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it is important to identify the optimum compaction effort to 

accomplish the most stable aggregate on aggregate contact of 

internal aggregate structure with increasing compaction. This 

paper presents the optimum number of gyrations that would 

be needed for aggregate locking. Samples were prepared with 

compare different combinations of these conditions on the 

optimum compaction. The aggregate interlocking point was 

the sample and (b) by calculating the gradient of height variation 

curve generated by superpave gyratory compactor (SGC). 

According to method (a) aggregate interlocking point was 

and compaction levels.  Both methods provided compaction  

 

the interlocking point. The results concluded that the gradient 

calculation method can be adopted successfully as an unbiased 

samples to determine the optimum compaction level. 

INTRODUCTION

As stated by the Federal Highway Administration 

open-graded asphalt mixture placed on the dense graded 

pavement’ formulated for improved road safety during 

wet weather conditions by removing surface runoff 

quickly through an interconnected porous structure (Smit 

and splash due to surface ponding (Liu et al

hydroplaning and noise generation (Liu et al

while increasing wet weather frictional resistance and 

is referred to in various ways: permeable friction courses 

(PFC- -

initially in 1974. It was unsuccessful in the early stages 

as the pavement lifetime was limited to about 8–12 years 

(Liu et al

 The most important task of OGFC is compacting 

without causing an adverse impact on permeability 

through voids content (Choubane et al

Permeability increases with the increase of interconnected 

of air voids were 4– -graded pavement after 

(16–22 
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performed using static wheeled rollers and tandem rollers 

of 8–

of air voids during construction directly depends upon 

(SGC) is considered as a better simulation of specimens 

Marshall hammer provides only a vertical impact. In 

and number of gyrations may also affect the resultant 

 The main purpose of OGFC compaction is to satisfy 

the required air content with a stable internal aggregate 

structure that would be determined by the aggregate 

resistance to structural deformation ultimately causes 

2007). This paper discusses the variation of minimum 

compaction energy required (number of gyrations) to 

reach this optimum compaction.

 

important characteristic in OGFC due to its inherent 

et al

Varvik (2000) proposed a method to optimise aggregate 

aggregate gradations by volume. The results were 

based on mix design properties following a complex 

which began to indicate resistance to compaction on 

concluded that the gradation has an effect on interlocking 

of gyrations to achieve the interlocking point increases. 

This behaviour is due to the demanding of a higher unit 

Birgisson et al. (2006) to identify the interlocking point 

of SGC-compacted samples using the rate of gradient 

of the generated compaction curve. Using regression 

two similar gradients preceded by two consecutive 

gyrations with similar gradients on the compaction 

curve. The locking point was found for limestone and 

gradation after compaction indicated further reduction 

compaction for OGFC. 

et al et al

2000). Kandhal and Mallick (1999) compared SGC-

 

et al.

mb

(3) satisfying aggregate-on-aggregate contact criteria 

low aggregate loss in Canterbro test. Another research 

by the Texas Transportation Institute reproduced HMA 

samples with the required air voids content with 12–

gyrations initially (N
initial

-on-

 

  

respectively (Alvarez et al

 Changing the internal aggregate structure was 

imaging. Gradation graphs of different asphalt samples 

interlocking for the dense-graded mixture with higher 

coarse content (46 

which could be gap-graded or dense-graded). 

conditions. 
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packing based on various concepts by varying aggregate 

et al

to establish a strong procedure to evaluate optimum 

compaction through the interlocking concept. 

minimum number of gyrations required for optimum 

compaction of OGFC with different gradations under 

laboratory conditions by SGC and regression analysis. 

of compaction before the starting of the aggregate 

interlocking without disturbing the internal stability of 

the aggregate structure.

METHODOLOGY

Test samples were prepared for SGC according to 

the American Association of State Highway and 

the superpave aggregate gradations and binder contents 

aggregate gradations were designed by Gunaratne and 

content of OGFC samples. Coarse aggregate percentages 

were considered by the percentage of passing through 

penetration grade bitumen were selected for the mixtures. 

 - -G2 

and S3-  -G3. Another 

- -G2 and 

S7-  

 Samples were compacted using SGC. Table 2 shows 

the data provided for Gyratory compactor software 

content and number of gyrations were changed during 

sample preparation. The mold selected was 100 mm 

-

Maximum theoretical density (G
mm

) and bulk density 

(G
mb

) were estimated initially (Table 2) as a reference for 

future calculations.

measured using the displacement transducer by 

percentage change of G
mm mm

 ) for each gyration with 

respect to the provided G
mm

. Then the SGC generated the 

gyrations versus density curve and the gyrations versus 

height curve for the given mixtures (Gyratory compactor 

operating manual). 

Mold diameter (mm) 100

Mass of material (g) 2070

Mold spacer height (mm) 0

Speed (Rev/min) 30

Internal angle (Deg.) 1.16

Compaction stress (KPa) 600

G
mm

 1.302

G
mb

 Data for gyratory compactor software V 3.6.1 (for S2–G2) 

RESULTS AND DISCUSSION 

to acquire internal stability through internal aggregate 

structure properties such as aggregate contact area 

particles that were contacted (contacted area) indicates 

w  aggregate 

orientation normal to pavement surface (loading surface) 

19 100 100 100 100

0.3  4 4 3

 Aggregate gradation for samples
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aggregate particles form a stable interconnected porous 

structure with a higher content of air voids (permeability). 

This state is known as aggregate interlocking with 

maximum aggregate-on-aggregate contact. Coarse 

aggregate content mainly involves the angularity and 

OGFC would satisfy the permeability requirement.

increased at the initial stage and reduced after a certain 

number of gyrations due to internal resistance to 

energy beyond the resistive point will be absorbed by the 

particles. 

observed with excessive compaction according to the 

et al et al

achieved below the interlocking point. 

 The software-generated height and density variation 

curves of the samples with respect to the number 

of gyrations indicated how the samples react when 

increasing the compaction effort. Height variation 

curves and compaction variation curves are shown 

in Figures 1 (a) and (b) for S1- -G2 and S3-G3 

is inversely proportional to the compaction rate. Due 

increased rapidly in the beginning and then the rate of 

initial compaction (N
initial

) was not considered in the 

experiment.

in several samples compacted beyond 40 gyrations. As 

was made that the aggregate in the sample began to 

breakdown to facilitate further compaction. As a result of 

-on-aggregate 

contact and clogging of porous aggregate skeleton occur 

beyond the point mentioned above. Most importantly this 

situation should be avoided during OGFC compaction in 

To identify the aggregate interlocking point of the given 

samples the maximum density that could be achieved 

without aggregate breakdown should be known. The 

number of gyrations related to the above condition can 

be considered as the optimum compaction required for 

the OGFC sample without causing disturbances to the 

internal aggregate skeleton.

 Gyrations vs height 

No. of gyrations

 Gyrations vs compaction

No. of gyrations

 Sample height variation with number of gyrations 

(for S2-G2)

No. of gyrations
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two successive similar heights was considered as the 

were rounded to one decimal place (Table 3). These 

similar consecutive heights indicate the resistivity of the 

aggregate to compact further with the provided impact. In 

be considered as an interlocking point or maximum 

aggregate-on-aggregate contact for the particular sample. 

Gyrations Sample height (mm)

 33 83.2

 34 83.1

 36 82.9

 37 82.8

 38 82.7

 39 82.7

 40 82.6

 Interlocking point according to 

sample height (for S2-G2)

an analytical method based on the provided data by 

SGC is better to be implemented when identifying the 

interlocking point or the number of gyrations needed for 

optimum compaction. 

 Height variation of the sample is a direct measurement 

of gyrations versus sample height (equation 1) was 

 ...(01)

y and x are sample height and the number of 

m is the gradient of the 

was determined by second order differential equation 

(equation 2) derived from equation (1) for better 

illustration of the change of density. 

 ...(02)

gyrations for two consecutive similar gradients was 

considered as the aggregate interlocking point as shown 

 A  interlocking point for S1- 2-G2 

and S3-G3 was given at average 44 gyrations 

was not  observed with the following results unlike in 

 Comparison of interlocking point with coarse content

 Comparison of interlocking point with  percentage passing 

No. of gyrations

N
o
. 
 o

f 
 g

y
ra

ti
o
n
s

for S1- -G2 and S3-

presentation of comparison of interlocking point with 

that the higher coarse aggregate content needed higher 

compaction effort to reach the aggregate interlocking 

-G2 and S6-G2) compacted 

with 40 gyrations were not observed due to the given 

aggregate-on-aggregate contact condition.

versus
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based on the gradient of logarithmic height curve (in 

equation 1) and number of gyrations. And it was due 

to the lesser sensitivity of the resultant graph to the 

individual variation of compaction. It illustrates the rate 

of compaction theoretically and gives equal values when 

the major advantages of this method is the prediction of 

the interlocking point without achieving it when equation 

and binder content was compared further with methods 

(a) and (b).

-G1 to S7-G2). 

content indicated higher energy requirement (number of 

gyrations). One possible reason is that the tenderness 

of the mixture tend to make a more compacted mixture 

without aggregate breaking upon increasing the binder 

when increasing the binder content and requires a higher 

compaction effort. 
 Interlocking point according to gradient 

calculation for sample (S2-G2)

Gyrations Variation of gradient

 39 0.0022

 40 0.0021

 41 0.0020

 42 0.0019

 43 0.0018

 44 0.0017

 46 0.0016

- -G2 and S7-G2 samples with 

 

gyrations compaction levels indicated an interlocking 

S7-

considered not to have reached the optimum compaction 

points. 

were only based on the gradient of the height curve in log 

point can be calculated when the gradient is known. 

Calculated gradients were theoretical and not sensitive to 

the locking point with a height variation curve [method 

were compared under different mix designs. 

Binder content vs number of gyrations

maximum of 8  

 

  

under different gyration levels to observe the aggregate 

interlocking point. Sample height at the gyration level of 

the resultant interlocking points indicated higher energy 

- -G2 and S7-G2 with similar binder contents 

The required compaction level of the mixtures could 

not be observed due to the inconsistency of aggregate 

proposed analytical method gave almost the same value 

both methods the interlocking point variation with binder 

content showed an increment for higher binder contents. 
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mm
 achieved at the interlocking 

 

samples. This compaction level has been recommended 

suitable compaction for OGFC mix designs using SGC 

et al et al

are important and should be controlled to achieve 

effects on functionality of the pavement in long term 

service.

CONCLUSION

A method was developed analytically to identify the 

interlocking point by using gyrations versus sample 

height curve (direct measurement of the SGC). Although 

it was not much sensitive to individual compaction 

was highly sensitive to aggregate interlocking than 

gradation and compaction levels under the proposed 

internal aggregate structure and air void content are 

essential to identify the optimum compaction requirement 
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