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Foreword 

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

This fifth 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 fifth 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. Please contact the Asphalt Institute for the most recent information 
concerning SHRP mix design. 

Asphalt Institute 
Lexington, Kentucky 

* 

The Asphalt lnstitute has used extreme care in the assembly of this 
publication. However, the lnstitute 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 

1.01 PURPOSE AND SCOPE - The objective of hot mix asphalt (HMA) mix 
design is to determine the combination of asphalt cement and aggregate 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 selecting the 
type and amount of asphalt cement be used as the binder for that gradation. Well- 
designed asphalt mixtures can be expected to serve successfully for many years under 
a variety of loading and environmental conditions. 

The mix design of hot mix asp-halt 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 mixture 
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 prepared 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 general 
practice. Testing references and detailed procedures are outlined for the routine 
analysis of materials and paving mixtures. A number of aggregate gradation cornpu- 
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 presentations 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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Cornputel--Assisted Asphalt Mix Analysis (CAMA) computer program. The Appendix 
presents the addition of reclaimed 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 compaction 

i 
method and the level of compaction energy approximate the degree of compaction that 
will exist in the pavement after several years of traffic. The design asphalt content is 
chosen to provide for all of the mix components (asphalt, aggregate, and air) to be in 
correct 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 method 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 quality 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 to the 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. After the plant mixing 
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 
(1-112 in.), 25.0 mm (1 in.), 19.0 mm (314 in.), 12.5 mm (112 in.), 9.5 mm (318 in.),4.75 
mm (Nn A\ 2nd 1 1 R mm (Nn If;\ fit cn~.cifiecl in the American Sncietv for test in^ 



Bitunzinous Paving Mixtures. The grading ranges and asphalt content limits of these 
uniformly-graded dense mixes generally agree with overall practice but may vary from 
the practice of a particular local area. Further discussion of asphalt mixture gradations 
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 procedures of these mixes are 
different because of the additional void space incorporated between the larger 
particles. The design procedures in this manual should not be used for gap-graded or 
open-graded asphalt mixtures. 



Mix Design Practice 

2.01 GENERAL - Asphalt paving mix design demands attention to the details 
outlined in standard test procedures. Primarily, this means following specific, written 
instructions. But it also means having proper training in laboratory technique and the 
relation of mix design testing to pavement field specification requirements. 

While mix design often is treated as an isolated 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 objective 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 )  Suficient asphalt to ensure a durable pavement. 
(2) Suficient mix stability to satisfy the demands of traffic without distortion or 

displacement. 
(3) Suficient 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 )  Suficient workability to permit efficient placement of the mix without segrega- 
tion and without sacrificing stability and performance. 

(6) For surface mixes, proper aggregate texture and hardness to provide sufficient 
skid resistance in unfavorable weather conditions. 

The final goal of mix design is to select a unique 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 asphalt 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 a 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 
. .  3 1 1 . .  r .. _ _ _  .&  : ___._ I_  - _  _!a___ - - _ _ - : - 1 - - - A  I---& I__:L._l 
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estimate for a design that balances the desired performance properties. Slight 
refinements are then considered in the analysis of the mix testing results. 

Mix mpe Selection 
2.03 GENERAL - Dense-graded HMA mixtures are generally divided into three 

major categories dependent upon their specific use: surface mixtures, binder or 
intermediate mixtures, and base mixtures. HMA mixtures are typically designed with 
layer thickness and availability of aggregates in mind. The maximum size 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. Each 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 is 
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 35 15, Standard specifications for Hot-Mixed, Hot-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 D35 15. 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 
andmaximum lift thicknesses. The minimum 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 sufficient 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 .. - - 



Table 2.1 - Composition of asphalt paving mixtures (ASTM D3515) 

Dense Mixtures 

Mix Designation and Nominal Maximum Size of Aggregate 
Sieve Size No. 4 No. 16 

2 in. 1 112 in. 1 in. 314 in. 112 in. 318 in. (4.75 mm) No. 8 (1.18 mm) 
(50 mm) (37.5 mm) (25.0 mm) ( 1  9.0 mm) (1 2.5 mm) (9.5 mm) (Sand Asphalt (2.36 mm) (Sheet Asphalt) 

Grading of Total Ag regate (Coarse Plus Fine, Plus Filler if Required) 
Amounts Finer Than %ch Laboratory Sieve (Square Opening). Weight % 

2 1/2 in. (63-mm) 
2 in. (50-mm) 
1 112 in. (37.5-mm) 
1 in. (25.0-mm) 
314 in. (1 9.0-mm) 
112 in. (1 2.5-mm) 
318 in. (9.5-mm) 
No. 4 (4.75-mm) 
Vo. 8 (2.36-mm)A 
Vo. 16 (1.18-mm) 
Vo. 30 (600-pm) 
Vo. 50 (300-pm) 
l o .  100 (1 50-um) 

. . .  YO. 200 (75-km)B 0 to 5 0 to 6 1 to 7 2 to 8 2 to 10 2 to 10 2 to 10 9 to 20 

Bitumen, Weight % of Total Mixturec 

Suggested Coarse Aggregate Sizes 

3 and 57 4 and 67 5 and 7 67 or 68 7 or 78 8 8 

or or or 
4 and 68 57 6 and 8 

Aln considering the total grading characteristics of a bituminous paving mixture, the amount passing the No. 8 (2.36-mm) sieve is a significant and convenient field control point 
letween the fine and coarse aggregate. Gradings approaching the maximum amount permitted to pass the No. 8 sieve will result in pavement surfaces having comparatively fine 
:exture, while coarse gradings approaching the minimum amount passing the No. 8 sieve will result in surfaces with comparatively coarse texture. 

Q h e  material passing the No. 200 ( 7 5 - p )  sieve may consist of fine particles of the ag regates or minera! filler, or both but shall be free of organic matter and clay particles. The 
,lend of ag regates and filler, when tested in accordance with Test Method D 431 8, shaf have a plasticity index of not greater than 4. except that this plasticity requirement shall 
?ot apply wien Me filler material is hydrated lime or hydraulic cement. 

Qhe quantity of bitumen is given in terms of weight % of the total mixture. The wide difference in the specific gravity of various aggregates, as well as a considerable difference 
n absorption, results in a comparatively wide range in the limiting amount of bitumen specified. The amount of bitumen requiredfor a given mixture should be determined by appropriate 
aboratory testing or on the basis of past experience with similar mixtures, or by a combination of both. 

Tlto Ar~~orici~n Sociuty lor Tostirlg and Materials takes no position respecting tho validity of any patent rights asserted in connection with any item mentioned in this standard. Users 
3f this standard are expressly advised that determination of the validity of any such patent rights, and the risk of infringement of such rights, are entirely their own responsibility. 
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Sieve Size Raised to 0.45 Power 

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 (318 to 1/2 in.) 
maximum size aggregate, with few aggregate fines to produce the open-graded 
mixture. Typically placed in 16 to 19 mm (518 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 
m ~ v ; m . n -  n n n y ~ n q t ~  nf 10 tn 252 mm l 2 l A  tn 1 C in \ \with n rnrr~cnnnrlina l n w ~ r  



200 50 30 16 8 4 318 112 314 1 1-112 2 2-112 

Sieve Size Raised to 0.45 Power 

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. Larger aggrecgate 
mixes (with less asphalt and sand contents) are often more resistant to the scuffing 
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 



10 Mix Desian Practice 

- 2 In. Nom. Max; Size 
/- 1 In. Nom. Max. Size 

200 50 8 4 318 1/2 314 1 1-112 2 2-112 

Sieve Size Raised to 0.45 Power 

Figure 2.3 - Typicalbinder 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- Asp halt 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 p m (No. 200) material that may be specified. Also known in some areas 
as a plant-mix seal or 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 



a sheet asphalt by the addition of relatively large amounts of mineral filler and asphalt 
cement. 

2.04 DESIGN METHOD AND REQUIREMENTS - Ultimately, one should 
recognize that the mix design method and design requirements form an essential part 
of the construction specifications for asphalt paving projects. The construction agency 
or authority responsible for of the paving construction usually establishes the mix 
design method and design requirements. Once these items are established, it then 
becomes the duty and responsibility of the engineer to do the mix design within the 
framework of all the specification requirements. 

The Marshall and Hveem methods of mix design presented 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. In those 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 examination 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 laboraton.- 
compacted specimens of actual plant-mixed materials. Research has failed to establish 
one compaction method which consistently produces the closest simulation to the fisld 
for 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 
several forms of gyratory compaction 
compaction using vibratory impact hammers 

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

After laboratory compaction, the specimens are tested 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. To ensure 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, therefore, 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 aid 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 
number 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 
a deficiency, 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 
quality; however, this is not necessarily the case for hot mix asphalt. Extremely high 
stability o fen  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 
* ,  . ... . . , .,. F I t 



Moreover, the mix must be produced as a practical and economical construction 
operation. 

Grading curves are helpful in making necessary adjustments in mix designs. For 
example, curves determined from the Fuller equation* represent mix conditions of 
maximum density and minimum voids in mineral aggregate (VMA). Paving mixtures 
with such curves may be easily compacted, but tend to pack very tight and have air void 
contents that are too low. Usually, deviations from these curves will result in higher 
VMA and lower densities for the same compactive effort. The extent of change in 
density and VMA depends on the amount of adjustment in fine or coarse aggregate. 
Figure 2.4 illustrates a series 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 equation with particle sizes raised to the 0.45 power*" and plotted on the 
Federal Highway Administration grading chart (based on a scale 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. As a 
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(dP)O.5 in which, p = total percentage passing given sieve 
d = size of sieve opening 
D = largest size (sieve opening) in gradation 

**p = 1 w(d/~)0.45 

***For processed aggregate, the maximum particle size in a standard set of sieves listed in the applicable .,.. . . . . . .,.. . . . n  P .. . . *  
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Figure 2.4 - Fuller maximum density curves on standard semi-log 
grading chart 
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It usually is possible to improve the stability and increase the aggregate void content 
of the mix by increasing the amount of crushed materials and/or decreasing the amount 
of material passing the 75 p m (NO. 200) sieve. With some aggregates, 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 or similar rock types. 
By adding more manufactured sand, the void content can also be improved without 
sacrificing mix stability . 

(b) Voids Low, Stability Satisfactory--Low void content may eventually result in 
instability due to plastic flow or flushing after the pavement has been exposed 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 to instability and flushing 
if the void content of the mix is not sufficient. For these reasons, mixes low in voids 
shouid be adjusted by one of the methods given in (a) above, even though the stability 
may initially appear satisfactory. 

(c) Voids Sarisfactoty, Stability Loul-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 permitting 
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. 

(e) 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 



material differences exist between the small scale operation of the laboratory mixing 
bowl and an asphalt mixing facility. Field verification of hot mix asphalt is necessary 
to measure what differences exist and to determine what, if any, corrective measures 
need to be taken, It is important to note that mix design criteria apply equally to both 
field produced mixtures and laboratory mixed specimens. 

Normally, a total quality management system will have four important phases 
within the overall project: pre-production sampling and testing, initial job-mix formula 
verification, daily job-mix control testing during production, and in-place acceptance 
testing. The following outlines the purpose of each phase of the quality 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 is 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 Sanzpling and Testing-The principal purpose of this phase is 
to determine that the prospective sources of aggregate and asphalt are of satisfactory 
quaiity and wiii produce a paving mix satisfying all of the physical requirements and 
mix design requirements contained in the specifications. 

(b) Job-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 to 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. 

(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 control 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, 

1 

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. 

i 
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(d) 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 to attain the proper specification compliance. Its impor- 
tance is emphasized 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 SIZE FRACTIONS - It is almost universal practice to 
specify the gradation of aggregates on the basis of the total aggregate gradation, i.e., 
total percent by weight passing the designated sieve sizes. The individual fractions 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 to note that the aggregate gradations and individual fractions are 
specified independently of the eotai mix composition or binder content; i.e., the totai 
aggregate equals 100 percent. 

Aggregate 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- 811 

Sand-Material that is predominantly fine aggregate [passing 2.36 mm (No. 8)] 
Filler-Material that is predominantly mineral dust [passing 75 pm (No. 200)] 

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

2.08 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 lb.) of aggregate to 2.72 kg (6 Ib.) of asphalt. The asphalt content of such 
a mix could be expressed as (2.72 +- 45.36) 100 = 6.0 percent asphalt by weight of 
dry aggregate. This asphalt content may also be expressed as C2.72 +- (45.36 + 2.72)] 
100 = 5.7 percent asphalt by weight of total mix. 



2.09 TESTING METHODS -The material testing methods will normally be part 
of'the contract and/or project specifications. These test methods are recommended if 
others are not specified. (Test methods shall be the latest revision of methods adopted 
by the American Association of State Highway and Transportation Officials or the 
American Society for Testing and Materials.) 

ASTM AASHTO 
Designation Designation 

(a) Asphalt Cement 
Penetration D 5 T 49 
Viscosity 

Absolute D 2171 T 202 
Kinematic D 2170 T 201 

Flash Point D 92 T 48 
Thin Film Oven Test D 1754 T 179 
Rolling Thin Film Oven Test D 2872 T 240 
Ductility D 113 T 51 
Solubility D 2042 T 44 
Specific Gravity D 70 T 228 

(b) Mineral Aggregates 
Los Angeles Abrasion 

Unit weight 
Sieve Analysis (Aggregates) 
Sieve Analysis (Filler) 
Specific Gravity (Coarse) 
Specific Gravity (Fine) 
Specific Gravity (Filler) 

Sulfate Soundness 
Sand Equivalent 
Particle Shape 

(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 

I Density and Voids Analysis See Chapter 4 
Maximum Specific Gravity of 

Paving Mixtures D 204 1 T 209 
Bulk Specific Gravity D 1188 or T 166 

D 2726 
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2.10 MATERIAL, SAMPLING A N D  'TKS?'IN(; - Prior to 1iiix design resting. 
ample r.c/>~.r.srtltclri\*c samples of aggregates and asphalt sl~ould be obtained to 
accomplish the required number of tests. Thcsc n~aterial quantities are suggested: 

Asphalt Cement ............................................................ 4 liters ( 1 gal.) 
Coarse Aggregalt. (or Rock) .............................. 25 kilograms (SO Ib.) 
Fine Aggregate (or Sand) ................................... 25 kilogra~ns (50  Ib.) 
Filler (when required) ...................................... I0 kilogra~ns (20 I b.) 

Additional r-naterials may be required il ' thu above quantities result in appreciable 
waste when combining ~naterials for the design gradation, or if several aggregate 
combinations are to be investigated, or if  watcr sensitivity analysis of the asphalt 
mixture is to be performed. 

Each material sample should be completely identified by source location, pro-jcct 
location. and project number or job number. Eiich :isplialt cement sample should be 
stored in clean. s~nall metal containers with tigltt lids or covers to avoid the necessity 
of reheating the entire suppiy each time a mix is tesrcd. Each aggregate sample siiouid 
be placed in a tightly woven cloth sack, securely wired or tied. 

In advance of the n~ix  design testing, a list or schciiule of the tests to be performed 
should be made. Tests should be performed in proper and logical sequence. I t  is 
important that all rnaterial specification tests be completed before the [nix design tests 
are started. In this way sources of substand:ird 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,  he procedures illustrated in Figures 2.6 through 2.9 are used. 



Figure 2.6 - Weighing aggregates for batch mixes 

Figure 2.7 - Heating aggregate batches in oven 
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Figure 2.8 - Adding asphalt to heated aggregate 



Evaluation of Aggregate 
Gradation 

3.01 GENERAL --Aggregate gradation analysis and the combining of aggregates 
to obtain the desired gradation are important steps in hot mix asphalt design. The 
aggregate gradation 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. 

3.02 ANALYZING AGGREGATE FOR PRELIMINARY MIX DESIGNS - 
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 often 
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 normally 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. 
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(d) Separate each dried aggregate into fractions (sizes) if necessary based on the 
results of (b). These sizes are generally recommended: 

plus 19.0 mm (314 in.) 
19.0 mm (3/4 in.) to 9.5 mm (318 in.) 
9.5 mm (318 in.) to 4.75 mm (No. 4) 
4.75 mm (No. 4) to 2.36 mm (No. 8) 
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 if necessary. 

(e) Compute the blend proportions and batch weights (see Article 3.14) 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) Prepare mix design test specimens in accordance with the procedure prescribed 
for the particular mix design method being used. 

3.03 AGGREGATE 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 establishes 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 Asphalt 
Plant Manual (MS-3). It may be necessary to modify this plan to suit the control 
features of the mixing facility. 

(a) Secure representative samples from each aggregate stockpile, 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). Separate pans should be used for each aggregate sample. 

(c) Perform washed sieve 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. 

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

(f) In a batch plant, perform a washed sieve analysis on a representative sample of 
each aggregate 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. 



(g) Compute the blend proportions and batch weights of the sized aggregates (if a 
batch plant) or combined aggregate (if a drum plant) and filler required to 
produce one laboratory batch mix of the desired gradation. It is preferable to use 
the same weight of aggregate for each batch in a trial mix series. 

(h) Prepare test specimens of the design mix in accordance with the procedure 
prescribed for the mix design method being used. Analyze the test specimens 
to determine that the mixture has the same properties as that designed in 
the laboratory. 

(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. Er is desirable to initiaiiy plot the sieve anaiyses 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: 

where, P = the percentage of the combined aggregates passing a given sieve; 
A,B,C, ...= percentage of material 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 3.1 - Job aggregates and specification plotted on conventional 
aggregate grading chart 
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being blended. Many designers use computer spreadsheet programs to assist in quickly 
evaluating a number of alternative blends. The Asphalt Institute's Cornputel--Assisted 
Asphalt Mix Analysis (CAMA) computer program can also be used to visually evaluate 
the gradation plot of numerous blends very rapidly. Regardless of which method is 
used, a trial-and-error approach guided by a certain amount of reasoning is usually the 
easiest and best procedure to determine and refine a satisfactory combination of 
aggregates. A computer-generated blend should not be used without further evaluation 
and 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 number 
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 aggregates is: 

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

B - A  

An expression for a, can also be found: 

P - B  a =  - 
A - B  

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. 



2. Using the percentages for the 2.36 mm (No. 8) sieve and substituting into Eq. 
3, the proportions are determined to meet the midpoint of the specification 
(Figure 3.3b). 

3. Inspection of the first trial gradation shows the percent passing the 75 p m (No. 
200) sieve to be close to the lower specification limit. Increase the proportion 
of aggregate B (in this case to 0.55) and compute the gradation of the second trial 
(Figure 3.3~).  

4. Inspection now shows the gradation is critical on the 600 p 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 a "best fit" considering the percents 
passing the 600 p 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 (318-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. It can also be seen that the percent of blended material passing the 600 
p m (No.30) and 75 p 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 of Aggregate B 

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: 

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

Assume that mineral filler, C, is to be blended with aggregates A and B from the 
previous example to 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 that there is a reasonably clean 
separation between the plus 2.36 mm (No. 8) sieve sizes and the minus 2.36 mm 
(No. 8) sizes. Aggregate A will furnish most of the plus 2.36 mm (No. 8) sizes. 

2. 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 (See Figure 3.5). 

3. The percentages passing the 75 p m (No. 200) sieve are examined next using 
Eqs. 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 p m (NO. 200) 

sieve, and 
(c) percent material passing 75 p m (No, 200) sieve. 

The specification limits are divided in a somewhat similar manner: (corresponding to 
a) allowable percentage limits retained on a 2.36 mm (No. 8) sieve, and (corresponding 
to c )  allowable percentage limits passing 75 p m (No. 200) sieve. 
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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 ths  
portion retained on the 2.36 mm (No. 8) sieve and the portion passing the 75 p m (KO. 
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 fins 
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 p 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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I 

0 10 20 30 40 50 60 70 80 90 100 

Percent Retained 2.36 mm (No. 8) Sieve 

Figure 3.6 - Chart for estimating three aggregate blends 

the blend is calculated using the following equations derived from the basic formula 
(Eq. 1). 

a - - line SB' - 58 - 77 - 41 = 0.5 - - 
line AB'. 97 - 17 80 

Since b + c = 1.0 - a, then 

C - - (1.0-a)lineBtB - ( l . O - 0 . 5 1 ) ~  ( 1 3 - 9 ) - 0 . 4 9 ~ 4  =0.03 - - 
line CB 82 - 9 7 3 



3.09 ADJUSTING FOR SUFFICIENT VOID SPACE - A link between the 
aggregate gradation curve and asphalt mixture performance has been recognized for 
many years. However, quantifying this relationship has been difficult. Considerable 
research has been done to try to find a formula for the "optimum" gradation curve that 
would provide adequate space for a minimum amount of asphalt and air voids as well 
as adequate stability under traffic. Some sources have shown that this combined space 
for air and asphalt could not be used to statistically explain observed performance; this 
is due to the many other factors that can affect overall pavement performance. 
Regardless, the concept of needing sufficient space to develop adequately-thick 
asphalt films on the aggregate for adhesion and durability is fundamentally sound. 

The packing characteristics of asphalt-coated aggregate particles in an asphalt 
mixture are related to both aggregate surface characteristics and gradation, Aggregate 
surface characteristics include angularity and surface texture. When selecting aggre- 
gate for a project, surface properties are not considered for void purposes, but rather 
for stability and skid resistance. Therefore, if adjustments in void space are required, 
changes are usually made to the aggregate gradation. Unfortunately, the guidance 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 
approximated by the straight line on the0.45 power chart as discussed in Chapter 2 and 
shown in Figure 2.5. A combined aggregate gradation that plots very close to this line 
is not desirable. These blends typically produce very low voids in the mineral 
aggregate (VMA) which is the space occupied by both the asphalt cement and the air 
voids, (See Chapter 4 for more information on VMA.) Even if aggregate blends near 
this line meet the aggregate grading specification, a gradation curve that closely 
follows the maximum density line should be avoided. 

If too much void space is measured in a laboratory-compacted mix and an open- 
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 asphalt cement. Many approaches have been tried to increase VMA by adjusting 
the gradation. 

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, 
which normally are fine, well-rounded particles passing the 600 p m (NO. 30) sieve. 
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 
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 15 to 20 percent 
of the total weight of the aggregate. These rounded particles, which include more 
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 

I purpose. 



36 Evaluation of Aggregate Gradation 

The filler material [particles passing the 75 p 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. In some cases, the extremely fine particles (less than 
10 microns) may function as an asphalt extender which would effectively cause the 
available VMA to 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,$radation 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 intenne- 
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 
aggregate may introduce a completely-new interaction between all of the aggregate 
particles. Specifically, a change in 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 entire 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 pavement 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 material passing the 75 p m 
(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 other factor that appears to be the most important single factor leading to mix 
tenderness is an excess of the middle-sized sand fraction in the material that passes the 
4.75 mm (No. 4) sieve. This condition is characterized by a "hump" in the grading 
curve that can appear on nearly any sieve between the 4.75 mm (No. 4) and the 150 p m 
(No. 100) sieve. The hump typically occurs near the 600 p m (No. 30) sieve, Problem 
gradations can usually be detected on the 0.45 power gradation chart. Studies have 
indicated that if there is a deviation exceeding 3 percent upward in the gradation curve 
from a straight line drawn from the origin of the chart to the point at which the gradation 
curve crosses the 4.75 mm (No. 4) sieve line, a tender mix problem is likely. An 
example of this occurrence is shown in Figure 3.7. 

This gradation check may not apply to highly-crushed, rough-textured aggregates. 
It should be noted that gradation alone may not cause tenderness 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 
weight 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 

50 16 8 4 318 112 314 1 1-112 2 

Sieve Size Raised to 0.45 Power 
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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 volumetric 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 
. .  * , ,, 1 1. ~ t - L  - 1 1  *L- ---A:@- ~ . - n . t : t : n c .  . r r ~ r a  tho r B m p  



3.12 ADJUSTING BY WASTING - Where the main source of aggregate is a 
single pit, it is often the case that the crusher-run aggregates are either coarser or finer 
than desired. If the gradation is coarser than desired, finer material can usually be 
blended with thecrusher-run aggregate. But for gradations that have an excess of fines, 
the most economical adjustment is usually made by wasting a portion of the fine 
fraction. Most crushing plants will make the separations on the 4.75 mm (No. 4) [or 
possibly 2.36 mm (No. 8)] screen. Where an excess on a smaller size occurs, the 
correction is made by wasting aportion of the minus 4.75 mm (No. 4) [or 2.36 mm (No. 
8)] 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) 

(Sizes below waste screen use percent passing) 

where, Pa, Ra = percent passing, or retained, of a given size before wasting; 
Pb, Rb = adjusted percent passing, or retained, of a given size after wasting; 
Pi, R l  = percent passing, or retained, of the waste size before wasting; and 
P2, R2 = adjusted percent passing, or retained, of the waste size after 

wasting. 

The percent of waste, W, is found using: 

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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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 
to reduce the 600 p m (NO. 30) material from 3 1 percent to 28 percent (shown in Figure 
3.9b). In this case, P 1 and P2 for the fine fraction sizes are the values for the 600 p m 
(No. 30) sieve. When the adjusted percentages are obtained, R 1 and R2 for the 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 aggregate 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 
aggregate; most laboratories determine the simplest and best procedure for the kinds 
of materials that they typically use. 

The goal of batching is to closely match the laboratory aggregate blends to the final 
field aggregate blend. Tight control 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 are representative of field 
stockpiles for a mix design, The first step is to determine the desired blend of these 
gradations to achieve the target gradation. For this example, the percentages are given 
below 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 each stockpile is separated into fractions. 
Typically, these five fractions are used: 

plus 19.0 mm (314 in.) 
19.0 mm (314 in.) to 9.5 mm (318 in.) 
9.5 mm (318 in.) to 4.75 mm (No. 4) 
4.75 mm (No. 4) to 2.36 mm (No. 8) 
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 their batch weights are 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 mm to 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 proportionately mixing 
a large amount of each stockpile to create the desired blend, and then taking 1,200 g 
of this blend to make each batch. As previously, the same care must be taken to ensure 
a representative sample is used ineach batch. An additionaldrawback 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 multiplying the percentage (by weight of 



Percent Passing 
Sieve Size Aggregate Stockpiles 

rnm (in.) 57/68 #8 #10 Nat. Sand Blend 

25.4 (1.0) 
19.0 (314) 
12.7 (112) 
9.5 (318) 
4.75 (No. 4) 
2.36 (No. 8) 
1.18 (No. 16) 
0.6 (No. 30) 
0.3 (No. 50) 
0.15 (No. 100) 
0.075 (No. 200) 

Percentage of 
Total Blend 

Stockpile PassingIRetained, % 
Fraction, mm (in.) 57/68 #8 # I0  Nat. Sand 
plus 19.0 (314) 4.7 0 0 0 
19.0 to 9.5 (314 to 318) 87.3 11.4 0 0 
9.5 to 4.75 (318 to No. 4) 6.5 70.6 3.0 0 
4.75 to 2.36(No. 4 to No. 8) 0.2 13.0 27.0 10.2 
minus 2.38 (No. 8) 1.3 5.0 70.0 89.8 

Stockpile Batch Weights, g 
Fraction, mm (in.) 57/68 #8 #10 Nat. Sand 
plus19.0 (314) 11.3 0 0 0 
19.0 to9.5 (314 to 318) 209.5 68.4 0 0 
9.5 to 4.75 (318 to No. 4) 15.6 423.6 7.2 0 
4.75 to 2.36(No. 4 to No. 8) 0.5 78.0 64.8 12.2 
minus 2.38 (No. 8) 3.1 30.0 168.0 107.8 
Total 240 600 240 120 

Asphalt Cement Batch Weights 
AC, pct by wt of agg AC, g Total Batch wt, g 

3.5 43.5 1243.5 
4.0 50.0 1250.0 
4.5 56.5 1256.2 
5.0 63.2 1263.2 
5.5 69.8 1 269.8 

Target 

Figure 3.10 - Worksheet for computing laboratory batch weights 





























































































































































Mix Design 
Using RAP 

A.O1 GENERAG-This appendix presents the step-by step process necessary to 
incorporate reclaimed asphalt pavement (RAP) and reclaimed aggregate materials 
(RAM) into asphalt mix design. The steps include proportioning the reclaimed 
materials, selecting the grade and quantity of asphalt cement (plus recycling 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 SO 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 material, experience has generally shown that mixture quality can be more easily 
controlled by using less 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 217 1; 
AASHTO T 202), is the test measurement used in this procedure to identify asphalt in 
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 Mixture - 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, Asphalt Content and Viscosity of 
Extracted Asphalt From Reclaimed Asphalt 

Pavements (RAP) 

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

(1 ) Calculate Combined Aggregate in Recycled Mix 

I (2) Approximate Asphalt Demand of Combined Aggregates 

I 7 

(3) Estimated Percent New Asphalt in the Mix 

1 

(4) Select Grade of New Asphdt 

I 

(5) Trial Mix Designs by Marshall and Hveem Method 

(6) Select Job Mix Formula 

Figure A.1 - Flow chart for recycling hot mix design procedure 



After the blend of aggregate (aggregate in the RAP, new aggregates and/or 
RAM) have been established, the amount of new aggregate (andlor RAM) is 
expressed as r, in percent. 

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

60% reclaimed aggregate (RAM) 
15% new aggregate 
25% RAP aggregate - 

100% Total 

The total amount of new aggregate and RAM is 75%. Hence, r=75. Table A. 1 
contains formulas for proportioning materials for recycled asphalt hot mixes where 
the blend of aggregates in the mix is kept constant. 

(2)  Approximate Asphalt Demand of the Combined Aggregates -The approximate 
~spha l i  bemaid of the comtiiied aggregates mag be determined by the Centrifuge 
Kerosene Equivalent (CKE) test (See Article 6,03) or calculated by this empirical 
formula: 

where: P = approximate total asphalt demand of recycled mix, percent by 
weight of mix 

a = percent* of mineral aggregate retained on 2.36mrn (No. 8) sieve 
b = percent* of mineral aggregate passing the 2.36mm (No. 8) sieve 

and retained on the 75p m (No. 200) sieve 
c = percent of mineral aggregate passing 75p m (No. 200) sieve 
K = 0.15 for 1 1-15 percent passing 75p m (No. 200) sieve 

0.18 for 6- 10 percent passing 75 y m (No. 200) sieve 
0.20 for 5 percent or less passing 75p m (No. 200) sieve 

F = 0 to 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 anapproximate 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 
0.5 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 . l  - Formulas for proportioning materials for recycled hot 
mixtures 

Ps, = Percent salvage mix (RAP) in recycled mix 
Pb = Asphalt content of recycled mix, % 
P,b = Asphalt content of salvaged mix (RAP), Oh 
Pnb = Additional asphalt and/or recycling agent in recycled mix, % 
Pns = Percent additional aggregate (new or reclaimed aggregate material) 

r = Percent new and/or reclaimed aggregate material to total aggregate in recycled mix 
R = Percent new asphalt and/or recycling agent to total asphalt in recycled mix 

O/O New Asphalt, Pnb 

O/O RAP, Psm 

% New Agg. and/or RAM, Pns 

Total 

% New Asphalt to Total 
Asphalt Content, R 

(3) 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: 

where: Pnb= percent* of new asphalt*" in recycled mix 
r = new aggregate (andfor RAM) expressed as a percent*of the total 

aggregate in the recycled mix 
Pb = percent*, asphalt content of total recycled asphalt mix or asphalt 

demand, determined by CKE or empirical formula in item (2) above 
Psb= percent*, asphalt content of reclaimed asphalt pavement 

For Asphalt Content 

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

by wt. of total mix 

(1 002 - r Psb) Pb (1 00 - r) Psb - 
100 (1 00 - Psb) 100 - Psb 

100(100-r) (100-r)Pb 
& 

100 - Psb 100 - Psb 

rPb r -  - 
100 

100 

100 Pnb 

pb 

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

by wt. of aggregate 

(100 - r) Psb 
Pb - 100 

(lOO+Psb)(lOO-r) 
100 

r 

100 + Pb 

100 Pnb 

pb 



The percentages of new asphalt for any asphalt content may now be readily 
determined. 

Note: The formula is for asphalt content expressed as percent by weight of total 
mix. If asphalt contents are expressed as percent by weight of aggregate the 
formula for calculating quantity of new asphalt is: 

(See Table A. 1). 

(4) Select Grade of New Asphalt - Using Figure A.2, 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, P,b, to the total asphalt content, Pb, is expressed 
by this formula: 

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: 

Pnb = 1.0 1 x 6.2 - 1.23 = 5.0 percent 

Then: 

R = 
100 (5.0) 

6.2 = 8 1 percent 

The grade of new asphalt (andlor 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 (andlor 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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vi 
a, 
(I) .- 
B 
(I) 
0 
0 
v, 
5 

New Asphalt or Recycling Agent in Blend, 
R, Percent by Weight 

Figure A.2 - Asphalt viscosity blending chart 



Point C. Point C is the viscosity at 60°C (140°F) of the new asphalt (andlor 
recycling agent) required to blend with the asphalt in the reclaimed asphalt 
pavement to obtain the target viscosity in the blend. Select the grade of new asphalt 
that has a viscosity range that includes or is closet to the viscosity at Point C. 

To plot a point using the vertical scale, consider expressing the viscosity using 10 
raised to some power. For example, 75,000 poises would be 7.5 x 104. To plot the 
point on the vertical scale, 7.5 would be interpolated on the scale between 104 and 
105. 

Note: It is suggested that when selecting a grade of asphalt cement for 
recycling that the following guide be used:. 

Up to 20% RAP= No change in asphalt grade 
2 1 % RAP or More= Do not change more than one grade 
(La. from AC-20 to AC-10) 

( 5 )  Trial Mix Design - Trial mix designs are then made using the Marshall or Hveem 
apparatus. The formulas shown in Table A.l are used for proportioning the 
ingredients: new asphalt, P,b, reclaimed asphalt pavement (RAP), P,,, and new 
andor reclaimed aggregate (RAM), P,,. 

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 
and the total equal P,,. For example the aggregate blend consisted of: 

60% RAM 
15% New aggregate 
25% RAP aggregate 

then r = 75 

If P,, in a trial mix is to be 6 1.4 percent, then the percent of RAM (in total mix) 
will be 6 1.4 x (60175) = 49.1 percent and the percent new aggregate will be 6 1.4 
x (15175) = 12.3. The total equals 61.4 percent. 

(6) Select Job-Mix Formula 

Design Example 1 

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 new aggregate is: 

Percent Passing 
Sieve Size RAP Agg. RAM New Agg. 
25.0 mm (1 in.) 100 100 100 
19.0 mm (314 in.) 9 8 92 100 
9.5 mm (318 in.) 85 45 100 

4.75 mm (No.4) 65 19 94 
2.36 mm (No. 8) 52 5 85 
300 p m (No. 50) 22 1 26 

75 p m (No. 200) 8 0 6 

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

STEP 1 - Combined Aggregates in Recycled Mixture 
30% 60% 10% 

RAP Aggr. + RAM Aggr. + NEW Aggr. = Comb. Aggr. 

Sieve % Pass. % Pass. % Pass. % Pass. 

25.0 mrn (1  in.) [ 100~0.3=30.0] + [100~0.6=60.0] + [100~0.1=10.0] = 100.0 
19.0 mrn (314 in.) [ 98~0.3=29.4] + [ 92~0.6=55.2] 9 [100x0.1=1O.Oj = 94.6 
9.5 rnrn (318 in.) [ 85x0.3=25.5] + [45~0.6=27.0] + [100x0.1=10.0] = 62.5 
4.75 rnrn (No. 4) [ 65x0.3=19.5] + [ 19~0.6=11.4] + [ 94x0.1= 9.41 = 40.3 
2.36 mrn (No. 8) [ 52x0.3=15.6] + [ 5 ~ 0 . 6 =  3.01 + [ 85x0.1= 8.51 = 27.1 
300 p rn (No. 50) [ 22x0.3= 6.61 + [ 1x0.6= 0.61 + [ 26x0.1= 2.61 = 9.8 
75 p rn (No. 200) [ 8x0.3= 2.4) + [ OxO.6= 01 + [6x0.1=0.6]  = 3 .O 

Then r = 60 -1-10 = 70 

Job Specification: 
ASTM D 35 15, Table 1 

314 in. (19mm) Nom. 

Sieve Size 
25.0 mm (1 in.) 
19.0 mm (314 in.) 
9.5 mm (318 in.) 

4.75 mm (No. 4) 
2.36 mm (No. 8) 
300 p m(No. 50) 
75 p m(No.200) 

Max. Size % Pass. Combined Aggr. % Pass. 
100 100.0 

90- 100 94.6 
56-80 62.5 
35-65 40.3 
23-49 27.1 

5-19 9.8 
2-8 3 .O 
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