-kg capacity, sensitive to |
g, for weighing aggregates and asphalt
and 2-kg capacity, sensitive to (. 1 g, for
weighing compacted specimens.

(h) Large Mixing Spoon or smatl trowel.

(i) Large spatula.

() Mechanical Mixer{optional): commer-
cial bread dough mixer 4-liter (4 gt.)
capacity or larger, equipped with two
metal mixing bowls and two wire stir-
rers.

(k) Compaction Pedestal (Figure 5.1), con-
sisting of a 200 x 200 x 460 mm (8 x 8
x 18 in.) wooden post capped with a 305
x 305 x 25 mm (12 x 12 x 1 in.) steel
plate. The wooden post should be oak,
pine or other wood having a dry weight

Figure 5.1 — Pedestal, hammer
{mechanical) and mold
used in preparing
Marshall test specimens
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of 670 to 770 ke/m3 (42 to 48 pet). The wooden post should be sceured by four
angle brackets to a solid concrete slab. The steel cap should be firmly fastencd
to the post. The pedestal should be instalied so that the post is plumb, the cap
level, and the entire assenbly free from movement during compaction.

(1} Compaction Mold, consisting of a base plate, torming mold. and collar exten-
sion. The forming mold has an inside diameter of 101.6 mm (4in.) and a height
of approximately 75 mm (3 in.); the base plate and collar extension arc designed
tu be interchangeable with either end of the forming mold.

*(m) Compaction Hammer, consisting of a flat circular tamping face, 98.4 mm (3-
7/8 in.) in diameter and equipped with 2 4.5 kg (10 1b.) weight constructed to
obtain a specificd 457 mm (18 in.) height of drop.

*(n) Mold Holder, consisting of spring tension device designed to hold compaction
maold centered in place on compaction pedestal,

(0) Paper disks, 100mm (4 in,), for compaction.

(p) Steel specimen extractor, in the form of a disk with a diameter not less than 100
mm (3.95 in.} and 13 mm (0.5 in.) thick for extruding compacted specimens
from mold.

(q) Welders gloves for handling hot equipment. Rubber gloves for removing
specimens from water bath.

(1) Marking Crayons, for identifying test specimens.

(Note: See additional cquipment requircments in Article 5.07.)

5.05 PREPARATION OF TEST SPECIMENS — These steps are recommended
for preparing Marshall test specimens:

(a) Number of Specimens - Prepare at least three specimens for cach combination
of aggregates and asphait content,

(b} Preparation of Aggregates - Dry aggregates to constant weight at 105°C w0
110°C (220°F to 230°F) and scparate the aggregates by dry sieving into the desired size
fractions. These size fractions are recommended:

25010 19.0 mm (1 to 3/4 in.)
19.0 t0 9.5 mm (3/4 to 3/8 in.)
9.5 to 4.75 mm (3/8 in. to No. 4)
4,75 to 2.36 mm (No. 4 to No. 8)
passing 2.36 mm (No. 8)

Refer to Article 3.13 for batching procedure details.

(¢) Determination of Mixing and Compaction Temperature - The temperature to
which the asphalt must be heated to produce viscosities of 170 + 20 centistokes
kinematic and 280 + 30 centistokes kinematic shall be established as the mixing
temperature and compaction temperatures, respectively. Thesc temperatures can be
estimated from a plot of the viscosity (log-log centistokes scale) versus temperature
(log degrees Rankine scale, OR = 9F + 459.7) relationship for the asphalt cement to be
used. An example plot is shown in Figure 5.2.

*Marshall test apparatus should conform to requirements of ASTM D 1559.
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Figure 5.2 —~ Determination of Mixing and Compaction Temperatures

(d) Preparation of Mold and Hammer - Thoroughly clean the specimen mold
assembly and the face of the compaction hammer and heat them in a water bath or on
the hot plate to a temperature between 95°C and 150°C (200°F and 300°F). Place a

piece of filter or waxed paper, cut to size, in the bottom of the mold before the mixture
is placed in the mold.
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(e} Preparation of Mixtures - Weigh into separate pans for each test specimen the
amount of each size fraction required to produce a batch that will result in a compacted
specitien 63.5 + 1.27 mum (2.5 £ 0.05 in.) in height. This will normally be about 1.2
kg (2.7ih.). (See Chapter 3, Evaluation of Aggregate Gradation, forsuggested methods
of calculating batch weights,) 1ris gencrally desirable {o prepare a trial spectmen prior
to preparing the aggregate batches. If the trial specimen height falls outside the limits,
the amount of aggregate used for the specimen may be adjusted using:

For International System of Units (SI),

63,5 (mass of aggregate used)
Specimen height (mm) obtained

Adjusted mass of aggregate =

U.S. Customary Units,

2.5 (weight of aggregate used)
Specimen height (in.) obtained

Adjusted weight of aggregate =

Place the pans in the oven or on the hot plate and heat to a temperature not exceeding
28°C (50°F) above the mixing temperature specified in (¢). (If a hot plate is used,
provision should be made for dead space, baffle plate, or a sand bath beneath the pans
and the hot plaie to prevent local over-heating.} Charge the mixing bowl with heated
aggregates and dry mix thoroughly. Form a crater in the dry blended aggregate and
weigh the required amount of asphalt cement into the mixture in accordance with the
calculated batch weights. At this point the temperature of the aggregate and asphalt
must be within the limits of the mixing temperature established in paragraph (¢).
Asphalt cement should not be held at mixing temperatures for more than one hour
before using. Mix the aggregate and asphalt cement, preferably with a mechanical
mixerorby hand with a trowel, as quickly and thoroughly as possible to yicld a mixture
having a uniform distribution of asphalt.

Note: Currently, there is no standardized or recommended procedure for
aging or curing the mixture prior to Marshall compaction. A number of
suggested methods have been proposed; however, a consensus of
opinion has not yet been reached. The Hveem procedure recommends
a2 to 3 hour cure period to allow for both aging and absorption to occur.
If severe climates or absorptive aggregates are involved, some consid-
eration should be given to this behavior.

(f) Packing the Mold - Place a paper disk in the mold. Place the entire batch in the
mold, spade the mixture vigorously with a heated spatula or trowel 15 times around the
perimeter and ten times over the interior. Smooth the swrface 1o a slightly rounded
shape. The temperature of the mixture immediately prior to compaction shall be within
the limits of the compaction temperature established in paragraph (c); otherwise, it
shall be discarded. In no case shall the mixture be reheated.
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{g) Compacrion of Specimens - Place a paper on top of the mix and place the motd
assembly on the compaction pedestal in the mold holder. As specitied according to the
design traffic category (see Table 5.2), apply cither 35, 50, or 75 blows willi the
compaction hammer using a free {alt of 457 mm (18 in). Hold the uxis of the
compaction hammer us nearly perpendicular 1o the hase of the mold assembly as
possible during compaction, Remove the base plate and collar, and reverse and
reassemble the mold. Apply the same number of compaction blows to the face of the
reversed specimen. After compaction, semove the base plate and the paper disks and
allow the specimen tocool in air until no deformation will result when removing it from
the mold. When more rapid cooling is desired, electric fans may be used, but not water
unless the specimen is in a plastic bag. Remove the specimen from the mold by means
of an extrusion jack or other compression device, then place on a smooth, level surface
unti] ready for testing. Normally, specimens are allowed to cool overnight.

Note: ASTM D1559 specifies that hand lifting of a flat faced compaction
hammer be used for specimen compaction. If variations (e.g. mechanical
lift, slanted face, rotating base) of the flat face, hand-lifted hammer are
used, correlations with the standard Marshall compaction procedure
must be made.

C. Test Procedure

5.06 GENERAL — In the Marshall method, each compacted test specimen is
subjected to these tests and analysis in the order listed:

(a) Bulk Specific Gravity Determination

(b) Stability and Flow Test

(¢) Density and Voids Analysis

5.07 EQUIPMENT — The equipment required for the testing of the 102 mm (4in.)
diameter x 64 mm (2 1/2 in.) height specimens is:

*(a) Marshall Testing Machine, a compression testing device. Itis designed to apply

loads to test specimens through cylindrical segment testing heads (inside radius

of curvature of 51 mm (2 in.)) at a constant rate of vertical strain of 51 mm (2

in.} per minute. Two perpendicular guide posts are included to atlow the two

segments to maintain horizontal positioning and free vertical movement during

the test. Itis equipped with acalibrated proving ring for determining the applied

testing load, a Marshall stability testing head for use in testing the specimen, and

aMarshall flow meter for determining the amount of strain at the maximum load

in the test. A universal testing machine cquipped with suitable load and

deformation indicating devices may be used instead of the Marshall testing
frame.

*Marshall test apparatus should conform to requirements of ASTM D 1559,
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(b) Water Bath, atleast 150 mm (6 in.)deep and thermostatically-controlled to o0°C
+ 1°C (140°F = 1.8°F). The tank should have a perforated false bottom or be
equipped with a sheff for suspending specimens at least 50 mm (2 in.) above the
bottom of the bath.

5.08 BULK SPECIFIC GRAVITY DETERMINATION — The bulk specific
gravity lest may be performed as soon as the freshly-compacted specimens have cooled
to room temperature, This test is performed according to ASTM D 1188, Bulk Specific
Gravity of Compacted Bituminous Mixtures Using Paraffin-coated Specimeny or
ASTM D 2726, Bulk Specific Gravity of Compacted Bituminous Mixtures Using
Saturated Surface-Dry Specimens.

5,09 STABILITY AND FLOW TESTS — After the bulk specific gravity of the
test specimens have been determined, the stability and flow tests are performed:

(a) Immerse specimen in water bath at 60°C £ 1°C (140°F + 1.8°F) for 30 to 40
minutes before test.

{b) If not using an automatic recording device(as shown in Figure 5.3), “Zero” the
flow meter by inserting a 101.6 mm (4.00 in.) diameter metal cylinder in the testing
head, placing the flow meter over the guide rod and adjusting the flow meter to read
“zero.”

(Note: This adjustment should be made on the guide post marked with an “0” and
with the side of the upper segment of the testing head marked with an “O” being placed
on the same side as the guide post so marked, The same assembly of testing head and
flow meter must then be used in testing the specimens. Specimens should be 101.6 £
0.25 mm [4.00 in. + .01 in.]; otherwise, an initial and final reading of flow meter is
required for the determination of the flow value.)

(c) Thoroughly clean the inside surfaces of testing head. Temperature of head shall
be maintained between 21.1° to 37.8°C (70° to 100°F) using a water bath when
required. Lubricate guide rods with a thin film of oil so that upper test head will slide
freely without binding. If a proving ring is used to measure applied load, check to see
that dial indicator is firmly fixed and “zeroed” for the “no-load” position.

(d) With testing apparatus ready, remove test specimen from water bath and
carefully dry surface. Place specimen in lower testing head and center; then fit upper
testing head into position and center complete assembly in loading device. Place flow
meter over marked guide rod as noted in (b) above.

() Apply testing load to specimen at constant rate of deformation, 51 mm (2 in.)per
minute, until failure occurs. The point of failure is defined by the maximum load
reading obtained. The total number of Newtons (Ib.) required to produce failure of the
specimen shall be recorded as its Marshall stability value.

(f) While the stability test is in progress, if not using an automatic recording device,
hold the flow meter firmly in position over guide rod and remove as the load begins to
decrease, take reading and record. This reading is the flow value for the specimen,
expressed in units of 0.25 mm (1/100 in.). For example, if the specimen deformed 3.8
mm (0.15 in.) the flow value is 15.

(g) The entire procedure for both the stability and flow measurements, starting with
the removal of the specimen from the water bath, shall be completed within a period
of thirty seconds.

MS-2

Figure 6.3 — Marshall stability and flow test, using
an automatic recording device
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5. 10 DENSITY AND VOIS ANALYSIS — After the completion of the stability
and flow test, a density and voids analysis is made for cach series of test specimens.
{The calculations for the voids analysis are fully described in Chapler 4.)

{a) Average the bulk specific gravity values for all test specimens of a given asphall
content; values obviousky in error shall not be included in the average. These values
of bulk specific gravity shall be used in further computations of voids data.

{b) Determine the average unit weight for each asphalt content by muliiplying the
average bulk specific gravity value by the density of water [1,000 kg/m3 (62.4 pet)|
{See Figure 5.4).

(c) Determine the theoretical maximum specific gravity (ASTM D2041) for at least
two usphalt contents, preferably on mixes at or near the design asphall content. An
average value for the effective specific gravity of the total aggregate is then calculated
from these values. This value may then be used for calculation of the maximum
specific gravity of mixtures with different asphalt contents, as discussed in Chapter 4.

(d) Using the effective and bulk specific gravity of the total aggregate, the average
bulk specific gravities of the compacted mix, the specific gravity of the asphalt, and the
maximum specific gravity of the mix determined above in (c), calculate the percent
absorbed asphalt by weight of dry aggregate, percent air voids (V ), percent voids filled
with asphalt (VFA) and percent voids in mineral aggregate (VMA). These values and
calculations are more fully described in Chapter 4. Worksheets for all these calcula-
tions are also included in Chapter 4.

D. Interpretation of Test Data

5,11 PREPARATION OF TEST DATA — Prepare the stability and flow values
and void data:

(a) Measured stability values for specimens that depart from the standard 63.5 mm
(2 1/2 in.) thickness shall be converted to an equivalent 63.5 mm (2 1/2 in.) value by
means of a conversion factor. Applicable correlation ratios to convert the measured
stability values are set forth in Table 5.1. Note that the conversion may be made on the
basis of either measured thickness or measured volume.

(b) Average the flow values and the final converted stability values forall specimens
of a given asphalt content. Values that are obviously in error shall not be included in
the average.

(c) Prepare a separate graphical plot for these values and connect plotted points with
a smooth curve that obtains the “best fit” for all values, as illustrated in Figure 5.5:

Stability vs. Asphalt Content

Flow vs. Asphalt Content

Unit Weight of Total Mix vs. Asphalt Content

Percent Air Voids (V) vs. Asphalt Content

Percent Voids Filled with Asphalt (VFA) vs. Asphalt Content

Percent Voids in Mineral Aggregate (VMAY) vs. Asphalt Content

These graphs are used to determine the design asphalt content of the mix.
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Figure 5.4 — Suggested test report form showing test data for a typical design by the Marshall method

Specilic Gravity of AC: 1.030
Buk 5.G. Aggregala: 2.674

Compaction: 75 Blows

of mix,
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Table 5.1 — Stability correlation ratios - 100 — . - 16.0
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L 61110 625 76.2 3 0.76 Figure 5.5 — Test property curves for hot-mix design data by the
Marshall method
NOTES:
1. The measured stability of a specimen multiplied by the ratio for the thickness of the specimen equals the
corrected stability for a 63.5 mm (2 1/2-in.) spacimen.
2 Volume-thickness relationship is based on a spacimen diameter of 101.6 mm (4 in.).

Kg/m3
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5.12 TRENDS AND RELATIONS OF TEST DATA — By examining the test
property curves plotted for Article 5.11, information can be learned about the
sensitivity of the mixture to asphalt content. The test property curves have been found
to follow a reasonably consistent pattern for dense-graded asphalt paving mixes, but
variations will and do occur. Trends generally noted are:

(a) The stability value increases with increasing asphall content up to a maximum

after which the stability decreases.

(b} The flow valuc consistently increases with increasing asphalt content.

(¢ The curve for unit weight of total mix follows the trend similar to similar to the
stability curve, except that the maximum unit weight normally (but not always)
occurs at a slightly higher asphalt content than the maximum stability.

(d) The percent of air voids, Vg, steadily decreases with increasing asphalt content,
ultimately approaching a minimum void content.

{e) The percent voids in the mineral aggregate, VMA, generally decreases to a

MS-2
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Table 5.2 — Marshall mix design criteria

Marshail Method
Mix Criteria 1

Light Traffic
Surface & Base

Medium Traffic

Surface & Base Surface & Base

Heavy Traffic

minimum value then increases with increasing asphalt content. ‘ .
(f) The percent voids filled with asphalt, VFA, steadily increases with increasing
asphalt content, because the VMA is being filled with asphalt.

5.13 CRITERIA FOR SATISFACTORY PAVING MIX — Deciding whether
the asphalt paving mix will be satisfactory at the selected design asphalt content is
guided by applying certain limiting criteria to the mixture test data. The lelrshall
method mix design criteria in Table 5.2 are recommended by the Asphalt Institute.

5,14 DETERMINATION OF PRELIMINARY DESIGN ASPHALT CON-
TENT — The design asphalt content of the asphalt paving mix is selected by
considering all of the data discussed previously. Asaninitial starting point, the Aspha.]t
Institute recommends choosing the asphalt content at the median of the percent air
voids limits, which is four percent. All of the calculated and measured mix properties
at this asphalt content should then be evaluated by comparing them to the mix design
criteria in Table 5.2. If all of the criteria are met, then this is the preliminary design
asphalt content. If all of the design criteria are not met, then some adjustment or
compromise is necessary or the mix may need to be redesigned. A number of
considerations are discussed in the next article that should be weighed even if all the
design criteria are met.

EXAMPLE

Assume the data shown in Figures 5.4 and 5.5 represent Marshall mix design laboratory
tests on dense-graded HMA to be used in a heavy traffic area. The mixture contains
a 3/4" nominal maximum particle size aggregate. Atfour percent air voids, the mixture
properties are:

Asphalt Content, % 4.7
Stability, Ib. 2,300
Flow, 0.01 in. 9
VMA, % 14

VFA, % 70

Min Max Min Max Min Max

Compaction, number of blows

each end of specimen 35 50 7B
Stability, N 3336 5338 8006

{tb.) (750} — (12000 — {180Q0) —

Flow, 0.25 mm (D.01 in.) 8 18 8 16 8 14
Percent Air Voids 3 5 3 5 3 5
Percent Voids in Mineral

Aggregate (VMA) See Table 5.3
Percent Voids Filled With

Asphalt (VFA) 70 30 65 78 65 75
NOTES

1. All criteria, not just stability value alone, must be considered in designing an asphalt paving mix. Hot
mix asphalt bases that do not meet these criteria when tested at 60°C (140°F) are satisfactory if they
meet the criteria when tested at 38°C (100°F) and are placed 100 mm (4 inches) or more below the
surface. This recommendation applies only to regions having a range of climatic conditions simitar to
those prevailing throughout most of the United States. A different lower test temperature may be
considered in regions having more extreme climatic congitions,

2. Traffic classifications

Light Tratfic conditions resulting in a Design EAL <104
Medium Traffic conditions resulting in a Design EAL between 104 and 106
Heavy  Traffic conditions resulting in a Design EAL »106

3. Laboratory compaction efforts should closeiy approach the maximum density obtained in the
pavement under traffic.

4. The flow value refers to the point where the loac begins to decrease,

5. The portion of asphali cement lost by absorption inta the aggregate particles must be allowed for when
calculating percent air voids.

6. Percent voids In the mineral aggregate is to be calculated on the basis of the ASTM bulk specific
gravity for the aggregate.

Comparing these values to the criteria in Table 5.2, it is evident that this mixture is
acceptable for use in heavy traffic areas.

5.15 SELECTION OF FINAL MIX DESIGN — The final selected mix design
is usually the most economical one that will satisfactorily meet all of the established
criteria. However, the mix should not be designed to optimize one particular property,
Mixes with abnormally high values of stability are often less desirable because
pavements with such mixes tend to be less durable and may crack prematurely under
heavy volumes of traffic. This situation is especially critical where the base and
subgrade materials beneath the pavement are weak and permit moderate to relatively
high deflections under the actual traffic.

The design asphalt content should be a compromise selected to balance all of the mix
properties. Normaily, the mix design criteria will produce a narrow range of acceptable
asphalt contents that pass all of the guidelines as shown by the example in Figure 5.6.
The asphalt content selection can be adjusted within this narrow range to achieve a mix
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Table 5.3 — Minimum percent voids in mineral aggregate (VMA)

Minimum VMA, percent
Nominal Maximum
Particle Size?!. 2 Design Air Voids, Percant3
mm in. 3.0 4.0 5.0
1.18 No. 16 215 225 2358
236 No. B 19.0 200 21.0
4.75 No. 4 16.0 17.0 18.0
9.5 3/8 14.0 15.0 16.0
125 1/2 13.0 14.0 15.0
18.0 3/4 12.0 13.0 14.0
25.0 1.0 11.0 12.0 13.0
375 1.5 10.0 11.0 12.0
580 2.0 9.5 10.5 11.5
63 2.5 2.0 10.0 11.0
1 - Standard Specification for Wire Cloth Sieves for Testing Purposes, ASTM E11 (A_ASHTO Ma2)
2 - The neminal maximum particle size is one size larger than the first sieve to retain more than 10
percent.
3 - Interpolate minimum voids in the mineral aggregate (VMA) for design air void values between those
listed.

. Passes All Criteria
B Too High ®& Passing B Too low |

AN
A\
N

! | 1 | 1 I
0 1 2 3 4 5 6

VMA

VFA

Stability

Asphalt Content

Figure 5.6 - An example of the narrow range of acceptable
asphalt contents.
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properly thul will satisfy a requirement of a specific project. Different propertics arc
more critical for ditferent circumstances, depending on (raffic, siructure, climate,
construction cquipment, and other factors. Therefure, the bulancing process is not the
same for every pavement and every mix design, These are some considerations for
adjustment that should be evaluated privr to establishing the final design asphalt
content:

Evaluation of VMA Carve

n many cascs, the most ditficult mix design property to achicve is a minimum
amount of voids in the mineral aggregate. The goal is to furnish cnough space for the
asphalt cement so it can provide adequate adhesion to bind the aggregate particles, but
without blceding when temperatures rise and the asphalt expands, Normally, the curve
exhibits a flattened U-shape, decreasing to a minimum value and then increasing with
ingreasing asphalt content, shown in Figure 5.7(a).

This dependency of VMA on asphalt content appears to be a contradiction to the
definition. One might expect the VMA to remain constant with varying asphalt
content, thinking that the air voids would simply be displaced by asphalt cement. In
reality, the total volume changes across the range of asphalt contents; the assumption
of a constant unit volume is not accurate. With the increase in asphalt, the mix actually
becomes more workable and compacts more easily, meaning more weight can be
compressed into less volume. Therefore, up to a point, the bulk density of the mix
increases and the VMA decreases.

At some point as the asphalt content increases (the bottom of the U-shaped curve)
the VMA begins to increase because relatively more dense material (aggregate) is
displaced and pushed apart by the less dense material (asphalt cement). It is
recommended that asphalt contents on the “wet” or right-hand increasing side of this
VMA curvebe avoided, even if the minimum air void and VMA criteria is met. Desi gn
asphalt contents in this range have a tendency to bleed and/or exhibit plastic flow when
placed in the field. Any amount of additional compaction from traffic leads to
inadequate room for asphalt expansion, loss of aggregate-to-aggregate contact, and
eventually, rutting and shoving in high traffic areas. Ideally, the design asphalt content
should be selected slightly to the left of the low point of the VMA curve, provided none
of the other mixture criteria are violated.

In some mixes, the bottom of the U-shaped VMA curve is very flat, meaning that
the compacted mixture is not as sensitive to asphalt content in this range as some other
factors. In the normal range of asphalt contents, compactability is influenced more by
aggregate properties. However, at some point the quantity of asphalt will become
critical to the behavior of the mix and the effect of asphalt will dominate as the VMA
increases drastically.

When the bottom of the U-shaped VMA curve falls below the minimum criteria
level required for the nominal maximum aggregate size of the mix [Figure 5.7(b)], this
is an indication that changes to the job-mix formula are necessary. Specifically, the
aggregate grading should be modified to provide additional VMA,; suggestions are

provided in Chapter 3. The design asphalt content should not be selected at the
extremes of the acceptable range even though the minimum criteria are met. On the
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left-hand side, the mix would be tov dry, prone to segregation, and would probably
be too high in air voids, On the right-hand side, the mix wonld be expected (o rul.

If the minimum VMA criteria is completely violated over the entire asphalt content
range feurve is completely below minimum, Figure 5.7(c)], a si gniflicant redesign and/
or change in material sources is warranted.

Effect of Compaction Level

Al the same asphalt content, both air voids (V,) and voids in the mineral agpregate
(VMA) decreasc with higher compactive effort. The three levels of compaction of the
Marshall mix procedure can be used to illustrate the consequences of this fuct. As
shown in Figure 5.8(a), not only do the magnitudes of the values change but the asphalt
content value at the minimum VMA shifts, If a mix is designed slightly to the left of
minimum VMA at a compaction level of 50 blows and the pavement actually endures
heavier traffic than expected (closer to 75-blow design level); then, the same asphalt
content now plots on the right-hand or “wet” side of the minimum VMA point for a mix
designed using 75 blow compaction. Ultimately, a mix susceptible to rutting is the
resuit.

This scenario can also work in the opposite direction. If a mix, designed at a
compaction level of 75 blows as shown in Figure 5.8(b), is placed in a pavement with
much lower volumes of traffic, then the final percentage of air voids (V,) will be
considerably higher than planned. This condition could lead to a more open, permeable
mix allowing air and water to pass through easily. The consequence of this situation
is a mix that hardens prematurely, becomes brittle and cracks at an early age or the
aggregate ravels out of the mix because of the loss of asphalt adhesion. This condition
may also lead to stripping as discussed in Chapter 7,

For this reason, it is important that the compactive effort used to simulate the design
traffic expected in the pavement be selected accordingly in the laboratory. Also, the
mixture must be constructed with appropriate compaction equipment in the field to
produce adequate initial density regardless of climatic conditions.

It is also important to note that the VMA criteria do not change based on the level
of compaction. The reasoning for having sufficient VMA (providing space for the
asphalt and air voids) is consistent regardless of the traffic level for which the mixtore
is being designed.

Effect of Air Voids

It should be emphasized that the design range of air voids (3 to 5 percent) is the level
desired after several years of traffic. This goal does not vary with traffic as seenin Table
5.2; the laboratory compactive effort is supposed to be selected for the expected traffic.
This design air void range will normally be achieved if the mix is designed at the correct
compactive effort and the percent air voids after construction is about 8 percent. Some
consolidation with traffic is expected and desired.

The consequence of a change in any factor or any detour in the procedure that offsets
the total process will be a loss of performance or service life. Tt has been shown that
mixtures that ultimately consolidate to less than three percent air voids can be expected
to rut and shove if placed in heavy traffic locations. Several factors may contribute to
this occurrence, such as an arbitrary or accidental increase in asphalt content at the
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Figure 5.8 — Effect of Marshall compactive effort on VMA and
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mixing facility or an increused amount of ultra-line particles passing the 75 (L m (No.
2000) sieve beyond that used in the luboratory, which will act as an asphalt extender,

Sinilarly, problems can occur if the final air void content is above five percent or
if the pavement is constructed with over eight percent air voids initially, Brittleness,
premulure cracking, raveling, and stripping are all possitle under these conditions.

The overall objective is to limitadjustments of the design asphudt content ( less than
0.5 percent air voids from the median of the design criteria (four pereent), especially
on the low side of the range, and to verify that the plant mix closcly resembles the
laboratory mix.

Effect of Voids Filled with Asphalt

Although VFA, VMA, and V, are all interrelated and only two of the values are
necessary to solve for the other, including the VFA criteria helps prevent the design of
mixes with marginally-acceptable VMA. The main effect of the VFA criteria s to limit
maximum levels of VMA, and, subsequently, maximum levels of asphalt content.

VFA also restricts the allowable air void content for mixes that are near the
minimum VMA criteria. Mixes designed for lower traffic volumes will not pass the
VFA criteria with a relatively high percent air voids (five percent) even though the air
void criteria range is met. The purpose is to avoid less durable mixes in light traffic
situations.

Mixes designed for heavy traffic will not pass the VFA criteria with relatively low
percent air voids (less than 3.5 percent) even though that amount of air voids is within
the acceptable range. Because low air void contents can be very critical in terms of
permanent deformation (as discussed previously), the VFA criteria helps to avoid those
mixes that would be susceptible to rutting in heavy traffic situations.

The VFA criteria provide an additional factor of safety in the design and construc-
tion process in terms of performance. Since changes can occur between the design
stage and actual construction, an increased margin for error is desirable.

Influence of Structure and Climate

Mix design is a compromise of many factors. The asphalt content that provides the
best overall performance, in addition to passing the previously-discussed conventional
criteria, would be considered the design value. The CAMAS computer program,
contained in the Asphalt Institute Computer-Assisted Asphalt Mix Analysis System
package, provides an additional tool for evaluating the predicted performance of a
specific mix placed in a particular situation. The various mathematical models
contained in the program have not been fully verified and the program is currently
considered only a research tool. However, models are included for examining fatigue
life, subgrade deformation, and asphalt concrete deformation of the pavement and mix
for the actual climatic and traffic conditions. If any of these levels of performance are
not acceptable, then either the mix or the structure could be modified and a subsequent
evaluation performed.

The decision-making process for selecting the design asphalt content in the mix
varies with the circumstances involved in the specific case. Depending on the
particular structure or agency policy, certain factors may be more important than
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others. Although it was found that it is not feasible, suitable, or practical to directly
trade-off thickness for better mix compaction or a change in asphalt content, there are
other advantages to integrating structural design and mix design.

The type of structure can alter the engineer’s cvaluation in many ways. Forexample,
in an asphalt concrete overlay of a portiand cement concrete puvement, {here would be
ittle concern for fatigue, since the tensile strains in the bottom of the AC overlay would
be minimal. This is also true for the subgrade deformation related to the compressive
strain on the top of the subgrade, The main consideration would he how w Himit the
AC rutting as well as any supplementary treatments for minimizing reflective cracking.
In this particular case, it may be worthwhile Lo look at the effects of altering the
compactive effort in the lab and field while changing the asphalt content. Depending
on the environmental conditions during construction, it may be worthwhile to use
heavier rollers or a longer period of rolling to achieve more or the same density with
less asphalt in the mix. Mixes with asphalt contents on the high-side of the acceptable
range are usually avoided in this situation.

In an asphalt pavement, all three performance indicators need to be evalvated in
terms of future maintenance. Initially, it is important that the subgrade be adequately
protected by the structure; the number of allowable repetitions based on subgrade
deformation should exceed that expected or the pavement’s performance may have
little to do with proper mix design. In some cases, depending on location and traffic
volume, the engineer may consider whether cracking or rutting is less of a future
maintenance concern and the mix design can be selected accordingly. With all other
factors being equal, mixes with asphalt contents on the high-side of the range are less
prone to cracking because of the additional flexibility. Similarly, mixes on the low-side
of the range are less susceptible to rutting.

Finally, climate can have a major impact on mix and pavement performance for a
given pavement structure. Mix designs do not usually consider this factor except in
selecting the category or grade of asphalt cement. Table 5.4 gives recommended
asphalt grades for various temperature conditions.

In hot climates, harder, more viscous asphalts are normally used to obtain more
stability from asphait adhesion as well as from aggregate interlock. If the mix is
designed and constructed to maximize aggregate-to-aggregate contact, then the
properties of the asphalt cement are less important. Regardless, asphalt contents on the
low-side of the acceptable range are recommended for these areas.

In colder climates, softer, less viscous asphalts are recommended to produce a mix
which is less susceptible to low-temperature shrinkage cracking. Rutting is less of a
concern; therefore, additional stability from asphalt adhesion is not necessary. Usu-
ally, asphalt contents on the high-side of the acceptable range are recommended to
furnish a mix which is more elastic and resilient.

Specific Praject Conditions

The season of the year when the pavement is being constructed can be another factor
to be considered when selecting the final design asphalt content. Summer paving
would usually call for lower asphalt contents, while fall or early spring construction
would dictate higher asphalt contents to assist compaction in cooler temperatures. Any
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Tabile 5.4 — Selecting Asphalt Grade
Temperature Condition Asphalt Grades
Cold, mean annual air temperature AC-5, AC-1Q
=<7°C (45°F) AR-2000, AR-4000
120/150 pen. 85100 pen.
Warm, mean annual air temperature AC-10, AC-20
between 7°C (45°F) and 24°C AR-4000, AR-8000
(75°F) 85/100 pen. 60/70 pen.
Hot, mean annual air temperature AC-20, AC-40
224°C (75°F) AR-8000, AR-16000
60/70 pen. 40/50 pen.

shift in asphalt content js only a minor amount within the narrow range that passes all
the previous criteria.

The amount and handling of traffic can also influence the final decision, 1f the actual
trafficis atthe low or high end of the broad traffic categories for selecting the laboratory
compactive effort and mix design criteria, then the asphalt content could be slightly
modified accordingly. Higher traffic areas would dermand the lower asphalt contents
within the acceptable range. Mixes to be used in overlay situations with reduced lane
detours, where the pavement will undergo severe loading concentrations such as
highly-channelized wheel passes, very slow speeds, or steep upgrades, demand
additional attention in all phases of production. The design asphalt content should be
selected from the low end of the acceptable range and initial compaction requirements
must be met. Traffic should be held off of the pavement as long as possible while the
mix is cooling to normal temperatures. This cooling allows the asphalt to contribute
more to the mix stability and less as a compaction lubricant,

5.16 MODIFIED MARSHALL METHOD FORLARGEAGGREGATE — A
modified Marshall method has been developed by Kandhal of the National Center for
Asphalt Technology for mixes composed of aggregates with maximum size up to 38
mm (1.5 in.). This procedure is documented in draft form in the 1990 Proceedings of
the Association of Asphalt Paving Technologists (AAPT). The procedure is basically
the same as the original method except for these differences that are due to the larger
specimen size that is used:

(a) Thehammerweighs 10.2kg (22.51b.) and has a 149.4 mm (5.88 in.) flat tamping
face. Only a mechanically-operated device is used for the same 457 mm (18 in.)
drop height.

(b) The specimen has a 152.4 mm (6 in.) diameter by 95.2 mm (3.75 in.) height.

(c) The batch weights are typically 4 kg.

(d) The equipment for compacting and testing (molds and breaking heads) are
proportionately larger to accommodate the larger specimens.
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{e) The mix is placed in the mold in (wo approximalcly cqual igcrcmcnts, with
spading performed after each increment (o avord huney—cmnb.lng.

{f) The number of blows needed for the larger specimen is 1.5 times (75 or 112
blows) that required of the smaller specimen (50 or 75 hlows) to obtain
equivalent compaction. - N

() The design criteria should be modified as well. The minimum stability sh.mlild
be 2.25 times and the range of flow values should be 1.5 times the same criteria
listed in Table 5.2 [ur the normal-sized specimens.

{h) Similar to the normal procedure, these values should be vsed to convert the
measured stability values to an equivalent value for a specimen with 2 93.2 mm
(3.75 in.) thickness, if the actual thickness varies:

Approximate Height Specimen Volume Con‘ei.:ition
(mm) {(in.) (cc) Ratio
88.9 3172 1608 to 1626 1.12
90.5 39/16 1637 to 1665 1.09
92.1 35/8 1666 to 1694 1.06
93.7 311/16 1695 to 1723 1.03
952 33/4 1724 t0 1752 1.00
96.8 313/16 1753 10 1781 0.97
98.4 37/8 1782 to 1810 0.95
100.0 315116 1811 to 1839 0.92
101.6 4 1840 to 1868 0.90
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| Chapter 6 |
Hveem Method of
Mix Design

A. General

6.01 DEVELOPMENT AND APPLICATION — The concepts of the Hveem
method of designing paving mixtures have been advanced and developed under the
direction of Francis N. Hveem, a former Materials and Research Engineer for the
California Department of Transportation. The Hveem method has been developed
over a period of years as certain features have been improved and other features added.
The test procedures and their application have been developed through extensive
research and correlation studies on asphalt highway pavements.

The Hveem method as developed and used by the California Department of
Transportation and others is applicable to paving mixtures using either asphalt cement
or cutback asphalt and containing aggregates up to 25 mm (1 in.) maximum size. The
method presented here is applicable to the design of hot asphalt, dense-graded paving
mixtures,

Hveem method test procedures have been standardized by the American Society for
Testing and Materials. Test procedures are found in ASTM D 1560, Resistance to
Deformation and Cohesion of Bituminous Mixtures by Means of Hveem Apparatus,
and ASTM D 1561, Preparation of Bituminous Mixture Test Specimens by Means of
California Kneading Compactor. Testing procedures presented in this manual are
basically the same as those of the ASTM test methods.

6.02 OUTLINE OF METHOD — The procedure for the Hveem method begins
with the preparation of test specimens. Steps preliminary to specimen preparation are:
(a) proposed materials meet the physical requirements of the project specifications.
(b) aggregate blend combinations meet the gradation requirements of the project
specifications.

(c) An ample supply of aggregates is dried and sized into fractions.

These requirements are matters of routine testing, specifications, and laboratory
technique, which must be considered but are not unique to any particular mix design
method. The reader should refer to Chapter 3 for the schedule of preparation and
analysis of aggregates. It should be noted, however, that the maximum size aggregates
used in the test mixes should not exceed 25 mm (1 in.). In the event that the
specifications for the paving mix being considered require aggregate sizes greater than
25 mm (1 in.}, up to 25 percent of oversized rock may be screened out. However, this
screening process can have a significant effect on the magnitude of the stabilometer
values, depending on the size, amount, and shape of the larger aggregate pieces.

The Hveem method uses standard test specimens of 64 mm (2 1/21in.) height by 102
mm (4in.)diameter; these are prepared using a specified procedure for heating, mixing,
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and compacting the asphalt-aggregate mixtures. The principal features of the Hveem
method of mix design are the surface capucity and Centrifuge Kerosene Equivalent
(C. X, E) test on the aggregates to estimate the asphalt requirements of the mix,
followed by a stabilometer test, a cohesiometer test,* a swell test, and o density voids
analysis on test specimens of the compacted paving mixtures. The stabilomcter test
utilizes a special triaxial-type testing cell for measuring the resistance of the compacted
mix {o lateral displacerment under vertical loading, and the swell test measures the
resistance of the mix to the action of water. The specimens are maintained at 60°C
{ 140°F) for the stability test, and the swell test is performed at room temperature.

B. Approximate Asphalt Content by the
Centrifuge Kerosene Equivalent Method

6.03 GENERAL — The first step in the Hveem method of mix design is to
determine the “approximate” asphalt content by the Centrifuge Kerosene Equivalent
method.** With a calculated surface area and the factors obtained by the C.K.E.
method for a particular aggregate or blend of aggregates, the approximate asphalt
content is determined by using a series of charts. These charts are presented in this
chapter, accompanied by typical examples to demonstrate their application.

6.04 EQUIPMENT — The equipment and materials required for determining the

approximate asphalt content (Figure 6.1) are:

(a) Small sample splitter for obtaining representative samples of fine aggregate,

(b) Pans, 114 mm (4 1/2 in.} diameter X 25 mm (1 in.) deep.

(c) Kerosene, 4 liters (1 gal).

(d) Oil, SAE No 10, lubricating. 4 liters (1 gal)

(e) Beakers, 1500 ml.

(fy Metal Funnels, 89 mm (3 1/2in.) topdiameter, 114 mm (4 1/2in.) height, 13 mm
(1/2 in.) orifice with piece of 2,00 mm (No. 10) sieve soldered to bottom of
opening.

(g) Timer.

(h) Centrifuge, hand-operated, complete with cups, capable of producing 400 times
gravity (a power-driven centrifuge is available from Soiltest, Inc., Lake Bluff,
Illinois , Catalog No. AP-275 or equivalent.)

(i) Fifter Papers, 55 mm diam, (No. 611, Eaton-Dikeman Co., Mt. Holly Springs,
Pennsylvania, or equivalent).

(Note: See Articles 6.10 and 6.15 for additional Hveem method equipment require-
ments.)

*The cohesiometer value is seldom used and, therefore, this test is not included in this manual. If the
cohesiometer value is desired the test is described in ASTM D 1560.

*#The development of the method for determining design asphalt contentis cutlined in *Establishing the Oil
Content for Dense-Graded Bituminous Mixtures” by F. N. Hveem, California Highways and Public Works,
July-August, 1942, and also presented in the Proceedings of The Association of Asphalt Paving Technolo-
gists, Volume 13, 1942,
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Figure 6.1 — Apparatus for Hveem C.K.E. tests

6.05 SURFACE AREA — The gradation of the aggregate or blend of aggregates
employed in the mix is used to calculate the surface area of the total aggregate. This
calculation consists of multiplying the total percent passing each sieve size by a
“surface-area factor”™ as set forth in Table 6.1. Sum these products and the total will
represent the equivalent surface area of the sample in terms of m2/kg (ft2/1b.). It is
important to note that all the surface-area factors must be used in the calculation, Also,
if a different series of sieves is used, different surface-area factors are necessary.

Note: These surface-area factors have been used to calculate an
average film thickness using the volume of asphalt binder in the
mix. Although this determination of asphalt film thickness can
provide a broad, relative indication of mix durability, the Asphalt
Institute strongly recommends against comparing this calculated
value with specific mix design criteria because of inherent inaccu-
racies. These surface-area factors do not take into account the
specific aggregate shape, but are intended only as an index factor.
In addition, in a compacted mixture some of the asphait and fine
particle mastic is actually shared by adjacent particles rather then
each being in an isolated state as assumed.
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Table 6.1 — Surface area factors C‘KE values is used unless there is a large discrepancy, in which case the test
Total 1s rerun.)
g:;?:gt fn? fnsnl? :n?rr? ion? i{:ﬁ) L sng) ?:I (e) E (l;{l)e spiciﬁc gravit.‘y of thehag(gregare samples is preater thun 2.70 or less than
2.60) make a corrcetion to the C.K.F. value usi : o) : )
Siove No. Meximum Size N\ /oY /no\ e\ o) o\ /No. i chart n Fimte 6. ue vsing the formula al the botlom of
4 8} \18/ \ 30/ \s0/ \100/ \200 -
Surface-
Area
Facior,” ch L
m2/kg 41 41 82 164 287 614 1229 3277 art for Determining K; From C.K.E.
{ft2/1p.) 2 @ @ ® (14 (30 (60 (180
*8uurface area factors shown are appiicable only when all the above-listed sieves are used in the sieve
analysis. N A \\Qb\\{s‘\\ 3.0
= b - N A by by 25
D \:&:‘QS -
This example tabulation demonstrates the calculation of surface area by this CEASERR A 2.0 ¥
method. JESmRIIIY G
4 SENSNAY 15 5
ANEAVAINASY ©
\:‘:%J‘ . % = 8
Sieve Percent v S.A. Factor - Surface Area \:'a’ s 3 ALY 10 8
Size Passing m2/kg (#2/1b) m2/kg (ft2/1b) Nk PIy 3 Y8
"s\ 3 ‘\. 3
19.0 ; h\\‘N ARNNAN 8 @
Omm (3/4in) 1001, 41 (2) A1 (2) r\ SATANIRRLN
9.5 mm (3/8 in.) 90 NERN ‘; R 6
4.75 mm (No. 4} 75 41(2) 31(15) NCEINCINNNN 5
2.36 mm (No. 8) 60 82 {4) 49 (2.4) :
1.18 mm (No. 16) 45 1.64 (8) 74 (3.6) /
600 um (No. 30) 35 2.87 (14) 1.00 (4.9)
300 um  (No. 50) 25 6.14 (30) 1.54 (7.5) 20 SECEAN ;
150 um  (No. 100) 18 12.29 (60) 2.21 (10.8) & AN A YRR S ERAANNA U R
75 um  (No. 200) 6 32.77 (160} 1.97 (9.6) S 14 NN NS \: N N \\
Surface Area = 8.67 m2/kg (42.3 ft2/lb) ? 10 BN IR NANANNNNS A
Re N1 N /\fo"o :;
*Gurface area facior is .41 m2/kg (2 ft2/lb) for any material retained above the 4.75mm (No. 4) siove. 2 8 ANEA P N \\ % Y
"6 \(’/'{9 N [ d\}\ T
® —— —g* NN SRR
£ A N L
6.06 C.K.E. PROCEDURE FOR FINE AGGREGATE — The centrifuge 8 4 "\fitl;:i\\ R
kerosene equivalent method involves these steps: ui 3 3 \\ \:::\\\: N RAN
(a) Placeexactly 100 g of dry aggregate [representative of the passing 4.75 mm (No. 5 2 N ? ) R_:: N \\\
4) material being used] in a tared centrifuge cup assembly fitted with a screen 1 N N RNORRRR \\\\
and a disk of filter paper. _
(b) Place bottom of centrifuge cup in kerosene until the aggregate becomes C.K.E. Corracted = C.K.E. xﬁﬁaéggsfi
saturated. NOTE: Do not canfuse this 't'
. . . . : u corra
(c) Centrifuge the saturated sample for two minutes ata force of 400 times gravity. to C.ICE. with that used i,: Fig. Bg"’"
(For the suggested centrifuge this force can be developed by turning the handle
approximately 45 revolutions per minute.) . m2 #2
(d) Weigh sample after centrifoging and determine the amount of kerosene retained Surface area,; - = 0.204816, - Courtesy of California Department of Transportation.
as a percent of the dry aggregate weight; this value is called the Centrifuge
Kerosene Equivalent (C.K.E.). (Note: Duplicate samples are always prepared Ei 6.2 - C .
in order to balance the centrifuge and to check results. The average of the two igure 6.2 — Chart for determining surface constant for fine material, Ky
from C.K.E., Hveem method of design
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6.07 SURFACE CAPACITY TEST FOR COARSE AGGREGATE — The
surface capacity {or “oil soak™) test for the larger aggregatc involves these steps:

(a) Placeexactly 100 g of dry aggregate which passes the 9.5 mm (3/8-in.) sieve and

1s rel_amed on the 475 mm '(No. 4) sicve into a metal 1}1nnel (thls {raction s Chart for Determining K

considered to be representative of the coarse aggregate in the mix). 3.0

(b} Immerse sample and funnel into a beaker containing SAENo. 10 lubricating oil 2.8 P

at room temperaiure for 5 minutes. 2.6 pd

{¢) Allow to drain for 2 minuics. 2.4 i
{d) Remove funnel and sample from oil and drain for 15 minutes at u temperature 2.2 e

of 60°C (140°F). 2.0 d

(e) Weigh the sample after draining and determine the amount of oil retained as a
16 2

percent of the dry aggregate weight. (Note: Duplicate samples are prepared to
1.4 /

check results. Average value is used unless there is alarge discrepancy, in which
1.2 yd

Surface Constant, Kg

case the test is rerun.)
1.0 /

(f) Ifthe specific gravity of the aggregate is greater than 2.70 or less than 2.60 make
a correction to the percent oil retained using the formula at the bottom of the
6.08 ESTIMATED DESIGN ASPHALT CONTENT — These steps are used o :
make a preliminary estimate of the design asphalt content: /

chart in Figure 6.3.
(a) Using the C.K.E. value obtained and the chartin Figure 6.2, determine the value 8 |

Kt (surface constant for fine material).
(b} Using the percent oil retained and the chart in Figure 6.3, determine the value
; : ' A
K (surface constant for coarse material).
{c) Using the values obtained for Ky and K¢ and the chart in Figure 6.4, determine

the value Ky, (surface constant for fine and coarse aggregate combined). Ky, 1.5 2 3 4 5 6 7 8
= K¢+ correction to Ky. The correction to Kobtained from Figure 6.4 is positive Percent Gil Retained - Corrected for Sp. Gr. of Aggregate
if (K-Kg) is positive and is negative if (K¢-Ky) is negative.

(d) The next step is to determine the approximate bitumen ratio for the mix based
on cutback asphalts of RC-250, MC-250 and SC-250 grades. With values
obtained for Kp,, surface area, and average specific gravity, use Case 2 ; . : . )
procedures of the chart in Figure 6.5 to determine the oil ratio. Material Used: gﬁ?rgg\aéibpassmg 9.5 mm (3.87), Ret 4.75 mm (#4) Sieve

(e) Determine the asphalt content (bitumen ratio) for the mix (Figure 6.6) corrected
for the grade to be employed, using the surface area of the sample, the grade of

asphalt, and the oil ratio from Figure 6.5. sp. gr. of Coarse Aggregate

265

% Qil Ret. Corrected = % Qil Ret. x

Courtesy of California Depantment of Transportation.

Figure 6.3 — Chart for determining surface constant for coarse

material, K. , from coarse aggregate absorption, Hveem
method of design
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PLE
(A1S00SIA 10} POIOALIOD} EXAM
oney uonig . . :
e m a e s e e e e e = To demonstratc the usc ot the charts in Figures 6.2 through 6.6, assumc that these
o [T S SRR B SS Ee H conditions apply o a paving mix using AC-10 viscusily grade asphalt cement:
5B & Specilic Gravity, coarse (hulk)! =245
82E3D 25 Specific Gravity, fine (apparent)?  =2.64
BaesrE 2 Percent Passing Na. 4 = 45
gREREY 28888
§5§;§§ SRgg8C 100
Spdln Bl TEEES Avg. Sp.Gr.3 = =253
28Z0c %2 55555 55 45
- 37885585, 745 ¥ 2.64
ES5E88558 J0wlEY
2 5552078 20000
E3:R882857 Surface Area of Aggregate Grading = 6.6 m2/kg (32.4 [12/1b)
£5> o< CKE. =356
E2 Percent Oil Retained, coarse =19
o 4 T (corrected for specific gravity, this value is 1.7 percent. See Figure 6.3)
‘_E_ E < o009l
o2 8 W oz From Figure 6.2 determine Ky as 1.25.
€ 2 g8l = 8 From Figure 6.3 determine K as 0.8.
: w ‘gj ooovd 7 § From Figure 6.4 determine Ky, as 1.13.
bl 2 £ i @ From Figure 6.5 determine the ol ratio for liquid asphalt as 5.2 percent,
= 18 2 G8c, o Be From Figure 6.6 determine design asphalt content (bitumen ratio) for AC-10
% E ET) é g £ gz‘; & gE Eg asphalt as 6.1 percent by weight of dry aggregate.
= L0001 o Yol g8 e RS
3 2 3 E355g 5580
2 pfwer g & §528P8838028 Notes:
T35 ¢ oo BE= g%%ﬁ 33 %g%g %g N 1. California DOT Manual of Tests, No. 206, which is a modification of
=& | o5 § 55 §‘i§§gg.§gg§§ 'fg:c:, “99 AASHTO T85 (ASTM C127).
g g a ag gggg 5 S%s% gg g 2. California DOT Manual of Tests, No. 208, which is a modification of
2 2soslziogiel & AASHTO T133 (ASTM C188).
o< £EREe5 ;8Ec888 v 3. As defined by California DOT Manual of Tests, No. 303.
S2s F86883085L28E  El2
<<y 22255588588 g
[m] T T L T ™ T T T T T T L | T C - -
L A - C. Preparation of Test Specimens
{0g2-08 uo peseg) @
weeanby eussoley abnjuuan Aq oley 110 6.09 GENERAL — In designing a paving mix by the Hveem method, a series of
stabilometer test specimens is prepared for a range of asphalt contents both above and
Figure 6.8 — Chart for carrecting bitumen requirement due to . below the approximate design asphalt content indicated by the CKE procedure.
increasing viscosity of asphalt, Hveem method of design For hot-mix designs using an average aggregate, tests should be scheduled by
Chart courtesy of California Department of reparing one specimen with the amount of asphalt as determined by the CKE
- prep P y
Transportation) procedure, two above the CKE amount in 0.5 increments, and one 0.5 percent below
the CKE amount (total of four specimens, each with a different asphalt content). For
mixes thought to be critical (i.e. sensitive to asphalt content), the steps in asphalt
content are lowered to 0.3 percent and tests are scheduled for the approximate asphalt
content indicated by the CKE procedure; three above the CKE amount in 0.3 percent
increments, and one 0.3 percent below the CKE amount. For highly absorptive
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aggregates and non-critical mixes, increase the steps in asphalt conlent to £.0 percent
and usc more specimens as necessary. Regardless of these general rules for preparing
stabilometer specimens, the series of test specimens should have at least one specimen
containing an excess of asphalt as indicated by moderate ot heavy flushing after
compaction.

In addition, two swell test specimens arc later prepared at the same design asphalt
content as determined from fests on the series of specimens prepared for stabilometer
tests,

Therefore, for a normal mix design study a total of six test specimens will usually
be required. Although each test specimen will normally require only 1.2 kg of
aggregate, the minimum aggregate requirements for a series of test spccimens should
be at least 18 kilograms (40 Ib.) to provide for additional tests that may be required.

6.10 EQUIPMENT — The equipment required for the preparation of test speci-

mens is:

(a) Pans, 250 mm (10in.) diameter x 50 mm (2 in.) deep, for quartering and mixing
fine aggregate.

(b) Pans, 200mm (8 in.)diameter x45mm(1 -3/4in.) deep, for batching and heating
aggregates.

(c) Pans, 305 mm (12 in.) diameter x 64 mm (2-1/2 in.) deep, for mixing aggregate
and asphalt.

(d) Pans, 280 mm (11 in.) x 180 mm (7 in.) X 25 mm (1 in.) for curing mix.

(e) Large sample splitter for mixing and quartering fine aggregate.

(f) Electric hot plate, with a surface measuring at least 460 mm (18 in,) x 305 mm
(12 in.), for heating aggregates, asphalt, and equipment as required.

(g) Large oven, thermostatically-controlled, capable of 110°C (230°F) tempera-
ture.

(h) Large oven, thermostatically-controlled, capable of 60°C (140°F) temperature.

(i) Large over for drying and preheating aggregates, capable of temperatures up to
165°C (325°F).

(j) Large scoop for handling hot aggregates.

(k) Beakers, 800 ml, for adding asphalt.

(1) Thermometer, armored, 35°C (100°F) to 205°C (400°F).

(m)Balance, minimum 5 kg capacity, sensitive to 0.1 g for weighing aggregates and
asphalt.

(n) Small pointed mixing trowel.

(0) Large mixing spoon.

(p) Mechanical mixer (optional).

(q) Mechanical Compactor (see Figure 6.7) designed to consolidate the material by
a series of individual “kneading action” impressions made by a roving ram
having a face shaped as a sector of a 101.6 mm {4 in.) diameter circle (see Figure
6.8). The compactor must be capable of exerting a force of 34.5 kPa (500 psi)
beneath the tamper foot. Accessories with the compactor should include two \ ’ -
mold holders, an insulated feeder trough 460 mm (18 in.) long x 102 mm (4 in.) Figure 6.7 — Mechanical kneading compactor for the preparation of
wide x 64 mm (2 1/2 in.) deep, a paddle shaped to fit the trough, and a round- Hveem test specimens
nosed steel rod 9.5 mm (3/8 in,) diameter x 406 mm (16 in.) long.

ook L e
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101.6 mm
(4 in) 1.D. Moid

Figure 6.8 — Diagram of tamping foot for mechanical kneading
compactor

(r) Steelcompaction molds, 101.6 mm (4in.} inside diameter x 127 mm (5 in.}high
x 6.4 mm (1/4 in.) wall thickness. .

(s) Paper Disks, heavy paper, 100mm (4 in.)in diameter, to place in bottom of mold
during compaction. .

(t) Hydraulic compression machine, 222 kN (50,000 Ib) capacity. .

(u) Steel shim, 6.4 mm(1/4in.) thickx 19.0mm (3/4in.) wide x 63.5 mm (2-1/2in.)
long. .

(v) Gloves, heavy and sturdy, for handling hot equipment.

(Note: See Articles 6.04 and 6.15 for additional equipment requirernents.)

6.11 BATCH WEIGHTS — These guidelines are suggested for estimating the
aggregate requirements: .

{a) Compute batch weights for the blend and gradation of aggregates desired.
Suggested procedures for computing baich weights are presented in Chapter 3..

(b) The necessary dry weight of the aggregate for the stabilometer specimgns is that
which will produce a compacted specimen 63.5 +/- 1.3 mm (2.5+/-0.05in.)1n helght.
This volume of aggregate will normally weigh about 1200 grams. To determlr‘le the
exact batch weight, it is generally desirable to prepare a trial specimen prior to
preparing the actual aggregate batches. If the trial specimen height falls (?uts1de the
limits, the amount of aggregate used for the specimen may be adjusted using:

MS-2 a3

For International System of Units (31),

63.5 (mass of agpregate used)
Specimen height {(nun) oblained

Adjusted mass of aggregate =

For U.8. Customury Units,

2.5 (weight of aggregate uscd)

Adjusted weight of aggregate = Specimen height (in.) obtained

6.12 PREPARATION OF BATCH MIXES — These steps are provided as a

guide in preparing the mixtures for testing:

(a) Weigh the various-sized fractions of dry aggregates into suitable pans in
accordance with the calculated batch weights, (See Chapter 3)

(b) Thoroughly mix each individual batch of aggregate and preheat in oven to
desired mixing temperature. Asphalt should be preheated at the same time. The
temperature of the aggregate and the asphalt at the time mixing begins is
indicated below for the paving grade of asphalt cement being used.

Temperature Range

Grade Minimum Maximum

AC-2.5, AR-1000, or 200-300 Pen. 99°C (210°F) 121°C (250°F)
AC-5, AR-2000, or 120-150 Pen. 110°C (230°F) 135°C (275°F)
AC-10, AR-4000, or 85-100 Pen. 121°C (250°F) 149°C (300°F)
AC-20, AR-8000, or 60-70 Pen. 132°C (270°F) 163°C (325°F)
AC-40, AR-1600, or 40-50 Pen. 132°C (270°F) 163°C (325°F)

{c} When the aggregates and asphalt have reached the desired mixing temperature,
form a crater in the aggregates and weigh in asphalt in accordance with the
calculated batch weights.

(d) Place pan containing aggregates and asphalt for batch mix on hot plate to
maintain mixing ternperature. Vigorously mix aggregates and asphalt by hand
with a pointed trowel or by mechanical mixing until all particles are coated.
Take special precaution not to overheat the materials.

(e} After mixing is complete, transfer the batch mix to a suitable flat pan and cure
for 2 to 3 hours at a temperature of 146 +3°C (295 + 5°F) in an oven equipped
with forced draft air circulation. (Another procedure that has beenusedis tocure
the mix for 15 to 18 hours at 60°C £ 2.8°C (140°F £ 5°F).)

(f) After curing is complete, place batch mix in heating oven and reheat mixture to
110°C (230°F). The batch mix is then ready for compaction.
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6.13 COMPACTION — The compaction of the test specimen is accomplished by
means of the mechanical compactor that imparts a kneading action type of consolida-
tion by a series of individual impressions made with a ram having a face shaped as a
sector of a 101.6 mm (4 in.) diameter circle (Figure 6.8). With each push of the ram,
a pressure of 3.45 MPa (500 psi) is applied, subjecting, the specimen to a kneading
compression over an area of approximately 2000 mn2 (3.1 in.2). Fach pressure is
maintained for approximately 2/5ths of a second. The detuiled compaction procedure
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For Stabilometer Specimens:

{a) Preheat the compaction molds, feeder trough and round-nosed steel rod to
approximately the mix compaction temperature.

(b) Heat the compactor foot to a temperature that will prevent the mix from adhering
to it. The temperature of the compactor foot may be controlled by a variable

: transformer.

{¢) Place the compaction mold in the mold holder and insert a 100 mm (4 in.)

diameter paper disk to cover the base plate. So the base plate will act as a free-
fitting plunger during the compaction operation, the steel shim is temporarily
placed under the edge of the mold.

(d) Spread the prepared mixture uniformly on the preheated feeder trough. Using
a paddle that fits the shape of the trough, transfer approximately one-half of the
mixture to the compaction mold (See Figure 6.9).

(e) Rod the portion of the mix in the mold 20 times in the center of the mass and 20
times around the edge with the round-nosed steel rod (See Figure 6.10).
Transfer the remainder of the sample to the mold and repeat the rodding
procedure.

Figure 6.10 — Rodding mix in
mold mold

Figure 6.9 — Transfer of mix to
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{f) Place mold assembly into position on the mechanical compactor and apply
approximately 20 tamping blows at 1.7 MPa (250 psi} pressore to achieve a
semi-compacted condition of the mix so that it will not be unduly disturbed
when the full load is applied. The exact number of blows to accomplish the
semi-compaction shall be determined by observation. The actual nunber of
blows may vary between 10 and 50, depeading upon the Lype of material, and
it may not be possible to accomplish the compaction in the mechanical
compactor because of undue movement of the mixture under the compactor
foot. In these instances use a 178 kN (40,000 Ib.) static load applied over the
total specimen surface by the double plunger methaod, in which a free-fitting
plunger is ptaced below and on top of the sample. Apply the load at the rate of
1.3 mm (0.05 in.) per minute and hold for 30 £ 5 seconds.

{g) After the semi-compaction, remove shim and release mold tightening screw
sufficiently to allow free up-and-down movement of mold and about 3 mm
(1/8 in.} side movement of mold.

(h) Tocomplete compaction in the mechanical compactor, increase compactor foot
pressure to 3.45 MPa (500 psi) and apply 150 tamping blows,

(i) Placed the mold and specimen in an oven at 60°C (140°F) for 1 hour, after which
a “leveling-off” load of 56 kN (12,600 Ib.) is applied by the “double-plunger”
method [head speed = 6 mm/min (0.25 in./min)] and released immediately.
(Note: The specimen shall not be pushed to the opposite end of the mold.)

For Swell Test Specimens:

(a) Prepare the compaction mold by placing a paraffin-impregnated strip of
ordinary wrapping paper 19 mm (3/4 in.) wide, around the inside of the mold 13
mm (1/2 in.) to 19 mm (3/4 in.) from the bottom to prevent water from escaping
from between the specimen and the mold during the water immersion period of
the test. The paper strip is dipped in melted paraffin and applied while hot.
Compaction molds are not preheated for swell test specimens,

(b) The remainder of the compaction procedure for swell test specimens is the same
as for the stabilometer test specimens except for:

When compaction is completed in the mechanical compactor, remove
mold and specimen from compactor, invert mold and push specimen to the
opposite end of mold. Apply a 56 kN (12,600 1b.) static load [head speed
6 mm/min (0.25 in/ min)] with the “original” top surface supported on the
lower platen of the testing press. It is advisable to place a piece of heavy
paper under the specimen to prevent damage to this lower platen.

D. Test Procedures

6.14 GENERAL — In the Hveem method the compacted test specimens are used
in these tests and analyses and are normally performed in the order listed:

(a) Stabilometer Test

(b) Bulk Density Determination

(c) Swell Test.
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= [al measuring to 0.625 mm (11000 in.)

Removable Diat Assembly )
{fits $01.6 mm 0 1524 mm (4to 8 in.)
diameter molds}
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Figure 6.11 — Swell test apparatus
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The swell test is performed only on specimens prepared for this purpose; the
stabllometer and bulk density tests are performed on each of all other test spacimeans.
Figure .15 shows a suggested test report form for recording test data and results.

0.15 EQUIPMENT — The equipment reguired for the testing of the 101,06 un (4
i) diwneter speciniens is;

{a) Bronze Disks, perforated, 98.4 mm (3-7/8 in.) diameter x 3.2 mm (1/8 in.) thick,
with adjustable stem, for swell measurement (See Figure 6.11).

(b) Dial Gauge, mounted on tripod, with reading accuracy to (L{25 mm (0.001 in.)
{See Fipure 6.11).

{¢) Scale, gradoated 1o read the volumetric contents of & 101.6 mm (4 in.) inside-
diameter mold at 25 mi intervals, for measuring percolation of waler during
swell test.

(d) Aluminum pans, 190 mm (7-1/2 in.} diameter x 64 mm (2-1/2 in.) deep.

(e) Hveem Stabilometer (see Figures 6.12 and 6.13), compiete with accessories
including adjustable base, assembly tool, steel follower, and rubber bulb for
introducing air into the system.

(f) Scale or other measuring device to accurately determine the height of the
compacted test specimen.

6,16 STABILOMETER TEST — These are the steps for measuring the Hveem
Stability (refer to Figures 6.12 and 6.13):
(a) Place specimens for stabilometer tests (compacted and contained in mold) in
oven at 60 + 3°C (140 1 5°F) for 3 to 4 hours.

Head of Testing Machine
A

Follower for Applying
L.oad to Specimen

Not to Scale

Needle Valve
&K Air Chamber

k3

Eooorronely

7N\

Pressure Gauge
Recording P.S.1.

Manually Operated
Screw Type Pump

Nl et

VAR SRR

11
A Liguid Under Small
WJ:ZHZ![M Initial Pressure

djustable Flexible Diaphragm
Stage e

I o

A T Platen of Testing Machine

oy

NOTE: The specimen is given lateral support by the flexible sidewall, which transmits horizontal pressure to
the liquid. The magnitude of the pressure can be read on the gauge.

Figure 6.12 — Diagrammatic sketch showing principal features of
Hveem stabilometer
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j Figure 6.13 — Hveem
stabilometer

(b) Adjust compression machine for a head speed of 1.3 mm/min (0.05 in/min) with
no load applied.

(¢) Check displacement of stabilometer with a calibration cylinder and if necessary
adjust to read 2.00 £ 0.05 turns (see Article 6.21).

(d) Adjust the stabilometer base so that the distance from the bottom of the upper
tapered ring to the top of the base is 8% mm (3.5 in.).

(e) Every effort should be made to fabricate test specimens with an overall height
between 61 mm (2.40in.) and 66 mm (2.60in.); however, if the height is outside
of this range the stabilometer value should be corrected as indicated in Figure
6.14.

(f) Remove the mold with its specimen from the oven and place on top of
stabilometer. Using the plunger, hand lever, and fulcrum, force the specimen
from the mold into the stabilometer. Take care that the specimen goes in straight
and is firmly seated.

(g) Place follower on top of specimen and position the entire assembly in compres-
sicn machine for testing.

(h) Using a displacement pump, raise the pressure in the stabilometer system until
the test gauge (horizontal pressure) reads exactly 34.5 kPa (5 psi). (Tap test
gauge lightly to assure an accurate reading.)

(i) Close displacement pump valve, taking care not to disturb the 34.5 kPa (5 psi)
initial pressure. (This step is omitted on stabilometers that are not provided with
the displacement pump valve.)
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Chart for Correcling Stabilometar Values to Spaci i
AR pecimen Height of
Height corraction shauld be made using the table and chart
below.

Examp!eﬂ: Overall height of 68 mm (2.765 in } select correction
curve "B". Stabilometer value uncorracted = 35
Stabilormeter value corrected = 38.
Overall Specimen Ht. Correction Curve
71mm to 76mm (2.80 in. to 3.00 in.) A
66mm to 70mm {2.60in. to 2.79 in.) B
B1mm to 65mm (2.40 in. to 2,59 in.) c
56mm to 60mm (2,20 in. to 2.39 in.) o
51mm to 55mm (2.00 in. to 2,19 in.) E
50 A B C D E
// /"
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HH R / gy / /-
40— //,.::,.

.8 ‘_///._:::

@ //

8 30— A

py 8 NV A0 PR

e “LA

= 1 AU DR

-

§ C

T Lo

2 20|

£ : ;

= .

g

5

101
0 10 20 30 40 50 60

Stabilometer Value Before Height Correction

Figure 6.14 — Char! for correcting stabilometer values to effective
specimen height of 6dmm (2.50 inches)
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(i) Apply test loads with compression machine using a head speed of 1.3 mm/min
(0.05 in/min). Record readings of stabilometer test pauge at vertical test loads
of 13.4, 22.3, and 26.7 kN (3,000, 5,000, and 6,000 lbs.)

(k} Immediately after recording the horizontal pressure reading under maximum
vertical load [26.69 kN (6,000 1b.)], reduce totd load on specimen to 4.45 kN
{1,000 1h).

() Open the displacement pump angle valve and by meuns of the displacement
pump, adjust test gauge to 34.5 kPa (5 psi). (This will resull in a reduction in the
applied press load which is normal and no compensation is necessury).

(i) Adjust dial gauge on pump to zero by means of small thumbserew.

(n) Tuarn displacement purnp handle smoothly and rapidly (two turns per sccond)
and to the right (clockwise) nntil a pressure of 690 kPa (100 psi} is recorded on
the test gauge. [During this operation the load registered on the testing press will
increase and in some cases exceed the initial 4.45kN (1,000 1b.) load. This
change in load is normal and no adjustment or compensation is required.]
Record the exact number of turns required to increase the test gauge reading
from 34.5 kPa (5 psi) to 690 kPa (100 psi) as the displacement on specimen {2.5
mm (0.1 in.) dial reading is equivalent to one turn displacement].

(0) Afterrecording the displacement, first remove the test load and reduce pressure
on test gauge to zero by means of the displacement pump; then reverse the
displacement pump an additional three turns and remove specimen from
stabilometer chamber,

6.17 BULK DENSITY DETERMINATION — The bulk density test is pet-
formed on these specimens after the completion of the stabilometer tests as soon as the
specimens have cooled to room temperature. The procedure for this test is presented
in ASTM D> 1188, Bulk Specific Gravity of Compacted Biturninous Mixtures Using
Paraffin-Coated Specimens or ASTM D 2726, Bulk Specific Gravity of Compacted
Bituminous Mixtures Using Saturated Surfuce Dry Specimens.

6.18 SWELL TEST — These steps outline the swell test procedure:

{a) Allow compacted swell test specimen to stand at room temperature for at least
one hour, (This is done to permit rebound after compaction).

(b) Place the mold and specimen in 190 mm (7-1/2 in.) diameter x 64 mm (2-1/2in.)
deep aluminum pan (See Figure 6.11).

(¢) Place the perforated bronze disk on specimen, position the tripod with dial
gauge on mold, and set the adjustable stem to give a reading of 2.54 mm (0.10
in.) on the dial gauge (See Figure 6.11).

(d) Introduce 500 ml of water into the mold on top of the specimen and the measure
distance from the top of the mold to the water surface with the graduated scale.

(e) After 24 hours, read the dial gauge to the nearest 0,025 mm (0.001 in.) and record
the change as swell. Also, measure the distance from the top of the mold to the
water surface with the graduated scale and record the change as permeability or
the amount of water in m1 that percolates into and/or through the test specimen.
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E. Interpretation of Test Data

6.19 CALCULATIONS — There arc no calculations required for the swell test

since the resulls ure reported direetly as differences. The remainder of the caleulations
are;

{u) Srabilomerer Value. Calculate as:
. 2.2
g . 22

PpD
9%
F, 7 + 0222

where, S = stabilometer value

D = displacement on specimen

Py = vertical pressure [typically 2.76 MPa (400 psi) = 22,24 kN (5000 Ib.)
total load]

Py = horizontal pressure equal to stabilometer pressure gauge reading taken

at the instant Py, is 2,76 MPa (400 psi) [22.24 kN (5000 1b.)] total load

(b) Densiz‘:y and Voids Analysis. Using the bulk specific gravity of the test specimens
and the maximum specific gravity of the paving mixture determined using ASTM

D 2041, compute the percent air voids as illustrated in Figure 6.15 and more fully
described in Chapter 4.

T.he‘se values may be plotted as a function of asphalt content as shown in Figure 6.16,
similar to the Marshall procedure, to assist in design.
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Trial Mix Series: 1-B Hot-Mix Design Data Project: FHOOB-B(8}
53% CAL4T% FA by the Logation: Aye - South

Hveom Method

Sp. Gr. Asp. Cam. 1.012 Asp. Cem. AC-10 Lab. Ne. for Asp, Cem. Usad: 53-0741
Avg. Bulk Sp. Gr. Agg. = 2,760 Lab. Mos, for Agg. Used: 53-1252; 63-1288

Gradation, CKE, and Percent Asphalt

Sieve Size 476 | 2801 120 1125 { 95 1 475 | 236 § 1,18 [ 600 § 300 | 150 | 7B
=121 /4 2 | e 4 ] 18 30 50 | 100 | 200
100 | 40 70 50 29 18 10
Specification Limits 100
80 70 50 35 18 B 4
% Passing wo | 9 78 80 42 32 23 16 12 &
S. A Factors S .82 1.64 | 287 § 6.14 | 12.29 | 32.77
Surface Area, m2/kg" 41 25 1 .34 62 B8 .98 | 1.47 | 1.97

CKE.:FA =28 CA=28 K =10 Ko = L3 Ky = 1.0: Total SA 6.8 m2/kg (323 #2/ib)
Estimated % Asp. Cem. by Wgt. ot Agg. using CKE Taests only ~5.5
Recommended % Asp. Cem. by Wgt. of Agg. using Mix Design Criteria -5.0

Specimen Identiication A B 9] D
% Asp. Cem. by Wat. of Agg. 5.0 5.5 6.0 8.5
% Asp. Cem. by Wgt. of Mix 4.8 5.2 &7 6.1
Wat. in Air-grams 1211.0 1223.3 1230.8 1235.9
Wagt. in Water-grams 714.9 723.8 727.6 7333
Bulk Valume-cc. 496.1 499.5 503.2 502.6
Bulk Sp. Gr. 2.441 2.449 2.446 2.458
Max. Sp. Gr. 2.559 2.540 2.522 2.504
% Air Volds 4.6 3.6 3.0 1.8
Unit Wgt, - Mg/m3 2.439 2.448 2.448 2457
{ib/t3) (152.3) {152.8) (152.6) (153.4)
Fotal {Ibs) Unit {psi} Stabilometer
Load kN Load-Mpa
2.22 { 500) 0.28 { 40) g 9 9 10
4,45 (1000) 0.55 [ 80) 12 12 15 16
8.90 (2000} 1.10 (160} 15 16 24 26
13.34 {3000) 1.65 (240} 21 22 a0 38
17.79 {4000) 2.21 {320} 28 30 42 55
12.24 {5000} 2.76 {400) 36 a9 55 a3
26.69 {6000} 3.31 {480) 50 52 82 105
Displacement-turns 2.40 2.50 2.46 2.50
Stability Value 48 45 36 25
Cohesiometer
Temperatura - *C (°F)
Eftective Height - mm {in.}
Shot Weight - grams
Cohesiometer Value

Jones

Inspector
*Surface Area #24b = m2/kg + 0.204816

Figure 6.15 — Suggested test report form showing test data for a
typical mix design by the Hveem method
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Mg/m?3
248 155 &
247 154 5
2.45 r__,,~"‘" 153 2 4
] e =
2.43 2 3
152 % g 3 N
£ g
- o \
2.42 151 2
2.40 160 1
45 50 55 6.0 65 45 50 55 60 65
% AC by Wagt. of Agg. % AC by Wgt. of Agg.
50
[
45
=
= 40
g
: \
£ 35 i
[4}]
=
I \
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25

45 50 55 B0 65
% AC by Wat. of Agg.

Figure 6.16 — Test property curves for hot mix design data by the
Hveem method
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6..2_0 DESIGN CRITERIA — The suttabll?ty of lhe hot-mix design by the (d} Select from Step (3) the laghest asphalt content that has at least 4,0 percent air
traditionad Hveem method is determined on the basis of whether the asphalt contentand voids and enter in Step (4)
aggregate grading will satisfy the requirements in Table 6.2: {e} The usphult content in Step (4) is the design asphalt content. However, if the
muximum asphalt content used in the design set (Step 1) is the asphalt ¢
_ . . S & 5 ) phalt content
Table 6.2 — Hveem mix design criteria entered on Step (4), additional specimens must be prepared with increased
Traffic Category Heavy Medium Light usphult' conlents In 0.5 parcent increments and a new design asphalt content
determination shonld be made.
Test Property min. max. min. max. min. max.
Additional mix design voids criterii are contained i ; G oty
Stabilometer Value 37 B a5 _ 30 _ . o ' gn ve ltj 1 dre t.,ullt.dmt,d in Chapter 4 as well as some factors
o consider when selecting the final design asphalt content.
Swell less than 0.762 mm (0.030 in.)
NOTES:
1. Although not a routine part of this design method, an effort is made to provide a minimum percent of air voids
of approximately 4 percent. R
2, Ali criteria, and not stability value alone, must be considered in designing an asphal paving mix. Step 4 Maximum asphalt content with Design Asphalt
3. Hot-mix asphaitbases that do not meet these criteria when tested at 60°C (140°F) are satisfactory if they meet 4 or more percent air voids c * P
the criteria when tested at 38°C {100°F} and are placed at 100 mm (4 in.) or more below the surface. This ontent
recommendation applies only to regions having a range of climatic conditions similar to those prevailing
throughout most of the United States. A different lower test temperature may be considered in regions having Step3 S s \ L.
more extreme climatic conditions. P pecimens meeting minimum
4. Trafiic Classifications: stability requirement
Light: Traffic conditions resulting in a Design EAL <104,
Medium: Traffic conditions resulting in a Design EAL between 104 and 108 ) i
Heavy: Traffic conditicns resulting in a Design EAL >106. Step 2 Specimens with no
more than “slight”
flushing
In applying these requirements, the design asphalt content should be the highest Step 1 Design series

percentage the mix will accommodate without reducing stability or void content below
minimum values. The design asphalt content is determined from stabilometer values,
percent air voids, and observations of surface flushing or bleeding of specimens after
compaction. These steps are used to select the design asphalt content:

{a) Using Figure 6.17, insert in Step (1) of the pyramid, the asphalt contents use:d “Design asphalt content s not v i . .
for preparin the seres of mix designspecinens. nsertthe asphalt contents e o e, S e a0 s ot
order of increasing amounts from left to right with the maximum asphalt content with Increased asphalt content in 0.5 percent increments and a new analysis made.
used in the square on the right.

{b) Select from Step (1) the three highest asphalt contents that do not exhibit
moderate or heavy surface flushing and record on Step (2). Surface flushing Figure 6.17 — Procedures for selecting design asphalt content, Hveem
and/for bleeding is considered “Slight” (acceptable) if the surface has only a method of design
slight sheen. It is considered “Moderate” (unacceptable) if sufficient free
asphalt is apparent to cause paper to stick to the surface but no distortion is noted.
Surface flushing is considered “Heavy” (unacceptable) if there is sufficient free
asphalt to cause surface puddling or specimen distortion after compaction.

(¢) Select from Step (2) the two highest asphalt contents that provide the specified
minimum stabilometer value and enter them in Step (3).
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EXAMPLE

This example illustrates determination of the design asphalt content for a Heavy
Traffic Category pavement using typical mix design lest data shown in Figure 6.15:

Step 4 5.0
Step 3 5.0 55
Step 2 5.0 55 8.0

Step 1 50 | 55| 60| 65

(a) Enter on Step (1) 5.0, 5.5, 6.0 and 6.3.

(b) Specimen D exhibits “Moderate” (uncceptable) surface flushing. Enter 5.0,
5.5 and 6.0 on Step (2).

{¢) Specimens A and B are the highest asphalt content specimens from Step (2)
that provide stabilometer values of 37 or more. Enter 5.0 and 5.5 on Step (3).

(d) Specimen A is the highest asphalt content specimen that has atleast 4 percent
air voids as shown in Figure 6.16, as desired for heavy traffic. Enter 5.0 on
Step (4). The design asphalt content is 5.0 percent using the traditional

procedure.

F. Calibration of Hveem Stabilometer

6.21 CHECKING DISPLACEMENT IN STABILOMETER — The
stabilometer reading is influenced by mixture displacement in the stabilometer, i.g. the
lateral expansion of the specimen during the test. An increase in displace.ment yields
lower Py, readings (or greater apparent stability). For this reason, the dlsplacemfant
must be maintained at a constant value of 2.00 £ 0.05 turns [6.6 cm3 (0.4 in.3)] by using
this procedure. Variations in displacement are caused by entrained air and the failure
of the diaphragm to fit tightly against the specimen after the initia? pressure of 34.5 kPa
(5 psi) has been applied. To check the displacement in the stabilometer:

(a) On models with a valve, check displacement pump by closing pump valye and
turning the handwheel until tight. If more than one-eighth turn is required to bring the
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handwheel tight, the pump contains air thatmust be removed. {Late model stubilometers
do not have an angle valve.)

() Place stubilometer on adjustable stage and insert u calibration cylinder of sieet
or brass, H01.6 mm (4.0 in.) in diameter x £39.7 mm (5-1/2 in.) high.

(¢) Tighten clamp at base of stabilometer, pluce stabilomeicr on compression
machine, and apply a confining load of 0.45 kKN (100 1b.) o top of the calibeation
cylinder.

(d) Open angle valve, turn displacement pump handle to right and force fluid into
the cell until the stabilometer test gauge registers a horizontal pressure of 34,5 kPy (5
psi).

(e) Set the displacement pump dial gauge to zero with adjustinent screw, and turn
the displacement pump handle to the right (clockwise) at the rate of two turns per
second until pressure on stabilometer test gauge reads 690 kPa (100 psi).

(f) Record displacement as the number of pump handle revolutions required to
increase the stabilometer test gauge from 34.5 kPa (5 psi) to 690 kPa (100 psi). [2.5
mm (0.1 1in,) dial reading is equivalent to one revolution.]

(g) The stabilometer test gauge should remain stationary at 690 kPa (100 psi). Ifit
visibly decreases, there is a leak that must be located and sealed.

(h) Displacement volume in ¢cm? (in3) may be determined by multiplying the
number of revolutions by 3.3 (0.2).

(i} If the displacement does not check within + 0.05 turns of the required 2.00 (6.6
em3 (0.4 in,3)} an adjustment is necessary. Air is added to the system to increase the
displacement or removed from the system to decrease the displacement.

()) To adjust displacement to the required value, turn pump handle clockwise (to the
right) until a pressure of 690 kPa (100 psi) is obtained on test gauge, then turn pump
handle counterclockwise (to the left) two turns. Either add or remove air until a
pressure of 34.5 kPa (5 psi) is indicated on test gauge. Air may be added to air cell by
means of the rubber bulb provided for this purpose. Continue check and adjustment
until the required value of displacement is obtained.

(k) Release pressure and remove the calibration cylinder.

6.22 FILLING STABILOMETER WITH LIQUID — If the displacement pump
is a rubber gasket “O” ring type, it is recommended that the stabilometer be filled with
amachine oil having a Saybolt-Furo! viscosity of approximately sixty seconds at 38°C
(100°F). If the displacement pump is a packing gland type, the stabilometer should be
filled with a solution of 50 percent glycerine and 50 percent distilled water.

It is very important that all air, even the smallest bubbles, be removed from the
system. On models equipped with an angle valve, the displacement pump should be
filled after closing the angle valve connecting the inner chamber. Remove the small
plug in the center of the displacement pump handle, and screw the handle out about 76
mm (3 in.). Fill with liquid and remove all the air, then replace the plug and loosen the
packing gland nut. Screw the displacement pump until liquid oozes out around packing
gland nut. Next, remove the small plug in the angle valve and, with the valve closed,
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screw the pump in until all air is removed from angle valve. Remove the _ﬁlling piug
opposite the test gauge and, with the stabilometer resting on th_e face c{f the testing
gauge, fill with liquid. The rubber diaphragm should be tapped lightly with fingers to
remove any air. The machine should be rocked about (o climinate bubbles near the
opening.

The above procedure should also be performed on stabilometers that ha\je had thf:
displacement pump converted from a packing gland to an “O” ring type, using the ot
described above as the liguid medium.
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Chapter 7

Durability of Asphalt
Mixtures

7.01 GENERAL — On occasion, a properly-designed asphaft concrele mixture
muy not perform as expected. The reasons for this luck of good performance may he
related to material durability or compaltibility. Durability tests may be divided into two
categories: aggregates and mixtures. Stundard durability tests for the physical
properties of the aggregate can be used to evaluate the integrity or quality of the
individual particles.

Once the aggregate is acceptable based on these tests, a mixture is then desi gned in
accordance with procedures such as outlined in Chapters 5 or 6. The other category of
durability tests is concerned with how that aggregate reacts with the asphalt and how
the properties of the finished mix design react in the presence of water.

7.02 AGGREGATE SIZE, SHAPE, AND DURABILITY — Since aggregates
typically constitute about 95 percent by weight of the asphalt concrete mixture and
supply nearly all of the pavement load bearing capacity, their quality and physical
properties are critical to pavement performance. When marginal but locally-available
aggregates are used in amix, the initial savings in construction costs may be completely
offset by the loss in durability. Depending on the size of the paving project or the

-expected traffic loading on the pavement, there are a number of aggregate properties

which should be considered.

For good performance, aggregates should be clean and durable. They should also
be free of clay or any other deleterious material (ASTM C 142). If significant aggregate
breakdown occurs during or after construction, an entirely different mix will exist in
the pavement than what was designed in the laboratory. The aggregate gradation, void
properties, stability, and asphalt requirements could be significantly altered.

Some of the tests that can be performed to evaluate aggregates being considered for
asphalt paving mixes are:

Sulfate Soundness Tests (AASHTO T 104; ASTM C 88) determine the durability
or weathering resistance of aggregates by exposing them to a number of soaking and
drying cycles in either a sodium or magnesium sulfate solution. The measured
amount of aggregate breakdown is typically limited to 12 to 20 percent.

Particle shape (ASTM D 4791), roughness, or angularity is improved by crushing
which induces more aggregate interlocking and provides more bonding surface for
the asphalt. Depending on the project conditions (i.e. traffic volume), these
guidelines are recommended: 60 to 100 percent of the coarse aggregate with one
crushed face and possibly 50 to 80 percent with two crushed faces.
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Frictional properties of fine aggregate are important, Generally, natural sands are
round and smooth and therefore, have lower frictional properties than manufactured
sands. For this reason, the percent by weight of total aggregate of the natural sand
in a mix is typically limited to [5 to 25 percent in high traffic arcas.

Sand Equivalent Test (AASHTO T 176; ASTM D 2419} is used to indicate the
amount of “‘clay-tike” material in the fine aggregate. Although the precision of this
test is debatable, samples with values below 45 should be further evaluated. The
Plasticity Index (AASHTO T 89 and T 90; ASTM D 4318) can also be vsed to
evaluate the plasticity of the fine material.

Los Angeles Abrasion (AASHTO T 96; ASTM C 131) or wear tests can be used to
indicate the expected aggregate breakdown during mixing and compaction. For
high traffic pavement projects, this measured maximum loss is typically limited to
about 40 or 45 percent.

Mix durability has also been related to the amount of fine “dust or dirt” particles in
the mixture. Excessive fines can lower the quality of the asphalt film on the
aggregate. Depending on the size of these particles, the mix may be stiffer or more
tender. The Federal Highway Administration has recommended that mixes,
especially in high traffic locations, be designed with dust-to-asphalt ratios between
0.6 and 1.2

7.03 AGGREGATE/ASPHALT COMPATIBILITY — The property of adhe-
sion between asphalt and aggregates in asphalt concrete is very complex and not clearly
understood. The loss of bond (stripping) due to the presence of moisture between the
asphalt and the aggregate is a problem in some areas of the country and can be severe
in some cases. Research has identified five different mechanisms by which stripping
may occur. These mechanisms are detachment, displacement, spontaneous emulsifi-
cation, pore pressure, and hydraulic scouring. These may act individually or together
to cause an adhesion failure.

The stripping behavior is complicated by many factors such as type and use of the
asphalt-aggregate mix, asphalt characteristics, aggregate characteristics, enviromr'lent,
traffic, construction practice, drainage, and the use of various anti-strip additives.
Hydrophobic (“water-hating”) aggregates (such as limestone) that have porous,
slightly rough surfaces, and surfaces that are clean, dry, and have been aged fora [.)erl.od
of time to acquire an organic contamination will generally provide better stripping
resistance.

The capacity for water getting into and draining out of a pavement has also been
shown tobe acritical factor. Stripped, wet mixtures wili be much weaker than dry, non-
stripped mixtures. However, the effects may be reversible if the a_lspl.]a]t is not
completely washed away from the layer. It has also been shown that sl:,rnppmg can be
mitigated by changing the asphalt or aggregate, or by adding hydrated lime or a proven
additive based on the results of a laboratory strength test. The compatibility of all the
actual mix components needs to be checked as a part of the mix design.
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Several taborutory test procedures have been developed in an effort (o determine the
muoisture suseeptibility of asphalt paving mixtures and to evaluate the poientigl of
certain additives or mix changes. The easiest tests ta perform ure gencratly the ones
with the least corretation o ficld performance. The accuracy of many of these simple
lests 1s limited by the subjective nature of the results. o obiain a more objective
cvaluation, a number of mechanical-inwmersion tesls have evolved that meagure the
change in a specitied property of the compacted mixture, after varions types of
conditioning processes. This “conditioning” analysis offers a comparison of the dry
mixture properties to those of wet mixtures, The design asphalt content selected using
measurements of mixes in dry conditions may show substantially different propertics
under wet conditions, This may vary with the type of aggregate used in the mixture as
well as with the properties of the mixture itsell. Some mixtures will be reduced in
stability while other mixtures may be completely unaffected by the presence of water.

The procedures discussed in this article should be considered as durability tests
rather than mix design procedures. However, when the results of the durability tests
are considered, modifications in the recommended job-mix formula may be warranted,
depending on the anticipated traffic and environmental conditions.

The Immersion-Compression Test (ASTM D 1075 or AASHTO T 165) uses aratio
of the average unconfined compressive strength of a conditioned specimen to an
unconditioned specimen. The conditioned specimens are soaked in a 49°C (120°F)
water bath for four days or alternatively, for 24 hours at 60°C (140°F). The Asphalt
Institute recommends a minimum ratio of retained strength using the immersion-
compression test of 75 percent. (Caution: This procedure may produce misleading
results when porous aggregates are involved.)

Similarly, the Marshall-immersion test uses a ratio of Marshall stabilities. The ratio
compares the stability of Marshall specimens after soaking in a 60°C (J40°F) water
bath for 24 hours to the stability of specimens tested in accordance with ASTM D1559.

Ratios of both indirect tensile strength and resilient modulus have also been used as
before and after reference measurements. In the Modified Lottman procedure
{AASHTO T 283), specimens are subjected to vacuum saturation and/or exposed to
one or repeated freeze-thaw cycles. The Root-Tunnicliff method (ASTM D 4867) uses
aslightly different conditioning procedure with an optional 15-hour freezing cycle. In
these two tests, the void range of the compacted specimens should be controlled
between 6 and & percent, and the saturation of the specimen controlled between 55 and
80 percent. These tests are recommended by most agencies for providing the most
realistic results compared to the field. Tensile strength ratios (with conditioning to
without conditioning) of about 70 to 75 percent are suggested minimum values.
However, the actual value of the test measurement after conditiocning should also be
examined with respect to some minimal required value. The ratio could be high and
yetthe actual values, both with and without conditioning, could be too low for adequate
performance. ’

The advantage of these mechanical-immersion tests is that the actual mix compo-
nents can be compacted to a density representative of the field; however, sample
preparation is critical. The disadvantage is that most of these procedures are
complicated and time consuming. Currently, the accuracy of these conditioning
treatments and test methods remains a point of contention. It appears that the actual
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strength test used may not be as criticat as the conditioning procedures used to simulute
the field situaiion. ' N

The boundary line between realistic and overly-severe conditioning, \yhether it iy
duration or temperature of soaking, depree of vacuum saturation, or ll'rm?zc-thaw
cycting, is difficuli to judge und currently unknown. Optimatly, the conditioning stage
shoutd he “tied” to the particular environment. Regardless of the test pl‘OCC(lil.ll‘c :cmd
conditioning method, il the specimen swells more than 2 percent during cnndltmnm‘g,
the results should be considered invalid. The test should be rerun at a higher void
content.

1t has been documented in previous research at the Asphalt Institute and by others
that the stripping behavior of various mixes is affected by the amount ot.' asphalt ce'mcm
surrounding the aggregates and the percentage of air voids through which the mt?l.sture
must travel. Therefore, it may be practical and desirable to fabricate a few addxuongl
specimens to evaluate these additional factors as part of the plani}ed l_aborat_or.y- mix
design testing over the entire range of asphalt contents, especially if this possibility is
4 major concern. . _

If the mixture fails to meet these test criteria, the designer can modify the mixture
in several ways.* Some of those changes are:

1. Increase the asphalt content

2. Use a higher viscosity (heavier) grade of asphalt
3. Provide a cleaner or different aggregate source o N
4. Add hydrated lime or liquid anti-stripping additive to mix (if benefit is shown

in laboratory testing) ‘ '
5. Possibly blend aggregates to improve gradation and density.

A good deal of judgment is required with these tests; eliminating cheaper local
materials based on the results of an overly-demanding test would be extremely
unfortunate. In summary, all of the test procedures have been shown occasioqally to
provide incorrect results when compared to actual performance; therefore, th-e .1n-d1ca-
tions trom these tests should not be considered as ultimate proof of compatibility.

* For more information on stripping see the Asphalt Institute publication, Cause and Prevention of Stripping
in Asphalt Pavements (ES-10).
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Field Verification of
Mix Design

8.01 GENERAL — Hot mix asphalt mixtures have traditivnully been designed in
the laboratory, produced und constructed in the field, und then tested and evaluated
based on the performance of the pavement after a fow years of tralfic. Although these
practices are clearly related, they are often considered separate activities,

The goal of mix design is to arrive at a starting point, the Jjob mix formula, tor
establishing process mixing control and uniformity. Field verification of the hot mix
asphalt (HMA) involves testing and analyzing the field-produced mixture to ensure
that the criteria established for the particular mixture are being met. Significant
equipment and material differences exist between the small scale operation of the
mixing bowl and an asphalt mixing facility. Field verification of HMA is necessary
to measure what differences exist, and what corrective measures need to be taken.

Field verification is one part of a total quality assurance system designed to assure
that the quality of the construction and materials conforms with the plans and
specifications under which it was produced. Activities that occur under the umbrella
ot this total system are;

* quality control practices designed to monitor the product manufacturin £ process

and

* acceptance sampling and testing used to assure that satisfactory quality control

has been exercised to attain the proper specification compliance.
A sample quality assurance-quality control schedule is given in Table 8.1.

Field verification is a part of the quality control used in asphalt mixture production,
A field verification program for HMA is implemented to prevent the production of

substandard or out-of-specification material rather than to document the degree of
noncompliance.

8.02 FIELD VERIFICATION TESTING — Specific properties of the field-
produced mixture are measured and compared to the job-mix formula. The field
verification tests that are used will vary depending on the design procedure specified
by the controlling agency. Currently, most organizations that incorporate field
verification use the Marshall mix design method because the compaction equipment
is more portable, making it economical for field verification techniques. Texas
gyratory compaction is also well suited. While some test procedures are governed by
strict test methods, others have more than one alternative option, The following
sections discuss the tests used to verify the job-mix formula.
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Table 8.1 — Sample quality assurance-quality control scheduie

i Pre-production Sampiing & Testing
A. Aggregate for mix design
B. Mineral fitler/additives, if necessary
C. Asphalt material from proposed source

. Job-Mix Formula Verification
A. Aggregate gradation
B. Asphalt content
C. Air voids, VMA, and voids filled
D. Marshal properties, where applicable

ill.  Mix Properties During Production
A. Maximum theoretical specific gravity (Rice)
B. Bulk specific gravity for air voids
C. Aggregate gradation
D. Asphalt content

IV. In-Place Acceptance Testing
A. Air voids/in-place density
B. Thickness
C. Smoothness/Ride quality
D. Profile

Asphalt Content

Many methods can be used to determine asphalt content. The most frequently-used
method to date is the extraction test which separates the asphalt and aggregate using
a solvent (AASHTO T164; ASTM D2172). “Automatic recordation” can be used to
calculate asphalt content if the asphalt mixing facility makes detailed measurements
of the materials used during production. Properly calibrated nuclear asphalt content
gauges can provide measurements on the produced mixture (AASHTO T287; ASTM
D4125). These gauges increasing in use due to environmental constraints being placed
on the chlorinated solvents used in extractions.

Aggregate Gradation

Various ways also exist to determine aggregate gradation. The aggregate belt feed or
hot bins are sometimes sampled prior to mixing with asphalt (see Article 3.03).
However, extraction testing of the plant-mixed material is the only true measurement
for the aggregate gradation of the final mixture.

Maximum Specific Gravity

The theoretical maximum specific gravity, Gmm, of the bituminous paving mixture
(AASHTO T209; ASTM D2041) is a key measurement during both laboratory mix
design and field verification. Multiplying Gym by the unit weight of water, 7y, will
yield the theoretical maximum density of an asphalt mixture. Also called the “Rice”
specific gravity after its developer, Gy is the ratio of the weightin airof aunit volume
of an uncompacted asphalt cement and aggregate mixture to the weight of an equal
volume of water. Using a vacuum procedure to remove entrapped air from the mixture,
the test determines the volume of the asphalt mix in a voidless state.
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EXAMPLE

Theoteticul maximumn specific gravity = Gy, = 2438
Unit weight of waler = v, = 1,000 ke/m3 (62.4 thifth)

Mux;mum density = Gy, X Yo = 2.438 x 1,000 (62.4) = 2,438 kg/m3 (152.1
Ih/it3)

The theoretical maximum specific gravity is used (o calculule percent air voids and

relative density of both laboratory compucted samples and ficld compacted pavement
cores.

Bulk Specific Gravity

A sample of the plant-produced mixture is compacted using the same procedure used
in the mix design (such as 75-blow Marshall). The compacted sample is then used to
determine the bulk specific gravity, Gyp, of the hot-mix asphalt (AASHTO T166;
ASTMD1188 or D2726). Multiplying Giyp by the unit weight of water will yield the
bulk density of the compacted sample.

EXAMPLE

Bulk specific gravity = Gy,p = 2.344
Unit weight of water = ¥y = 1,000 kg/m3 (62.4 b/ft3)

Bulk density = Gyp X Y = 2.344 x 1,000 (62.4) = 2,344 ke/m?3 (146.3 Ib/ft3)

Air Voids

Since Gy is measured on the compacted sample, the measurement includes air
contained in the sample. The percent air voids, V,, of the compacted mixture is
calculated using the bulk and maximum theoretical specific gravities in this equation:

" (Gmm-Gmb)
Va= G x 100

EXAMPLE

2.438 - 2.344
Va :(WZSS——) x 100 = 3.9 percent
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Stability and Flow

These properties can be measured on the laboratory compacted sumples of field-
produced matetial, and some agencies include them in field verification tests. How-
ever, their reliability as quality control tests is less than density/voids anatyses, since
Marshall stability and flow values are affected by many differcntaggregaic and usphalt
properties, 1f the volumetric properties (voids, asphalt content, gradation) of the
mixture are properly controlled, then stability and {low will normally meet the
appropriate specifications,

8.03 DENSITY SPECIFICATIONS — Field verification of the HMA involves
testing and analyzing the field-produced mixture to ensure that the criteria established
for the particular mixture are being met. In most cases, density specifications are used
to judge the acceptability of compaction during construction.

The goal of compacting an HMA pavement is to achieve an optimum air void
content and provide a smooth, uniform mat. The resultant, in-place air voids of the
HMA is probably the single most important factor that affects performance of the
mixture throughout the life of the pavement.

The activities involved with the proper design, production, placement, and compac-
tion of the asphalt mixture are all united to achieve the in-place density of the HMA
pavement— and uitimately determine whether the pavement will perform as expected.
The density specifications to which the pavement is built are used to stipulate the
amount of compaction achieved.

A “method” specification has no reference density against which the in-place
density and air voids are compared. This type of specification contains items such as
number and type of rollers to be used, number of passes of each roller, use of
temperature measurements, descriptions such as “surface is rolled until free of roller
marks,” etc. Judgment is the primary decision tool for determining optimum compac-
tion when using this type of specification. Method specifications are generally only
applicable for smaller projects with light traffic, or thin lift construction (one inch or
less), such as leveling courses and thin HMA overlays. In these cases, cost and the
inability to obtain meaningful data from thin, in-place pavements preclude the use of
a reference density specification.

A density specification represents a comparison between the in-place density of the
pavement that is achieved after final compaction, and a reference density. One of three
reference densities are typically used in density specifications:

Laboratory Density

This method compares in-place density to a laboratory-compacted sample of field-
produced asphalt mix, and is particularly applicable to Marshall compaction proce-
dures. A reference density is established to determine the ultimate compactability of
the mixture end product. The field-produced HMA is compacted using the same
compactive effort used during design (e.g. 50 or 75 blows for Marshall compaction)
and the laboratory density is measured using the bulk specific gravity test.
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Interms of specification comphance, an agency compares the in-place core density
to the reference density in the form of a ratio:

In-Place Density x 100

Percent of Laboratory Density = Lab o
aboratory Deasily

When it has been verified that the field-produced mix matches the mix design
Pmperties, the laboratory compacted samples provide Lhe same air void content as used
in the mix design. typically four percent. If an in-place air voids content of ¥ percent
1s desired, the in-place density should be 96 percent of the reference laboratory density.

Maximum Theoretical Density
The maximum theoretical density provides the unit weight of the mix as if it were
compacted to no air voids. Using the Rice test method, the maximum theoretical
density of the field-produced mixture is determined as the reference density.

The relative density of the in-place pavement is again calculated as the ratio of the
in-place density to the maximum theoretical density:

In-Place Density x 100
Max. Theor. Density

Percent of Max. Theor. Density =

Since the maximum theoretical density represents a voidless mixture, when anin-place

air voids content of 8 percent is desired, the in-place density should be 92 percent of
the reference maximum theoretical density.

Control Strip Density

This process calls for the construction of a pavement control strip of a minimum length
or volume of mix at the start of each lift being laid. (The control strip is part of the
paving project.) After compaction is completed, a specified number of bulk specific
gravity (density) tests are measured on core samples taken from random locations
within the control strip and averaged to obtain the reference density.

The reference control strip density must then be compared to either the laboratory
or theoretical maximum density of the field-produced HMA to determine if densifica-
tionis adequate and accepted. Once an acceptable control strip has been obtained, since
the in-place density is exactly the reference density, 100 percent of the reference
density is the desired density during construction.

Good performance with any density specification that involves the use of a
reference density depends on such factors as:

*» properly-designed mixtures, proper sampling and handling procedures of the
loose samples from the mixing facility,

* proper field laboratory testing procedures, especially correct compaction tech-
niques,

» proper sampling, handling, and testing of the in-place core pavement samples,
and

+ adequate field confinement.
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The relationship between the refercnce density measurements and the air voids of
the in-place pavement is shown in Figure 8.1, An in-place air voids benchmark equal
to 8 percent is depicted against each type of reference density.

1t should be noted that white the comparison between maximuin theoretical density
and in-place air voids content is a consistent onc, the relationships beiween the other
two reference density types and in-place air voids will shift up or down depending on
the actual mix design and compaction criteria used in the specitication. For cxample,
if the mix design air voids is five percent, then 100 percent of laboratory density would
be at five percent air voids. If the same compaction criteria of 96 percent of laboratory
density were used, this would yield an in-place air void content of nine percent (not 8
percent).

The use of reference density specifications (laboratory compaction, maximum
theoretical and control strip) is appropriate for all projects with a lift thickness greater
than one inch. Each of the reference density specification procedures have additional

% of
Maxirmum
In-Place Theoretical;
Air Voids Density

0 — 100
1 — — 99
2 — L— 98
% of
3 - 97 Laborato@r}y
Density . .
Mix-Design
4 — - 96 — 100 =~ Air Void Content
5 — — 95 — 99
6 — — 94 ~ 98
% of
Control Strip
7 — 93 — 97 Density®
Design In-Place
Air Void Content
10 — L 90 — 04 98

l———— Reference Densities ————‘

@ Relative alignment of these two scales depends on actual mix design
and compaction criteria.

Figure 8.1 — Relationship between the reference density
measurements and the air voids
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considerations that muy make one more favorable than another on a particular project.
These considerstions include traffic volume, subgrade support, size of the project,
conslruction and tesiing schedules, and any lifi thickness variation.

When a specitic reference density procedure {laboratory, maximunm theoretical, or
control sirip) is chosen for a project, this same reference density process should he used
throughout the testing and verification of in-place density. This will ensure that u valid
comparison exists in the determination of density compliance. A higher degree of
compaction monitoring is necessaty in the initial stages of the construction process,
regardless of which density specification is used. (o casure optimum resulls from the
compaction process,

In addition to minimum compaction, it is also necessary to avoid too much
compaction. It has been documented in several cases that even though a mix is
designed for four percent air voids, a plant-mix sample containing the proper asphalt
content and compacted by the same laboratory method may show much less than the
design air voids. Many causes for this occurrence have been proposed:

= moisture may be removed more effectively in the laboratory than in the field

* an excessive amount of baghouse fines may have been added

* highly absorptive aggregates may have been used {field absorption may differ

from laboratory absorption)

* poor sampling may have been used to obtain samples for the laboratory design

* materials may have changed between the mix design and field production

Iflow density (below 3 percent air voids) in a compacted mix is noted, the cause should
be determined and corrected. This problem may also require that the mix be adjusted
or redesigned.

8.04 DATA ANALYSIS — Field verification involves two different levels of
analysis performed on the HMA. The first involves analyzing the mixture on the first
day of full production to compare the mixture to the job-mix formula. The second uses
day-to-day field verification tests performed to determine if the mixture properties
have exceeded production tolerance limits.

Job-Mix Formula Verification

Asphalt content, gradation, and voids analysis tests are performed to compare field-
produced mixture properties with the job-mix formula. These tests will indicate if the
aggregate characteristics have varied since the mix design, and may indicate if
problems exist from possible changes in the aggregate after processing through the
dryer.

At this point, the field verification results may show that changes are necessary to
meet the job-mix formula. For example, minor changes in the asphalt content may
bring a mixture back within the tolerances of the void requirements. Alternatively, if
the mixture is meeting overall agency specifications but not the mix design targets, the
job-mix formula can be adjusted to accept these new targets. Finally, any dramatic
differences between the laboratory design and field-produced mixture may necessitate
a new mix design using the actual production materials.
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Daily Mix Verification

Once the job-mix formula has been veritied, daily testing can provide an early warning
by indicating if the mixture propertics deviate from the specifications. This daily
verification is a part of plant process control that can identify potentiul problems before
many tons of mix have been ptaced in the field.

Daily field veritication tests are typically performed on random samples tuken from
a set quantity of matcriad called u lot. A lotis typically a day’s production or a given
tonnage of material. Itis important to use random sampling techniques (see Principles
of Construction of Hot-Mix Asphalt Pavements, MS-22, Asphalt Instituic) so that an
unbiased evaluation of the material can be made. After the material samples are taken
from cach lot (a minimum of four is recommended), the verification tests are performed
on each sample.

Daily field verification test values are plotted on control charts. Continuous plots
of mix data such as percent air voids, asphalt content, and aggregate percentages
passing certain sieves such as 4.75mm (No. 4), 600p m {No. 30}, and 750 m (No. 200)
provide a graphic representation of the production process. Target values and tolerance
limits are set for each material property, and the production values plotted in relation
to these limits can be used to analyze process control.

Figure 8.2 shows a set of control charts of asphalt content during production. The
top chart shows the value of each asphalt content test performed. The bottom chart
shows the running or moving average of the asphalt content data. The running average
is calculated from a subgroup of consecutive test values, typically three to five values
per subgroup. After each test is performed, the new test value replaces the oldest test
value in the subgroup to calculate the new running average.

When analyzing field verification data, it is important to recognize sources of
variation in the data. These sources include variation in the testing and sampling
procedures, normal variations in the materials and production process, and variations
due to problems in production. Following the testing and sampling procedures exactly
as specified will help eliminate this variation. Obviously, adjusting the production
process on the basis of erroneous test results is not desirable.

The control charts can help differentiate between variation inherent in the material
and production variation and they can provide early signals of problems that need
attention. The data should be dispersed randomly about the target value and between
the control limits. A few possible indications of existing or upcoming problems are:

+ values consistently higher or lower than the average,

+ gradual or erratic shifts in the data, and

*» systematic cycling of the data.

Based on the present knowledge of plant production and pavement behavior, field
verification must be utilized to manage the process of asphalt mixture production to
minimize the variability between mix design goals set in the laboratory and actual mix
results achieved in the plant.

The in-place air voids of the HMA after compaction is probably the single most
important factor that affects performance of the mixture throughout the life of the
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Figure 8.2 — Typical quality control charts during mixture production

pavement. However, specifying compaction is not sufficient for ensuring the success
of a paving project. Compaction specifications are the final step in the total quality
management of the HMA construction process. Proper mix design, production, field
venfication, and construction procedures must be integrated within the project require-
ments to achieve a quality product.
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Mix Design
Using RAP

A.01 GENERAL-—This appendix presents the step-hy step process necessary to
incorporate reclaimed asphalt pavement (RAP) and reclaimed aggregate materials
(RAM) into asphall mix design. The sleps include proportioning the recluimed
materials, selecting the grade and quantity of asphalt coment (plus reeyeling agent, if
needed) and preparing a final design for the recycled mixture. This is the hot-mix
method of recycling, using from 10 to 70 percent reclaimed asphalt pavement. Batch
plants can handle up to 50 percent (without some auxiliary method of preheating RAP),
with the most practical range being 10 to 35 percent; drum-mix plants can handle up
to 70 percent, with 10 to 50 percent being a practical range. Due to the variability of
RAP malterial, experience has generally shown that mixture quality can be more easily
controlled by using iess than 25 percent RAP. Complete details can be found in the
Asphalt Institute’s Asphalt Hot-Mix Recycling manual (MS-20).

A.02 PREPARATORY STEPS—This mix-design procedure uses either the
Marshall or the Hveem method:

The material from a reclaimed asphalt pavement is blended with reclaimed
aggregate materials and/or new aggregate that is required to obtain a combined
aggregate gradation meeting the specification requirements. Once the relative aggre-
gate proportions are determined, a total asphalt demand is calculated. A grade of new
asphalt is then selected (plus recycling agent, if needed) to restore the aged asphalt and
provide a final binder that meets the functional requirements of the asphalt specifica-
tions while satisfying the asphalt demand of the mix. Following these determinations,
the mix design by either the Marshall or Hveem procedure is performed and the exact
quantity of total binder determined.

A.03 RAP MIX DESIGN—The composition of the reclaimed materials must be
determined. This includes the aggregate gradation, the asphalt content, and the
properties of the asphalt cement. Viscosity at 60°C (140°F), (ASTM D 2171;
AASHTO'T 202}, is the test measurement used in this procedure to identify asphaltin
the reclaimed asphalt pavement and in the recycled mixture.

Figure A.1 is a flow chart setting forth the steps for this design procedure. The steps
are:

(1) Combined Aggregates in the Recycled Mixwure - Using the gradation of the
aggregate from the reclaimed asphalt pavement, the reclaimed aggregate material,
if any, and new aggregate. a combined gradation meeting the desired specification
requirements is calculated.
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Aggregate Gradation, Asphait Contant and Viscosity of
Extracted Asphalt From Reclaimed Asphait
Pavemenis {RAP)

f

Gradation of Reclaimed Aggregate Material (RAM)
And/Cr New Aggregate

(1) Calculate Combined Aggregate in Recycled Mix

'

(2) Approximate Asphalt Demand of Combined Aggregates

{3) Estimated Percent New Asphalt in the Mix

Y

(4) Select Grade of New Asphalt

]

(5) Trial Mix Designs by Marshall and Hveem Method

{6) Select Job Mix Formula

Figure A.1 — Flow chart for racycling hot mix design procedure

After the blend of aggregate (aggregaic in the RAP. new aggregales andror
RAM) have been established. the wmount of new aggregate {and/or RAM) is
expressed as £, in pereent,

For example. suppose the established blend for a recycled mix was:

60%: reclaimed aggregate (RAM)
15%: new aggregate

25% RAP apprepate

100% Total

The total amount of new aggregate and RAM is 75%. Hence, r=75. Table A.l
contains formulas for proportioning materials for recycled asphalt hol mixes where
the blend of aggregates in the mix is kept constant.

(2) Approximate Asphalt Demand of the Combined Aggregates -The approximate

asphait demand of the combined aggregates may be determined by the Centrifuge
Kerosene Equivalent (CKE) test (See Article 6.03) or calculated by this empirical
formula;

P=0.035 +0.045b + Kc + F

where: P = approximate total asphalt demand of recycled mix, percent by
weight of mix
-a = percent* of mineral aggregate retained on 2.36mm (No. 8) sieve
b = percent* of mineral aggregate passing the 2.36mm (No. 8) sieve
and retained on the 751 m (No. 200) sieve
¢ = percent of mineral aggregate passing 7511 m (No. 200) sieve

K = 0.15 for 11-15 percent passing 75, m (No. 200) sieve
0.18 for 6-10 percent passing 751 m (No. 200) sieve
0.20 for 5 percent or less passing 751 m (No. 200) sieve

F = 0to 2.0 percent. Based on absorption of light or heavy aggregate.
In the absence of other data, a value of 0.7 is suggested.

*Expressed as a whole number.

With an approximate asphalt demand established, this will provide a basis for
a series of trial mixes for a mix design. Trial mixes will vary in asphalt content in
().5 increments on either side of the calculated approximate asphalt demand.

For example, suppose that the approximate asphalt demand was calculated to be
6.2 percent. A series of trial mixes might then range from 5.0 to 7.0 percent or from
5.5 to 7.5 percent.
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Table A.1 — Formulas for proportioning materials for recycled hot

mixtures

For Asphalt Content
by wi. of total mix by wt, of aggregate

{1002 —rPgp) Pp (100 -1} Pgp (100-1) Pgy

% New Asphalt, Pno o005y, 100~ Pgp Pp- 0

% RAP, Psm

_ (100=1 Py | (100 + Pgp} (100 1)
100 Pap 100

100 {100 — 1)
100 — Pgp

Py

% New Agg. and/or RAM, Phs r— — r

100

Total 100 100+ Pp

2% New Asphalt to Total 100 Prp 100 Pnb
Asphalt Content, R Py Py

Psm
Ph
Psp
Pnb
Pns
r
R

3

Percent salvage mix {RAP) in recycied mix

Asphait content of recycled mix, %

Asphalt content of salvaged mix (RAP), %

Additional asphalt and/or recycling agent in recycled mix, %

Percent additional aggregate (new or reclaimed aggregate material)

Percent now and/or reclaimed aggregate material to total aggregate in repycied mix
Percent new asphalt and/or recycling agent to total asphalt in recycied mix

VI I | O I 1}

Estimated Percent of New Asphalt in Mix-The quantity of new asphalt to be added
to the trial mixes of the recycled mixture, expressed as percent by weight of total
mix is calculated by this formula:

(1002 — 1 Py Py

_  (100-1) Py
Prb = 160 (100 - Pyp)

100 — Py,

where: Pyp= percent* of new asphalt** in recycled mix
r = new aggregate (and/or RAM) expressed as a percent*of the total
aggregate in the recycled mix
Py, = percent*, asphalt content of total recycled asphalt mix or asphalt
demand, determined by CKE or empirical formulainitem (2) above
Psp= percent*, asphalt content of reclaimed asphalt pavement

* Expressed as a whole number.
**Plus recycling agent, if used.

For example, suppose the asphalt content, Py, of the RAP is 4.7 percent and
r="75%, then

(1002 - 75 x 4.7) Py,

) (100 — 75) 4.7
Pnb = 100100 = 4.7)

100 -4.7

= 1.01 Py-123
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The percentages of new asphalt for any asphalt content may now he readily
determined.

Note: The formuta is for asphalt content expressed as percent by weight of total
nix. If usphalt contents are expressed us percent by weight of aggregate the
formula for calculating quantity of new asphall is;

{100 — r) Py

Pnh = Ph - 100

(See Table A.1).

(4) Select Grade of New Asphalr - Using Figure A2, a target viscosity of the asphalt

blend is selected. A commonly selected target point is the viscosity at the mid-
range of an AC-20 asphalt or 2,000 poises.

The percent of the new asphalt, Py, to the total asphalt content, Py, is expressed
by this formula:

100 Py
D

For example, suppose the mix described in Step (3) is to have an estimated
asphalt content of 6.2 percent. The amount of new asphalt to be added (from Step
3)is:

Puoh = 1.01x 6.2-1.23 =5.0 percent

Then;

100 (5.0
= % = 81 percent

The grade of new asphalt (and/or recycling agent) is determined using a log-log
viscosity versus percent new asphalt blending chart such as Figure A.2. A target
viscosity for the blend of recovered asphalt and the new asphalt (and/or recycling
agent) is selected. The target viscosity is usually the viscosity of the mid-range of
the grade of asphalt normally used depending on type of construction, climatic
conditions, amount and nature of traffic.

Plot the viscosity of the aged asphalt in the RAP on the left hand vertical scale,
Point A, as illustrated in Figure A.2. Draw a vertical line representing the
percentage of new asphalt, R, calculated above and determine its intersection with
the horizontal line representing the target viscosity, Point B. Then draw a straight
line from Point A, through Point B and extend it to intersect the right hand scale,
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108 Point C. Point C is the viscosity at 60°C {140°F) of the new asphalt (andfor
6 reeycling agent) required to blend with the asphalt in the recluimed wsphalt
107 pavement to obtain the target viscosity in the blend. Select the grade of new asphalt
S that has a viscosity range that includes or is closel to the viseosily wt Point C.
a
108
% To plot a point using the vertical scale, consider expressing the viscosity using 1)
105 12 raised to some power. For exumple, 75,000 poises would be 7.5 x 104, ‘Toplot the
$ - point on the vertical seale. 7.5 would be interpolated on the scale between 104 and
5
104 2 105,
¢ N B
|+ Target Viscosity _— c
e " Note: It is suggested that when selecting a grade of asphalt cement for
103 === . " when
H recycling that the following guide be used:
4 ; Up to 20% RAP= No change in asphalt grade
2 21% RAP or More= Do not change more than one grade
] 102 . (i.e. from AC-20 to AC-10)
6
4

N

(5) Trial Mix Design - Trial mix designs are then made using the Marshall or Hveem
10 apparatus. The formulas shown in Table A.1 are used for proportioning the
ingredients: new asphalt, Ppp, reclaimed asphalt pavement (RAP), Py, and new
and/or reclaimed aggregate (RAM), Pp.

Keep in mind that if two different aggregate sources are utilized, such as new
‘ aggregate and RAM, the percentages of each of these sources must be determined
2 and the total equal Py;. For example the aggregate blend consisted of:

Viscosity, Poises, 140°F (60°C)

W SO @

g2 60% RAM
o7 15% New aggregate
oe 25% RAP aggregate
c4
os thenr =73
02 If Py in a trial mix is to be 61.4 percent, then the percent of RAM (in total mix)
' ; will be 61.4 x (60/75) = 49.1 percent and the percent new aggregate will be 61.4
t x (15/75) = 12.3. The total equals 61.4 percent.
0 10 20 30 40 50 60 70 80 90 100 (6) Select Job-Mix Formula
New Asphalt or Recycling Agent in Blend, ]
R, Percent by Weight Design Example 1
Figure A.2 - Asphalt viscosity blending chart The reclaimed asphalt pavement has an asphalt content of 5.4 percent by weight

of total mix. The viscosity of the asphalt recovered from the reclaimed asphalt
pavement is 46,000 poises at 60°C (140°F). The grade of asphalt cement normally
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used is AC-20, and the target viscosity at a temperature of 60°C (140°F) is 2.000
poises, Gradation of RAP, RAM and ncw aggregate is:

Percent Passing

Sicve Size RAP Agyp. RAM New Agg,
250 mm (}in.) 100 100 100
19.0 mm (3/4in.) 98 92 100

9.5 mm (3/8 in.} 85 45 100
4.75 mm (No.d) 65 19 94
2.36 mm (No. 8) 52 5 85
300 pom (No.50) 22 1 26

75 w m (No.200) 8 Q 6

Approximately 30 percent of RAP is to be used in the mix design.

STEP 1 - Combined Aggregates in Recycled Mixture

0% 50% 10%
RAP Aggr, + RAM Agpr. + NEW Ager. = Comb. Aggr.
Sieve % Pass. Y Pass. % Pass. % Pass.
250 mm(lin.) [100x0.3=3C.0| +  [100x06=600] + [100x0.1=100] = 100.0
19.0 mm (3/4 in.} [ 98x0.3=20.4] + [ 92x06=552] + [W0x(0.1=100] = 94.6
9.5 mm (38 in) [ 85%0.3=25.5) + [ 45x0.6=27.0]  + [100x01=100] = 62.5
4.75 mm (No. 4) [ 65%0.3=195] + L 1ox06=114] + [ S4x0.1=94) = 403
2.36 mm (No. 8) [ 52%0.3=15.6} + | 5x06=130] + [ 85x0.1=85 = 27.1
300 p m (No. 50) [ 272x0.3= 6.6] + [ Ix06=06] + [26x01=26] = 98
75 1 m (No. 200 [ 8x0.3= 2.4 + [ Ox0De= 0] + | 6x0.1=06] = 3.0
Then r=60+10="70
Job Specification:
ASTM D 3515, Table 1
3/4 in. (19mm) Nom.
Sieve Size Max, Size % Pass.  Combined Aggr. % Pass.
25.0 mm (1 in.) 100 100.0
19.0 mm (3/4 in.) 90-100 94.6
9.5 mm (3/8 in.) 56-80 62.5
4.75 mm (No. 4) 35-65 40.3
2.36 mm (No. 8) 23-49 27.1
300 u m(No.50) 5-19 9.8
75 W m{(No.200) 2-8 30
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STEP 2 - Approximate Asphalt Demand of Combined Aggrepates

P 0.035 + 0.045b + Ke + ¥

0035x 729+ 0045 X 24,1 + 020 x 3.0+ 1.0
5.2 percent

i

STEP 3 - Estimated Percent of New Asphalt in Mix

(1002 rPg)Py  (100—1) Py,

Pob = T80 (00-Pgy ~  100-Py,
_ (1002-70x 54)P,  (100~70) 5.4
= T 100(100-54) ~  100-354
- LO2Py— 171

For an approximate asphalt demand of 5.2 percent:
Pub = 1.02(5.2) - 1.71 = 3.6 percent

The percent of new asphalt, Ppp, to total asphalt, Py, will then be;

100 (3.6
= —5(2~2 = 69 percent

STEP 4 - Select Grade of New Asphalt

On Figure A3, Point A is the viscosity of the aged asphalt at 46,000 poises
(4.6x104). Point B is located from a target viscosity of 2,000 poises (2.0x103) and
R =69, The projected line from Point A through Point B to Point C indicated that
the viscosity of the new asphalt is 7.0 x 102 poises (700).

Since AC-20 is the normal grade of asphalt cement used in the area of
construction, climate and traffic, an AC-10 will be chosen for this project. The
AC-10 when blended with the aged asphalt in the RAP should result in an AC-20
within acceptable tolerances,

STEP 5 - Trial Mix Design

Using an aggregate blend of 60 percent RAM, 10 percent new aggregate and 30
percent RAP aggregate, trial mixes of different asphalt contents (varying in 0.5

percent increments) are prepared according to standard Marshall or Hveem mix
design procedures.
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The formulas in Table A.1 may be used to determine the percentages vl each
108 o ' mgredient in the (rial mixes. Since the formuly for Pyb was caleulated in Step 3,
107 i el the formulas for proportioning the Py and Py are:
&
1063 po_ 100100-5) (100 -1 Py,
] ST00 Py, T 0Py,
2
10° A _ 100Q00=-70) (100 70) Py
h 10 —5.4 H0-54
2 "*-u: ;
104 FTarget Viscosity e i = JLT1-032Py
5 - —
\ I '--..,-u.ih_‘_N c " Py
——— Py =t~ —=
103 = 100
6
g’F 4 70 Py,
9 » = 70—T0—70*0-70Pb
w102
- 1%,
g &
- a Asphalt Content, P, 4.5 5.0 55 6.0 6.5
0
g 2 P,=102P, -1.71 29 | 34 | 39 | 44 | 49
£ 10 ! Pin=3171-0.32P, 30.3 30.1 29.9 29.8 29.6
= : P =70-070P, 66.8 66.5 66.2 65.8 65.5
(2]
g : Total 100, |100.0 |100.0 [100.0 |100.0
= 3
- , *% RAM =P,__(60/70) 57.3 57.0 56.7 56.4 56.1
! *% New Aggr=P __(10/70) 9.5 9.5 95 9.4 94
1 *The percentages of new aggregate and RAM as a blend were determined as P . However, 60) percent
0.9 RAM and 10 percent new aggregate are to be used in the aggregate blend. The amount of RAM will
&3 then be P, x 60/70 and the new aggregate will be P, x 16/70.
0.6
a5
04 , . A
When preparing trial mixes in the laboratory, it is suggested that the RAP be
o3 == heated to mixing temperature. The new aggregate and RAM are normally heated
oz it to 30°C (50°F) above the mixing temperature. When the aggregate and RAP have
’ been weighed out, dry mixing should begin to thoroughly blend the materials
before adding new asphalt. Keeping the RAP at elevated temperatures should be
held to a minimum. Otherwise, normal mix design procedures are followed.
0 10 20 30 40 50 60 70 80 90 100 STEP 6 - Select Job-Mix Formula
New ASPh;" gr Fgﬁ!{%i”%ﬁ?ﬂt in Blend, The design, total asphalt content and the mix design are determined according
»rere y e to established standard Marshall or Hveem mix design criteria (as is used for virgin
. . materials).
Figure A.3 — Asphalt viscosity blending chart (Design Example 1)
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Design Example 2

Reclaimed asphalt pavement has an asphalt content of 6.0 percent with a 108
viscosity of 100,000 poises. Gradation of RAP, RAM and ncw aggregate arc the
samg as for Exampie | 107

o

—
(o]
(=2

STEPS 1 and 2 - Same as Design Example 1.

-h
L]
<h
L T

STEP 3 - Estimated Percent of New Asphalt in Mix

b (1002 —r Pg,) P, (100 —1) Pgpy 104
nb = 700 (100 - Py,) | 100 - Pgp

_(1002-70x 60)Pp  (100-70) 6.0 5
= TI00(00-60) ~ 100-60 10

1.02 Pp—1.91

hm

)

H hin

N

102

For an approximate asphalt demand of 5.2 percent:

Pop= 1.02(5.2) - 1.91 = 3.4 percent

STEP 4 - Select Grade of New Asphalt

On Figure A 4, Poinl A is the viscosity of the aged asphaltat 100,000 poises (1.0
x 103). Point B is located using values of 2,000 poises (2.0 x 103) for target
viscosity and R =57, (100P,/Pp =100 x 3.4/6.0) of new asphalt. Alineis projected
through these two points and intersects the right axis at 1.8 x 102 (180 poises), Point E
C.

Viscosity, Poises, 140°F (680°C)

This is a heavily-traveled roadway where the design engineer is concerned with 06
rutting and normally uses an AC-20 in mix design. Figure A.4 can be used to
determine how much of a recycling agent to blend with AC-20 to give an apparent
viscosity of 180 poises.

Let the AC-20 be the new asphalt and plot 2,000 poises (2.0 x 103) on the left- oz
hand scale, Point D. The viscosity of the recycling agent is 1 poise. Plot this as Point
E on the right-hand scale. Connect Points D and E with a straight line. Now
determine what percentage, R, of recycling agent will be required to result in a
viscosity of 180 poises for the blend. This is plotted as Point F on the line frormn D
to E. The percentage R on the horizontal scale indicates 22 percent. This means 0 0 20 30 40 5 60 70 8 90 100
that a tank of AC-20 containing 22 percent of the recycling agent should have a New Asphalt or Recycling Agent in Blend,
viscosity of approximately 180 poises, When this blend is added to the mix for a R, Percent by Weight
total asphalt content of about 5.2 percent, the viscosity of the total asphalt in the
recycled mix should be 2,000 poises—within acceptable limits.

Figure A.4 — Asphalt viscosity blending chart (Design example 2)
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STEP 5 - Trial Mix Design

Using an agarcgate blend of 60 percent RAM, 10 percent new aggregate and 30
percent RAP aggregate, trial mixes of different asphalt contents {(varying in (.5
percent increments on cither side of the estimated asphalt demand) are prepared
according to standard Marshall or Hveem mix design procedures.

The formulas in Table A.1 may be used to calculate the percentages of cach
ingredient in the trial mixes. Since the formula for Ppp was calculated in Step 3.
the formulas for proportioning Pyy, and Ppg are:

100 (100-1)  (100-1) Py

sm= 7100~ Py, | 100 Py
10010070 _ (100 - 70) Py,
100-6 100-6
= 3191 032P
T Ph
Ppg = - To0
0P, _
= 70 - W —70‘0.70Pb
Asphalt Content, P 40 4.5 5.0 5.5 6.0
P, =102P,-191 22 | 27 | 32 | 37 | 42
P, =31.91-032P, 306 | 305 | 303 | 301 | 300
P, =70-070P, 672 | 668 | 665 | 662 | 658
Total 100.0 [100.0 1000 [100.0 |100.0
+% RAM = P__ (60/70) 576 | 57.3 | 570 | 567 | 564
*G New Aggr=P__(10/70) 9.6 9.5 9.5 9.5 9.4

*The percentages of new aggregate and RAM as a blend were determined as P, . However, 60 perc.em‘
RAM and 10 percent new aggregate are to be used in the aggregate blend. The amount of RAM will
then be P, x 60/70 and the new aggregate will be P, x 10/70.

When preparing trial mixes in the laboratory, it is suggested that the RAP be
heated to the mixing temperature. The new aggregate and RAM are normally
heated to mixing temperature plus 30°C (50°F). When the aggregate and RAPhave
been weighed out, dry mixing should begin to thoroughly blend the materials
before adding new asphalt. Keeping the RAP at elevated temperatures should be
held to a minimum. Otherwise, normal mix design procedures are followed.

STEP 6 - Select Job-Mix Formula

The design, total asphalt content and the mix design are determined according to
established standard Marshall or Hveem mix-design criteria (as is used for virgin

materials).
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A
AASHTOT 19, 19
AASHTO T 27, 19
AASHTOT 37, 19
AASHTO T 44, |9
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AASHTO T 49,19
AASHTO T 51,19
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AASHTOT 96, 19, 110
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AASHTOT 170, 19
AASHTOT 176,19, 110
AASHTOT 179, 19
AASHTOT 201, 19
AASHTOT 202, 19, 123
AASHTOT 209, 19, 114
AASHTO T 228, 19, 47, 48
AASHTO T 240, 19
AASHTOT 245, 55
AASHTO T 283, 111
AASHTO T 287, 114
Aggregate

absorption, 43, 45, 47, 48, 50, 51, 56,

89,119,125
adjusting in mix design, 35-40
analysis for mix designs, 23-42
analysis in job-mix formulas, 24
apparent specific gravity of, 45
asphalt compatibility, and, 110
batch weights worksheet, 41
blending, 18, 25, 41
blends, chart for estimating, 31, 34
blends, worksheet for, 42

bulk specific gravity, 43, 48

C K E. method, and the, 80

coarse, surface capacity test of, 84

combining three ugyregates, 31-34

combining iwo aggrepates, 28-31

computing batch weights, 41

durahility tests, 109-110

effective specific gravity, 45, 49

FHWA 0.45 power grading chart, 15

fine, C.K.E. procedure, 82

formula for proportioning, 25

[ractional separation of, 24, 41, 58

fractions, 18

gradation evaluation, 23-42

graphical solutions for gradation, 31,
34

heating, 21

job aggregates and specifications,
illustrated, 26, 27

job-mix formulas, 24

nominal maximum size, 1ii, 6, 7, 8, 9,
68, 69,71

particle size, 6-10, 13, 69

proportioning with asphalt, 18, 26-42

reclaimed, 123

sampling, 20

specific gravities, adjusting for, 37

surface area factors, 82

trial and error combining, 30, 33

volume x specific gravity, 38

wasting. 39

weighing, 22

weight, analysis by, 25, 55

Air voids

calculation of, 52

criteria, Marshall method, 69
defined, 45

effect in mix design

stability and, 13, 16

American Association of State Highway

and Transportation
Officials (AASHTO), 19
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American Society for Testing and
Materials (ASTM), 19
Analysis of materials, |
Apparent specific gravity defined, 43
Asphalt
absorption, 51
adding to mix, 22
aggregate compatibility, 110
charts for content in Hveem method,
87, 88
content, cftective, 43, 48
design content in Hveem method,
104
design content in Marshall methed,
68, 69
estimated design content in Hveem
method, 84
grades, 77
in recycling, 127, 128, 131, 134
mixture specific gravity, and, 50
proportioning with aggregate, 18, 26-
42
stripping tests, 111
water sensitivity of asphalt mixtures,
110-111
Asphalt mix design, |, 55-78, 79-105
RAP, using, 123-136
ASTM C 29,19
ASTM C 88,19, 109
ASTM C 127,13, 47, 48
ASTM C 128,19, 47, 48
ASTM C 131,19, 110
ASTM C 136, 19
ASTM C 142, 109
ASTM C 188,19
ASTM D5, 12
ASTM D 70, 19, 47, 48
ASTM D 92,19
ASTMD 113,19
ASTM D 546, 19
ASTM D 854, 19, 47, 48
ASTM D 1075, 111
ASTM D 1188, 19,47, 52,62, 100, 115
ASTM D 1559, 17,19, 22
ASTM D 1560, 33, 34
ASTM D 1561, 33

ASTM D 1754, 12

ASTM D 1856, 13

ASTM D 2041, 13, 25,70, 72
ASTM D 2042, 12

ASTM D 2170, 12

ASTM D 2171, 12

ASTM D 2172, 13

ASTM D 2726, 13,2270
ASTM D> 2872, 12

ASTM D 3515, 2

ASTM D 3625, 63

B
Batch mixes, aggregate weighing for,
21
Batch weights
computing, 41
Hveem method, 92
Marshall method, 60
Blending aggregates, 18, 25, 41
by weight, 25, 41
Bulk specific gravity
aggregatc, 43, 48
mixture, 61
use in mix design, 45

C
California Department of Transporta-
tion, 79, 89
Cause and Prevention of Stripping in
Asphalt Pavements (ES-10), 112
CKE test in Hveem method, 80, 82
Climate and mix design, 75
Combining aggregates, 28, 31, 123
Control testing, 17, 113-119
Compacted mixture
voids calculation in, 51-53
volumetric properties of, 43-55
Compaction
Marshall method
equipment, 57-58
of specimens, 61
Hveem method
equipment, 90, 91, 92
of specimens, 93
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laboratory methods, 11

ctfect on design, 73

level of, 2

voids, 14, 35
Compactor, mechanicad, 99, %1
Compression machine, 90
Computer-Assisted Asphall Mix

Analysis (CAMA), 2, 28,75

D
Density curves, 13, 14-15
Density-voids analysis, 56, 62
Design criteria, 11, 69, 101,
Design method and requirements, 11
Drum-mix plant, aggregate analysis in
25

Durability

asphalt mix, 2, 8, 9, [3-16, 35, 81

tests for, 109-110

water sensitivity, and, 111

]

E
Effective asphalt content, 44, 45, 51
Effective specific gravity, 45, 48
Equipment
Hveem method, 80, 90, 95
Marshall method, 57, 61

F

FHW A grading chart, 15

Field laboratory, 17

Field verification of asphalt mixes, 113-
121

Filler aggregate, 18

Flow meter in Marshall methed, 62

Flow tests, 62

Fuller equation, 12

Fuller maximum density curves, 14

G
Gradation, aggregate
blending, 25
curves, 12-15
evaluation of, 23-42
typical, 7
wasting and, 39

Kneading compactor in Hveem method

Graphical solutions for agprepate
gradation, 31, 34

Hammcer in Marshalt method compae-
tton, 57

Hot-mix defined, 2
Hveem, Francis N., 79, 80
Hveem method of mix design, 79-107

asphall content in, 84

batch mix preparation in, 93

bulk density in, 100

CKE test, 80

compaction, 93

design asphalt content, 104

design criteria, 101

equipment, 80, 90, 95

mix in mold, illustrated, 94

oil ratio computation in, chart of, 87

specimen preparation, 89

stabilometer specimens, 93

surface area of aggregates, 81-82

surface constant chart, 83, 85, 88

swell test specimens, 95

test report form, 102

termperature range in specimen
preparation, 93

test data interpretation, 100

test procedures, 95

test property curves, 100

Hveem stabilometer

calibration of, 105
illustrated, 97, 98

J

Job-mix control testing, 17, 113-116
Job-mix formulas in aggregate analysis

]

24

K

]

illustrated, 91
tamping foot iltustrated, 92

L

Laboratory, field, 17
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M

Marshall, Bruce, 55

Marshall method of mix design, 55-78

criteria for paving mix, 69

data preparation, 64

data, test, trends and relations, 64

density and voids analysis, 62

design asphall content determination,
68

design criteria, 69

equipment for, 57, 61

evaluation of VMA curve, 71

large aggregatc, for, 77

mix design selection, 69

mix preparation, 60

specimen compaction, 61

stability and flow tests, 62

stability correlation raiios, 66

temperatures, 58

test data interpretation, 68-78

test property curves, 69

test report, illustrated, 63

test specimens preparation, 56

testing machine, 61, 63

water bath, 61

Mix designations, 2, 6-10

Mixer, mechanical, for test mixes, 22

Mixes for tests, preparation of, 20, 60,
RG

Mixture, workability of, 5

Mold and hammer in Marshall method,

3

Molds, compaction, in Hveern method,

S0

P
Paving mixtures
analysis of, 43-56
criteria for, 69, 101
sample, basic data on, 49
Principles of Construction of Hot Mix

Asphalt Pavements (MS-22), 17, 24,120

Proportioning asphalt and aggregate,
18, 26-42

R
Reclaimed aggregate material (RAM),
123
Random sampling, 17,117, 120
Reclaimed asphalt pavement (RAP) in

MS-2

tHustrated, 97, 98
specimens in Hveem method, 89, 93-
a5

test, B7-1(4}

values in Hveam method, 101
Standard prading chart, semi-log, 26
Static immersion stripping test, 63
Strength of mix, 12
Stripping. 110
Students, textbook lor, il
Surface arca factors in Hveem method,

B2

Suiface constant charts, 83, 85, 86
Swell test specimens, 95

T
Tamping foot, 92
Temperatures in Marshall method, 58
Tender Mixes: The Causes and Cures
(I1S-168), 36
Test methods of ASTM and AASHTO,
19
See also ASTM, AASHTO
Test mix preparation, 20, 60, 89
Test specimens in Marshall method, 56
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Voids Diled with asphalt (VFA), 43, 45
Criicria, 69
data rends, 68
detined, 45
determination of, 47, 53
cvahiation of, 75
percent in compacted mixture, 53
reporting, 64-68
spectfic gravily determinations, and,
47
Voids in asphalt mixture, 3
Voids in mineral aggregate (VMA), 12,
35-36,43,45
adjusting, 35-36
criteria, 69
data trends, 68
defined, 45
determmination of, 47, 51-52
evaluation of, 71-73
guidelines described, 13-16
percent in compacted mixture, 51-52
reporting, 64-68
specific gravity determinations, and,
47
Volumetric properties of asphalt

Materials control, 17, 120 mix design, 123-136 Testing
Maximum specific gravities of mix-
tures, 50, 114 S

Mix design, asphalt, 1, 5, 55-107, 123~ Sieve analysis, washed, 23, 25 I

mixtures, 43-56
| acceptance, 17, 113
: methods, 19 w

136

adjustment in, 12

durability of pavement, and, 5

essentiality of, 1

evaluation of, 5, 12-16, 43-55, 69-77,
100-105

management of, 16-17

methods, 1, 55-107

objectives of, 1, 5

RAP, using, 123-136

selection of, 1, 69-77, 100-105

strength of mix, and, 12

testing, coordination of, 8-10

trial mixes, 12-16, 23-24, 125, 131,
136

verification, 113-121

warning oo, 1, 11, 12

Specific gravity
aggregate, 37, 48
definitions, 43
determination, importance of, 44
mixture, 47, 50
VMA determination, and, 45
Specimen testing, 62, 95
Stability
correlation ratios, 66
Hveem method, 79, 97-100
Marshall method, 53, 62, 63
mix, 5, 11, 13, 16, 35
voids, and, 13, 16
Stabilometer, Hveem
calibration of, 105-108
displacement in, 105
filling with liquid, 106-107

Trial mixes, 12-16, 23-24, 125, 131,
136

U
U.S. Army Corps of Engineers, 55

v
Voids and stability, 13
Voids-density analysis, 56, 62

Washed sieve analysis, 23, 25, 41
Wasting aggregate, 39
Water sensitivity tests, 110
Weighing aggregate for batch mixes, 21
Weight of mixture
analysis worksheet, 54
proportioning, 18
Workability of mix, 5
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