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Abstract: The purpose of this study was to evaluate the effect 

of the Superpave specified aggregate gradation on Marshall 

mix design parameters. Twenty eight (28) asphalt concrete 

mixtures were prepared in three types of gradations such that 

the gradations were above, through and below the Superpave 

restricted zone. Samples were prepared for Marshal mix design 

and tested in the laboratory to evaluate the Marshall stability, 

flow and volumetric properties.

 Statistical analysis showed that all three types of mixtures, 

above, through and below the restricted zone, did not have any 

significant difference on Marshall stability and void in mineral 

aggregate (VMA). The mixtures with gradation passing below 

the restricted zone showed higher air voids (V
a
 ) and lower flow 

values than gradation passing above and through the restricted 

zone. The results indicated that Superpave specified aggregate 

gradation could be used as a guide to select aggregate gradations 

for wearing courses. Aggregate gradation below the restricted 

zone requires 0.5 % less bitumen than typical mix designs and 

has a lower binder tolerance limit. 

Keywords: Aggregate gradation, Marshall parameters, 

restricted zone, Superpave gradation, wearing course. 

INTRODUCTION

Many empirical and semi empirical design procedures 

for hot mix asphalt (HMA) design have been devised, 

which first attempted to evaluate various properties of 

bituminous mixtures. Some of the more widely known 

of these design procedures are the Marshall, Hveem, 

Superpave, Texas and University of Nottingham methods 

(O’Flaherty et al., 2002).

Marshall method

Bruce Marshall developed the first version of the Marshall 

mix design method in 1939. The Marshall method uses a 

drop hammer to compact samples, and the stability and 

flow are tested in a confined compression mould. The 

volumetric characteristics of the mix are also evaluated. 

In 1943, the Corps of Engineers Waterways Experiment 

Station began experimenting with the Marshall testing 

apparatus and developed a series of laboratory and 

field experiments. A variety of compaction efforts 

were used to produce lab densities that were similar 

to field densities under construction and aircraft loads. 

Laboratory methods consisted of different weights of 

drop hammer, combinations of numbers of blows per 

side, compactor foot designs and mould bases (Roberts 

et al., 1996). 

 The Marshall procedures have been standardized 

by the American Society for Testing and Material 

(ASTM) and published as ASTM D 1559. The method 

is applicable only to hot mixtures using penetration 

grade asphalt cement and containing aggregates with 

a maximum size of 25 mm (1 in.) or less [a modified 

method has been proposed to allow testing of paving 

mixtures containing aggregates with maximum size up 

to 38 mm (1.5 in.)]. The Marshall method uses standard 

test specimens; 64 mm (2.5 in.) in height and 102 mm 

(4 in.) in diameter. They are prepared using a standard 

procedure for heating, mixing and compaction of the 

asphalt - aggregate mixtures (Wright, 1996).

Superpave method

In 1987, the Strategic Highway Research Programme 

(SHRP), USA began developing a new system for 

specifying asphalt material. The final output of the SHRP 

asphalt research programme was a new system called 
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Superior Performing Asphalt Pavement (SUPERPAVE). 

Superpave represents an improved system for specifiying 

asphalt binder and mineral aggregates, developing asphalt 

mixture design and analyzing and establishing pavement 

performance prediction.

 A Superpave mix design involves selecting asphalt 

and aggregate materials that meet the Superpave 

specifications and then conducting volumetric analysis. 

Hot mix asphalt specimens were compacted with the 

Superpave gyratory compactor. Two new key factors 

in the Superpave system are laboratory compaction 

and performance testing. Laboratory compaction is 

accomplished using a Superpave gyratory compactor 

(SGC), while the main purpose of SGC is to compact test 

specimens. The SGC can also provide information about 

the compactability of the particular mixture by capturing 

data during compaction. 

 The performance based tests and performance 

prediction models for HMA are important developments 

from the SHRP asphalt research. Output from these tests 

is used to make detailed predictions of actual pavement 

performance. Test procedure and performance prediction 

models were developed, that allows an engineer to 

estimate the performance life of a prospective HMA in 

terms of equivalent single axle loads (ESAL).

 The SHRP research effort was mainly concentrated 

on properties and testing of asphalt binder (Jahn, 1996). 

The aggregate and asphalt–aggregate characteristics of 

Superpave mixture were developed by the Aggregate 

Expert Task Group (ETG) of SHRP, and they used a 

modified Delphi procedure to select the aggregate and 

mixture characteristics (Anderson & Bahia, 1997).

To specify the aggregate gradation, Superpave has adopted 

the 0.45 power curve with gradation control points and 

a restricted zone. Another important feature of the 0.45 

power curve is that it represents the maximum density 

line. This line represents a gradation, where the aggregate 

particles fit together to make the densest arrangement. 

Furthermore, gradation above the maximum density 

line makes finer gradations, while gradation below the 

maximum density line makes coarser gradations. The 

control points function as upper and lower limits of the 

aggregate gradation, which should be satisfied by the 

selected aggregate. They are placed at three specific 

points; nominal maximum sieve, an intermediate sieve 

(2.36 mm), and the smallest sieve (0.075 mm). 

 The four upper control points are a result of the 

definition of nominal maximum and maximum size. The 

lower control point at 0.075 mm limits the minimum 

and maximum percentages of 0.075 mm size specified 

in ASTM D 3515 for dense graded asphalt mixtures. 

Gradation control points at the 2.36 mm sieve size 

control the amount of sand size particles in the mixture. 

The upper control point limits the amount of sand in the 

mixture to avoid sand - asphalt mixtures and the lower 

control point ensures that adequate sand is contained to 

make a dense graded mixture. 

 The restricted zone resides along the maximum 

density gradation line between the 2.36 mm sieve and 

the 0.3 mm sieve. The restricted zone encourages 

development of gap graded mixtures (mixtures, which 

pass below the restricted zone are gap graded). Figure 1 

and Table 1 show the control points, restricted zone and 

gradation limits for a 19.0 mm Superpave mixture, 

respectively. 

Figure 1: Superpave specified gradation for 19.0 mm nominal size
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of the paving mixture itself. The different specifications 

have been introduced by different agencies. 

Specifications of ASTM 3515, standard specification 

for construction and maintenance of roads and bridges 

(called SSCM in Sri Lanka) and the committee of state 

road authorities (CSRA)  are a few of them and shown 

in Table 2.

Aggregate gradation

Elliot et al. (1991) carried out an investigation to evaluate 

the relationship between different aggregate gradations 

and properties of asphalt mixtures. The different aggregate 

blends were made as coarse, fine, mid-band (job mix 

formula – JMF), and two poorly graded materials; from 

coarser than JMF to finer than JMF (coarse-fine), and 

from finer than JMF to coarser than JMF (fine-coarse). 

From this investigation,  Elliot et al. (1991) concluded 

that:

When the shape of the gradation curve is changed  •

(coarse to fine and fine to coarse gradation), 

variations in gradation have the greatest effect 

on mixture properties.

Fine gradation enhances the Marshall stability,  •

while the fine - coarse poor gradation reduces 

the Marshall stability. However, all of the 

gradations were found to have stability values 

that are considered to be more than adequate. 

Fine - coarse gradation increases the Marshall  •

air voids and VMA, while the coarse - fine 

gradation reduces the Marshall air voids and 

VMA.

Coarse-fine gradation produces the highest  •

Marshall flow while fine-coarse gradation  

produces  the lowest.

When the mixture gradation approaches the Fuller curve 

(maximum density line), it minimizes VMA and produces 

a mixture that will be very sensitive to proportioning 

errors. The best practice is to keep the blend away from 

the maximum density line (TRL, 2002). 

 In order to avoid any permanent deformation of 

HMA pavements, the following recommendations were 

made by Kennedy et al. (1996 cited in Chowdhury et al.,  

2001).

Avoid gradation near the maximum density  •

line, because it produces a well pack mixture, 

thus such mixtures have relatively low voids. 

Low void mixtures are very sensitive to asphalt 

binder content and the risk of flushing.

Use angular aggregate particles because they  •

provide greater interlock and internal friction, 

thus, such mixtures exhibit greater mechanical 

stability when compared to rounded particles.

 Sieve, mm  19 mm nominal size

          Control points Restricted zone boundary

  Minimum Maximum Minimum Maximum
 

 25.0    100.0  

 19.0   90.0   100.0  

 12.5      90.0  

 9.5    

 4.75    

 2.36   23.0     49.0    34.6    34.6

 1.18      22.3    28.3

 0.600      16.7    20.7

 0.300      13.7    13.7

 0.150    

 0.075     2.0       8.0  

 

Source: Asphalt Institute SP-2 (1996) 

Table 1: Superpave asphalt mixture gradation requirements 

Superpave specified aggregate gradation for HMA (AC 

type) wearing course are presented in Table 1 (Asphalt 

Institute, 1996).

Aggregate gradation specifications for wearing course 

 

Separate grading requirements are usually given for 

the separate aggregate components of the mixture: 

coarser aggregate, fine aggregate and filler, and overall 

specifications are given pertaining to the composition 

Sieve   % Passing

size      ASTM      SSCM            CSRS

 Min. Max. Min. Max. Min. Max.

25 100  100 100  

19 90 100 90 100 100 100

13.2     84 100

12.5      

9.5 56 80 65 93 70 92

4.75 35 65 45 73 50 70

2.36 23 49 35 58 37 55

1.18   26 48 26 41

0.6   18 38 16 28

0.3 5 19 13 26 12 20

0.15   8 20 8 15

0.075 2 8 4 12 4 10

Source: American Society of Testing Materials (ASTM) D3515 

(2001b), SSCM (1989), Committee of State Road Authorities (CSRA) 

1987

Table 2: Gradation standards of wearing course
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Use aggregate with rough surface texture to  •

create higher VMA in compacted mixtures and 

a good mechanical bond 

A chosen blend of aggregate particles suitable for dense 

asphalt concrete surfacing shall have a sufficient VMA 

to be durable in service and retain a minimum of 3 % 

air voids after secondary compaction by traffic (TRL, 

2002).

Fine aggregates

Often, the content of fines in the mixture must be limited. 

Excessive amount of fines may result in a weak mixture, 

since the large particles would not be in contact with each 

other. The strength of the mixture would then depend 

only on the friction between the small particles, which is 

much less than between large particles (Atkins, 1997).

The amount of material passing the 4.75 mm sieve is one 

of the major factors contributing to the tenderness of an 

asphalt concrete mixture. In addition, rounded, uncrushed 

aggregates are more likely to make soft mixtures. The 

amount of uncrushed material passing 4.75 mm sieve 

increases the susceptibility of the mixture to adverse 

permanent deformation (Crawford, 1989).

 The total deformation and the rate of permanent 

deformation is increased when the percentage of natural 

sand increases. Shape and texture of the fine aggregate 

plays a major role in controlling the plastic deformation 

in HMA. Natural particle content of an asphalt mixture 

in a high volume pavement should be limited to 10 to 15 

percent, depending on other characteristics of the mixture 

(Button et al.,  1990).

 The angularity and the roughness of the crushed fine 

aggregate contribute to the increased strength of asphalt 

mixtures. Some amounts of crushed fine aggregate with 

natural aggregate in asphalt mixture is required to have 

stability for high quality pavements (Lottman & Goetz, 

1956).

 Kallas and Griffith (1957) carried out research studies 

to estimate the influence of fine aggregates on asphalt 

paving mixtures. They pointed out that an increase 

in angularity of crushed fines increased the Marshall 

stability value at the optimum asphalt content, and also 

increased the void content at a given compaction level 

and the optimum asphalt content.  

 Replacing natural sand material with crushed fine 

aggregate increases the stability of Marshall specimens, 

reduces plastic deformation, reduces asphalt content 

sensitivity and increases VMA and air voids in the 

compacted specimen (Shklarsky & Livneh, 1964).

Coarse aggregate

A study was conducted by Brown and Bassett (1990), 

to determine the relationship between asphalt mixture 

properties and maximum aggregate size. The above 

study showed that increasing the size of the largest 

aggregate in a gradation will increase the mixture quality 

with respect to creep performance, resilient modulus and 

tensile strength, while Marshall stability does not have a 

significant effect from the maximum size in gradation.  

 The coarser aggregates used for production of HMA 

should be made by crushing sound, un-weathered rock 

and natural gravel. Gravel should be crushed to produce 

at least two fractured faces on each particle (TRL, 2002). 

The aggregate should have the following characteristics:

Be clean and free of clay and organic material •

Be angular and not excessively flaky to achieve  •

good mechanical interlock

Be strong enough to resist crushing during  •

mixing, laying and service

Be resistant to abrasion and polishing when  •

exposed to traffic

Be non-absorptive to make good mix design •

Have good affinity with bitumen •

Kim et al. (1992) demonstrated that gradation had 

no effect on permanent deformation, while aggregate 

type has a significant effect on fatigue resistance and 

permanent deformation of asphalt concrete. Interaction 

of aggregate type with gradation, asphalt type, air voids, 

and temperature were critical factors for the permanent 

deformation of asphalt concrete.

 Increases in the percentage of crushed coarse aggregate 

resulted in increased Marshall stability and resistance to 

permanent deformation. They also recovered a significant 

relationship between rutting potential and the shape of 

the coarse aggregate particles (Yeggoni et al.,  1994). 

Filler

Filler is mineral matter consisting of particles passing the 

0.075 mm sieve. Mineral filler may consist of stone dust, 

fly-ash, hydrated lime, Portland cement, blast-furnace 

cement or any combination of these. In an asphalt mix, 

the filler acts as an extender to the binder and performs 

two important functions.

It acts as a voids filling material to enhance 1. 

density and durability of the mixture.

It stiffens the mixture and improves resistance 2. 

to plastic deformation.
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Increasing the stiffness of the mixture will depend on the 

type of filler, bulk density and the volumetric contribution 

in the mixture (CSRA, 1987).

 Some materials can stiffen an asphalt binder, which 

would increase the Marshall stability. For example, a 

small increase in the mineral filler (dust) content of the 

asphalt mixture will stiffen the asphalt binder and the 

total asphalt mixture, leading to a high Marshall stability 

value. However, if too much mineral filler is used, the 

filler can act as an asphalt binder extender, affecting the 

mixture as if it had a higher asphalt binder content, leading 

to a decreased Marshall stability value (Roberts et al., 

1996). Therefore, some agencies specify the  maximum 

dust (passing the 75 µm sieve) to asphalt binder content 

ratio as a guideline in mix design. Most specifications 

use a maximum value of 1 or 1.2 at the laboratory design 

stage. The maximum value of 1.0 or 1.2 usually applies 

only to dense graded asphalt mixtures.

 From various laboratory and field studies, it is 

concluded that additional minus No. 200 material tends 

to produce lower optimum asphalt content, a higher 

stability, and a more asphalt sensitive mixture. Some 

filler is required for stability while an excessive amount 

(greater than 6 % in conventional mixtures) will produce 

undesirable mixtures (Brown et al.,  1989).

 The mineral filler characteristics vary not only with 

the type, gradation, and amount of the filler but also with 

its particle size. If the size of mineral filler particles is 

smaller than the asphalt film thickness in the HMA, the 

filler acts as an extender of the asphalt binder. However, 

if an excessive amount of large size mineral filler is 

present, the asphalt demand may increase (Tarris & 

Anderson, 1982).    

Restricted zone

Research has been focused on the effect of restricted zone 

on the performance of HMA (Hand & Epps, 2004). This 

indicated that good performance can be achieved with 

fine graded mixtures and, in most cases, fine Superpave 

mixtures out - perform coarser Superpave mixtures. This 

study has concluded that there is no correlation between 

the Superpave restricted zone and HMA permanent 

deformation or fatigue performance.  

 Superpave restricted zone does not affect the VMA 

and particle interlock, if the blend contains only crushed 

aggregates. Therefore, the restricted zone is not adopted 

as an essential requirement of local specifications, rather 

that it is an option for heavily trafficked roads (TRL, 

2002)

 Superpave coarse mixtures (gradation passing below 

the restricted zone) will normally provide the most 

effective material for roads on very heavily trafficked 

and severe sites (TRL, 2002).  

 Rouque et al. (1997) showed that a broad range of 

aggregate gradations ranging from restricted zone to 

stone matrix asphalt could yield good shear resistance 

in HMA. This study has also shown that gradation of 

the coarse aggregate fraction is the most critical factor 

affecting the shear resistance of the HMA and that VMA 

could not be related to shear resistance of the mixture.

 Hand et al. (2001) have reported that both laboratory 

and prototype-scale performance tests indicated that 

adequate rutting performance could be achieved with 

gradations above, through, and below the restricted 

zone. They found that above and through restricted zone 

mixtures might show slightly better performance than 

below mixtures.

 Another study (Jahn, 1996) has focused on 128 trial 

aggregate blends used for mixture design to setup a 

guideline for the mixture designers; more specially, the 

blends were examined to find the gradation or gradation 

characteristics, which can yield the required VMA for the 

asphalt concrete. He tried to find a correlation between 

VMA and the distance from maximum density line on 

the 0.45 power gradation chart or distance from the 

restricted zone and did not find any statistically significant 

relationship between VMA in the HMA and the sum of 

the distances from the Superpave maximum density 

line or the sum of the distance from the restricted zone. 

The same study, designed and evaluated HMA of four 

different gradations using only one aggregate source. 

The combined gradations were as follows;

S – shaped coarse gradation •

Fine gradation above the restricted zone •

Intermediate gradation passing through the  •

restricted zone

S shaped coarse but with slightly humped  •

gradation 

 The asphalt mixtures were evaluated using the 

Superpave shear tester and the researchers noticed that 

the gradation above restricted zone performed the best, 

and those below restricted zone performed the worst.
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Research need

In Sri Lanka, gradation specifications in SSCM consist 

of a gradation master band in which upper and lower 

limits of the passing percentages have been specified for 

most sieve sizes. Also, these limits tend to make a finer 

gradation according to the Superpave specified aggregate 

gradation (i.e. gradation falls above the Superpave 

maximum density line). Hence, Superpave coarser 

gradation is still not used in the Sri Lankan specification. 

Figure 2 shows the comparison of aggregate gradation of 

Superpave and SSCM specifications.

 Avoiding the restricted zone is not mandatory 

in the specification, but Superpave developers have 

recommended avoiding it. Hence, some highway 

agencies unconditionally reject any mixtures passing 

through the restricted zone. Many state and local agencies 

in the US have found that asphalt mixtures, which do not 

meet restricted zone criteria are performing well in the 

field. Further, the aggregate gradations, which avoid the 

restricted zone may not satisfy the mix design volumetric 

requirements. Therefore this study is focused on the effect 

of Superpave specified aggregate gradation on Marshall 

design parameters. 

METHODS AND MATERIALS

Superpave specified aggregate specification was used to 

develop the mixtures. The coarse side (plus 4.75 mm) of 

the grading curve (as per SSCM) was maintained almost 

unchanged, while the fine side (minus 4.75 mm) was 

varied in order to pass through, above, and below the 

restricted zone (Figures 3, 4 and 5). Laboratory tests were 

used to predict mixture characteristics. The following 

steps were adopted in the work plan;

Material selection

Locally available crushed granite and penetration grade 

bitumen (60 –70) were identified and collected to prepare 

the different mixtures. The above materials are the 

currently used materials for constructing wearing course 

in Sri Lanka. Asphalt binder and aggregate characteristics 

were tested and complied with the specifications (ASTM 

C 131, BS 812-105.1, BS 812-105.2, ASTM C 136, 

ASTM D 546, ASTM C 127, ASTM C 128 and ASTM C 

188). Marshall mix design was carried out to determine 

the Marshall stability, flow, density, air voids and VMA 

characteristics of the mixtures.

Optimum binder content determination

The optimum binder content was determined so that it 

satisfies the considered Marshall criteria. The Marshall 

criteria and limits used in this research are shown in Table 

3 (SSCM-1989 also considers these criteria and limits). 

Additionally, asphalt contents on the increasing (wet 

or right hand) side of VMA curve were avoided, even 

if the minimum VMA criteria were met. Design asphalt 

contents in this range have a tendency to bleed and/or 

Figure 2: Superpave and SSCM aggregate specifications (log scale)
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Figure 3: Gradations above the restricted zone

Figure 4: Gradations through the restricted zone

Figure 5: Gradations below the restricted zone
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exhibit plastic flow when placed in the field (Asphalt 

Institute, 1994). Using the calculated data, graphs 

were drawn of asphalt content on the x-axis versus the 

following on the y-axis :

Marshall stability •

Marshall flow •

Percent air voids in the total mixture  •

(V
a
)

Void in mineral aggregate (VMA) •

The range of asphalt content that satisfies all the Marshall 

design criteria were chosen to select the optimum binder 

content. The design asphalt content for a particular 

mixture is the median value of the common range.

 Marshall stability, Marshall flow, VMA and Va values 

were calculated at optimum binder content (OBC). 

Binder tolerance is a margin width of binder content that 

satisfies all Marshall criteria. Table 4 shows the OBC and 

the Marshal design parameters at the OBC. The allowed 

binder tolerances are included in the same table.  

Durability of the asphalt concrete depends on the film 

thickness of the asphalt binder on aggregate. The surface 

area and the film thickness were calculated and are shown 

in Table 5.

General observations 

For all mix designs, the pattern of Marshall parameters 

with bitumen content showed the following general 

characteristics;

The stability value increases with increasing a) 

bitumen content up to a maximum, after which 

the stability decreases.

The flow value consistently increases with b) 

increasing bitumen content.

The curve for unit weight of total mix follows c) 

the trend similar to the stability curve, except 

that the maximum unit weight occurs at higher 

bitumen content than the maximum stability.

The percent air voids Vd) 
a
, steadily decreases 

with increasing bitumen content, ultimately 

reaching a minimum void content.

The percent void in the mineral aggregate, e) 

VMA, decreases to a minimum value, then 

increases with increasing bitumen content.

Further, it was shown that V
a
 and VMA were the key 

parameters in determining the optimum bitumen 

content.

DATA ANALYSIS AND RESULTS

Marshall stability, flow, VMA and Va are the Marshal 

mix design criteria. The significance of these parameters 

Design criteria Heavy traffic

 (msa > 106)

Compaction (# blows) 75

Stability (KN) Min. 6.67

Flow (0.25 mm)   8 – 16

Air voids (%) 3 – 5

VMA (%) Min.14

Table 3: SSCM Marshall design criteria 

and limits

ORZ 10 4.70 0.26 12.42 14.83 4.16 12.26 7.161 6.463

  (0.23)   (0.08)*  (1.98)   (0.64) (0.27) (1.06) 0.447 0.545

TRZ 9 4.49 0.19 13.07 14.47 4.42 12.22 5.244 8.301

  (0.18)   (0.10)*  (1.66)   (0.35) (0.34)   (1.79) 0.309 0.714

BRZ      9 ** 4.22 0.08 12.83 14.48 4.77 10.26 4.434 9.222

  (0.12)   (0.10)* (1.88)    (0.32)  (0.27)    (1.00) 0.292 0.428

Note: ** There were 8 mixtures which did not show an OBC with high potential of plastic 

deformation 

A
v
er

ag
e 

fi
lm

 
th

ic
k
n
es

s

T
y
p

e 
 o

f 
m

ix
 

N
o
 o

f 
sa

m
p

le
s

O
B

C
 (

%
)

B
in

d
er

 t
o
le

ra
n
ce

 
(%

)

S
ta

b
il

it
y
 (

K
N

)

V
M

A

V
a

F
lo

w
 (

0
.2

5
 m

m
)

S
u
rf

ac
e 

ar
ea

Table 4: Mean and standard deviation of marshall mix properties
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in the selected three types of mixtures was compared. 

The two tailed student t-test was used for the statistical 

analysis. A critical t-value was determined by considering 

the degree of freedom and a significant level of 10 percent 

(or confidence level of 90 percent). If the t-statistic values 

are within the corresponding range of the critical t-value, 

then the population means are not significantly different.

Comparison of Marshall parameters

Marshall stability

Table 5 presents stability comparisons of different mixture 

types. The comparison showed that the null hypothesis 

should not be rejected; this is an evidence that all types 

of mixtures performed equally as far as the Marshall 

stability is concerned. Further, TRZ and BRZ gradations 

(i.e. gradation below the lower boundary of aggregate 

gradation specified on SSCM-1989 for wearing course) 

did not show any significant Marshall stability difference 

with ORZ gradation (i.e. almost similar gradation with 

currently specified aggregate gradation in SSCM for 

wearing course).

Null hypothesis: (Population mean of stability)
i
 = 

(Population mean of stability)
j

Where;  i ≠ j

  i,j  = ORZ, TRZ, BRZ (compared in pairs)

Marshall flow

The Marshall flow values of mixtures are given in Table 5. 

The comparison of ORZ mixtures with TRZ indicated that 

the null hypothesis should not be rejected, as it revealed 

that the Marshall flow values of these two mixtures are 

not significantly different at a 90 % confidence level. The 

null hypotheses should be rejected for the comparison 

of BRZ mixtures with other two mixes. The flow value 

of BRZ mixtures was lower than the flow value of TRZ 

and ORZ mixtures (since the t-statistic is greater than 

the positive value of critical t-value). Results show that 

inclusion of fine aggregates in mixtur tends to have a 

high flow potential. 

Null hypothesis: (Population mean of flow)
i
 = (Population 

mean of flow)
j

Where;  i ≠ j

  i,j = ORZ, TRZ, BRZ

Void in mineral aggregate

Comparison of VMA of mixtures is shown in Table 5. 

The overall comparison of VMA values indicated that 

the null hypothesis should be accepted in all cases. It 

reveals that there is no significant difference of their 

VMA values. Therefore, VMA values have not changed 

with the selected aggregate gradation. Furthermore, 

material passing through the restricted zone comply with 

the VMA requirement.

Null hypothesis: (Population mean of VMA)
i
 = 

(Population mean of VMA)
j

Where;  i ≠ j

  i,j = ORZ, TRZ, BRZ

Marshal properties Gradation  T-statistic Critical Reject null 

 comparison  T-value hypothesis 

    (Y/N)

Marshal stability ORZ TRZ - 0.770 1.74 N

 ORZ BRZ -0.38 1.771 N

 TRZ BRZ 0.248 1.782 N

Marshal flow ORZ TRZ 0.060 1.74 N

 ORZ BRZ 3.50 1.771 Y

 TRZ BRZ 2.236 1.782 Y

VMA ORZ TRZ 1.495 1.74 N

 ORZ BRZ 1.14 1.771 N

 TRZ BRZ - 0.053 1.782 N

Air voids, V
a
 ORZ TRZ - 1.856 1.74 Y

 ORZ BRZ - 4.12 1.771 Y

 TRZ BRZ - 1.971 1.782 Y

Table 5: Comparison of Marshal mix design parameters
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Figure 6: Optimum binder content

Air voids (V
a 
)

Table 5 shows the comparison of the V
a
 value of 

different gradations. The null hypotheses are rejected 

for all. It further showed that V
a
 value increased when 

blends become coarser (since the t-statistic is less than 

the negative value of critical t-value), supporting the 

conclusion that the coarser gradation has more voids than 

the finer gradation. 

Null hypothesis: (Population mean of air voids)
i
 = 

(Population mean of air voids)
j

Where;  i ≠ j

  i,j = ORZ, TRZ, BRZ

Comparison of other parameters 

Optimum binder content

The average optimum binder contents of the three 

considered gradations are presented in Table 4. It shows 

that the binder content values vary with gradation types 

(i.e. ORZ, TRZ and BRZ). ORZ gradation has a relatively 

large binder content value, while BRZ gradation has a 

relatively low binder content. The comparison of average 

binder contents are presented in Figure 6.

Binder tolerance

The average binder tolerances of mixture types are 

presented in Table 4. The comparison of average binder 

tolerances is presented in Figure 7. It reveals that the 

size of the binder tolerance range varies according to the 

g

Figure 7: Binder tolerances with types of gradation

g

t

Figure 8: Surface area vs average film thickness
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considered gradation types (i.e. ORZ, TRZ and BRZ). 

ORZ mixtures have a large binder tolerance value (close 

to ± 0.3 of the specified value in SSCM), while TRZ 

mixtures show slightly lower binder tolerance values 

than ORZ gradation. Very narrow binder tolerance value 

(± 0.08) is exhibited by BRZ gradation.

 The size of the adjustment range is dependent on 

how sensitive the mixture is to the binder content (Lavin, 

2003). From this study it can be concluded that the BRZ 

gradation is highly sensitive to the binder content than 

the ORZ and TRZ gradations, while the TRZ gradation 

shows slightly higher sensitivity to the binder content 

than the ORZ gradation.  

Average film thickness

The calculated surface area (SA) and average film 

thickness (FT) values are presented in Table 4. This 

comparison shows that the TRZ and BRZ mixtures have 

a higher binder film thickness than the ORZ mixtures. 

Therefore, durability of the TRZ and BRZ mixtures is 

high compared to the ORZ mixtures. 

 The correlation between surface area and average 

film thickness has a calculated R2 value of 0.92, implying 

a reasonably high correlation between these two 

parameters. Furthermore, it shows a negative gradient. 

As found in literature, Carnpen et al. (1959) studied the 

relationship between surface area and film thickness and 

found that the film thickness decreases with increasing 

surface area. Figure 8 shows the relationship between 

film thickness and surface area for the tested samples.

CONCLUSION

Laboratory experiments were conducted to evaluate the 

Marshall parameters of HMA, using different aggregate 

gradations, which pass through, below and above the 

restricted zone of Superpave specified gradation. The 

aggregate selected for this research was 100 percent 

crushed granite. Stability and flow of mixtures were 

measured using the Marshall tester. Based on the findings, 

the following conclusions can be made;

Considered Superpave mixtures (ORZ, BRZ 1. 

and TRZ) satisfied the SSCM specified Marshall 

criteria (Marshall stability, Marshall flow, VMA 

and V
a
).   

Marshall criteria were not affected by the 2. 

Superpave restricted zone under local conditions 

and specifications.

Some BRZ mixtures showed a higher sensitivity 3. 

to the binder content (narrow binder tolerance 

limits), while some mixtures showed a potential 

of plastic deformation.

The Superpave specified gradation can be used 4. 

to select aggregate gradation for wearing course, 

with 19 mm nominal size crushed granite.

Mixtures through and below the restricted zone 5. 

(coarser gradation than what is currently used) 

can be used for wearing courses. 

More attention should be paid on the binder 6. 

content in the production processes if the BRZ  

mixtures are used, since the allowed binder 

tolerance  is low. 

HMA with TRZ needs a low binder content and 7. 

has a sufficient tolerance limit. Furthermore, it 

complies with the Marshall design criteria and 

fall within the gradation limits specified in the 

SSCM. Aggregate passing through restricted 

zone can be recommended for wearing course 

application in Sri Lanka subjected to field 

verification.
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