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A method is described for measuring particle orientation 
in bituminous mixtures and for analyzing the data by sta
tistical techniques to determine the existence and degree 
of preferred orientation. Samples prepared by alternative 
laboratory compactive procedures are compared with each 
other and with the compactive effort of a field roller in re
spect to the degree of preferred orientation. The conclu
sion is drawn that for the particular mix examined given 
number of passes of a field roller can be equated with a 
certain number of passes of a laboratory roller that 
achieves the same degree of orientation. This structural 
element of the field specimen is confirmed to be more 
closely simulated by using the laboratory roller for speci
men compaction than by using static compaction. The re
lationship between preferred orientation and sample anisot
ropy as revealed by strength tests in mutually perpendicular 
directions is discussed. 

•THE importance of orientation of particles and its correlation to the macroproperty 
of the assembly of particles has been recognized by geologists since the 1930's. The 
existence of preferred orientation of pebbles in coarse-grained unconsolidated deposits 
has been demonstrated by Wadell (1) and Krumbein (2). Recently, Gipson (3) measured 
the particle orientation of shale and related the orientation to fissile planes:-

However, in the field of highway engineering materials very little has been done 
with regard to measurement of orientation of particles, although several researchers 
have recognized its importance. Lee and Markwick (4) stated: "It is desirable to 
imitate the method of consolidation used on the road so that there should be similarity 
in aggregate orientation and in density variation." Goetz (5) stated: "Density is only 
one criterion of identity and differences caused by such factors as orientation of aggre
gate particles, non-uniform density in the specimen, aggregate breakage in the mould 
are to be recognized too." Finally, Hennes and Wang (6) accepted the existence of 
preferred particle orientation in bituminous materials without actually measuring it 
quantitatively or proving its existence. 

ORIENTATION AS AN ELEMENT OF STRUCTURE 

The work of Frederick (7) reveals that in order fo describe a state of packing of an 
assembly of particles it is necessary to know for every particle in the mass: (a) its 
size, (b) its shape, (c) its location in space, and (d) its orientation in space. If these 
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factors can be defined in numerical terms, then it is possible to describe the state of 
packing of an assembly of n particles by an array of vectors in a matrix form: 

X1 Yi Z1 D1 Fi S1 R1/A1 Ti P1 01 r1 

X2 Y2 Z2 D2 F2 S2 R2/A2 T2 P2 0i r2 
I I I I I I ._,,.__. I I I I 

I 

I 

I I I I I '~ X. Y. Z. D. F. S. R./A. T. P. Q. r. 
I I I I I I I I I I I I 

In this matrix, Xi, Yi, and Zi describe the location of the ith particle in space and Di 
describes its size. Fi and Si describe the three-dimensional shape of the i th particle 
and Ri, Ai, Ti describe details of its surface Io1·m. Finally, the factors P1, Qi and ri 
describe the orientation of the i th particle in space (in terms of compass direction, 
dip, and end orientation, as defined next). 

The size of a particle can be numerically described by the diameter of a sphere of 
the same volume. The shape of a particle is one of its most complicaled atll'ibutes. 
Methods exist for expressing quantitatively such shape characteristics as roundness 
and :::ph~ricity {!!), • hupo t:1ctor (9), ~gulir1ty (10), :-i,1111-w,fa1:H l.i'!xl.urn (11). Thcoc 
terms are define d and the relationship between them discussed by Lees (12). In the 
matrix, sphericity (Si) and shape factor (Fi) describe the overall three-dimensional 
shape. Roundness (Ri) and angularity (Ai) are alternative shape parameters describing 
the form of external contour superimposed on the overall shape; surface texture (T1) 
is available, where needed, to describe the microroughness of the i:;udace. In order 
to describe the position of a particle in space, the most logical approach is to define 
the position of t he centroid of the particle with respect to some origin. Thls was done 
l)y Bernal (P) fnr P.'}m1l-si?.P. ideally s pherical particles. The only element in the matrix 
that lacks arigorous definition and has not previous ly beeo described numerically is the 
orientation of particles. 

If one employs the matrix for describing the state of packing of an assembly of equal
size ideally spherical parti les, the problem is relatively easy. It is so because, in 
such an assembly, the elements descriptive of pal"ticle size (Di) and shape (Si, Ri, At, 
and Ti) are constant and there is no particle orientation. Therefore, the only variable 
element of the structure matrix is the location of particles (Xi, Yi , and Zi). However, 
more complication::, ani raced when the matrix is employed for bituminous matel'ials. 
Bitumnous materials consist of stone particles of various size (ranging from 2 microns 
to one inch or even larger), shapes, and orientations that are bound together with a 
binder. It is clear that in such a case none of the elements of the structure matrix is 
constant. 

METHODS OF ORIENTATION ANALYSIS 

In describing the orientation of coarse unconsolidated elastic sediments, Krumueiu 
(2) presents a method of orientation analysis that requires manipulation of individual 
particles With fiJ1.er particles, however, manipulation becomes difficult, precluding 
the application of Krumbein's method for bound road materials wnere the problem would 
be to dissolve away the binder without disturbing the position of the particles. Never
theless, one might be able to employ and/or extend it for orientation anaylsis of water
bound road materials. 

Several researchers, in measuring particle orientation in road materials, have 
adopted a qualitative approach (14). However, the authors are aware of only one proj
ect in which an attempt was macle, ostensibly, to evaluate the orientation of particles 
quantitatively. This was done by Puzinauskas in 1964 (15). Puzinauskas' method is 
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Figure 1. Measurement of structure index. 
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briefly discussed and it is shown that it does not necessarily provide a measure of the 
orientation of particles. 

Puzinauskas measured the compressive strength of cube-shaped specimens of as
phaltic concrete in directions normal and parallel to the direction of compactive effort, 
calculating a "structure index" as a measure of particle orientation from the results 
obtained. This structure index is determined as the ratio of the compressive strength 
measured in the direction parallel to the direction of compactive effort to the compres
sive strength measured in the direction normal to the direction of compactive effort 
(Fig. 1). He then suggested that if the structure index is equal to unity, it means the 
particles are oriented randomly (Fig. 2a). If the structure index were larger than unity, 
it was taken as an indication that the particles exhibited a state of preferred orientation 
in the direction normal to the direction of compactive effort (Fig. 2b). Finally, if the 
structure index were smaller than unity, this indicated that there existed a preferred 
orientation in the direction parallel to the direction of compactive effort (Fig. 2c). 

In the authors' opinion Puzinauskas' structure index does not necessarily measure 
the orientation pattern of particles. It is in fact a measure of the degree of anisotropy 
of the specimen rather than a direct measure of particle orientation. 

It is clear that ideally spherical particles can have no orientation. Therefore, if 
Puzinauskas' structure index really measures the orientation of particles, its value for 
a specimen of ideally spherical particles should be equal to unity. This is clearly not 
the case because it is apparent that even ideally spherical particles can exhibit either 
regular or irregular packing structures that are not spherically symmetrical and there
fore might be expected to exhibit anisotropic behavior in mechanical tests. Such ar
rangements might have structure index values bigger or smaller than unity, depending 
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Figure 2. Puzinauskas' method for determining the orientation pattern of a specimen 
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on the orientation of packing structure (16). In other words, Puzinauskas' structure 
index fails to differentiate between the particle orientation and packing orientation; 
packing orientation would include void orientation. 

METHOD DEVELOPED FOR ORIENTATION ANALYSIS 

Principles of Method 

The method developed and employed here for orientation analysis is derived and 
modified from a method used by Gipson (3) for orientation analysis of sedimentary 
materials. The method is divided into two parts: (a) the measurement of the orienta
tion directions of individual particles, and (b) the synthesis of the data and measure
ment of the orientation pattern of all the particles in the assembly. 

Determining the orientation of individual particles is based upon examining the pro
jections of the particles visible on a given plane. However, the· study of the orientation 
of individual particles in isolation is of little significance in a system complicated by 
particles of a wide range of size, shape, and orientations. Statistical analysis is the 
best means for synthesizing the data and, moreover, statistical methods provide crite
ria for finding whether the orientation distributions are due to chance or follow some 
particular law, i.e., whether they exhibit random or preferred orientation. 

The method is, at present, two-dimensional. It is simple in calculation and, so 
far as the investigation has been conducted, reveals the nature of orientation patterns. 
However, if necessary, the method can be extended to a three-dimensional analysis, 
and the analysis and the orientation of particles can be obtained by determining their 
projections on mutually perpendicular planes. 

An advantage of this method is that it does not involve removing particles from their 
original positions. In other words, the particles are not manipulated and hence there 
is no error or difficulty in orientation measurement of smaller particles. For fine 
particles, one need only magnify the projections of the particles to the required dimen
sions for measurement. The method can be directly used for orientation anaylsis of 
all bound granular construction materials. Moreover, it can be extended to measure 
the orientation pattern of unbound granular materials. In this case, one should use a 
suitable solidifying agent as,a binder and then the procedure is exactly the same as 
described. 

Measurement of Orientation Direction of Individual Particles 

Step one of the method is to find the projections of the particles on a given plane. 
For this purpose, the specimen whose orientation pattern is being investigated is cut 
into thin sections. The thickness of each section should not be less than the maximum 
size of the aggregate used in the Specimen. The sections were obtained by using a 
diamond-saw cutting machine. The surfaces of the sections were then ground, first 
using a coarse No. 80 and then a fine No. 400 silicon carbide powder. Grinding was 
continued until sufficient visual contrast was obtained between the projections of the 
particles and the matrix. From each specimen 8 inches long an average of 10 sections 
were obtained. Figure 3 shows examples of some of the sections cut. . 

The orientation directions of the projections of the particles (e) visible on the sec
tions were then determined by finding the direction of the longest line that can be drawn 
on each particle projection (Fig. 4). This constitutes the long dimension method for 
measurement of particle orientation. Two other methods are also recognized for the 
measurement of orientation (17). They are (a) the least projection method and (b) the 
center of area method. In theleast projection method, elongation direction is the direc
tion of the two parallel lines with the minimum amount of separation that can be drawn 
tangent to the particle projection. In the center of area method, elongation direction 
is the direction of the longest straight line that can be drawn through the center of area 
of the projection. The center of area is considered to be a two-dimensional equivalent 
of the center of mass that is the point about which the particle pivots when suspended 
in a fluid. These methods might each be considered in some respects to be funda
mentally more accurate than the long dimension method. For the purposes of this 
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ORIENTATION DIRECTION. 

Figure 4. Long dimension method for the measurement of particle orientation. 

research, however, the long dimension method was employed because it is the least 
time-consuming of the methods, and it was felt that no great inaccuracy would result 
from its use. 

The orientation directions should be measured in a particular direction. For this 
analysis, clockwise direction is chosen as positive and counterclockwise as negative 
and the angle that the elongation direction of the projection of each particle makes with 
the horizontal is measured. 

Some cubical projections of particles that have no apparent definite orientation direc
tion appear on the sections. These are either originally cubical particles, or long or 
flaky particles that are cut during the preparation of the sections to give equidimensional 
PrnRR RPf'ti1_in1- . The1:1e projectionf:1 are not ~·on1:1ictered in the 1_1rient::ilion ::in::ilysis. MnrP
over, in samples prepared in the laboratory, some particles seem to be oriented nearly 
vertically close to the sides of the molds. These projections also are not considered 
in the analysis because their orientation has clearly been affected by the sides of the 
moulds, making them unrepresentative of field conditions. 

Some further points should be mentioned regarding the measurement of elongation 
direction (by the long dimension method, for example) as an indication of orientation 
direction of individual particles. If one is studying the flow of a liquid through the 
particles, the measurement of elongation direction will not be sufficient for a complete 
analysis of orientation. In this case, it is also necessary to determine the "end posi
tion" of individual particles. Figure 5 shows two particles of the same elongation direc
tion but different end positions. 

Because there is no continuous directional flow of any liquid through the particle 
mass, however, end orientation of the particles does not occur in bituminous materials. 
In other words, for bituminous materials the measurement of elongation direction, as 
described and measured by the long dimension method, is considered to be sufficient. 

Measurement of Orientation Pattern-Statistical Analysis 

Once the orientation direction of individual particles (0) has been mesured, synthesis 
of the data is achieved by employing statistical methods. The size of the sample, i.e., 

Figure 5, End position as an element 
of orientation direction. 

the number of particles to be analyzed, 
for sufficient accuracy is measured and 
the frequency distribution of the orienta
tion directions of each specimen is plotted. 
The next problem is to test the hypothesis 
that the particles exhibit a preferred 
orientation. If so, then the mean orienta
tion direction is computed. 

As used here, the term "preferred 
orientation" refers to an arrangement of 
particles that can be statistically shown 
to exhibit a significant deviation from ran
dom orientation. The particles are said 
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Figure 6. Random and preferred orientation. 
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to be randomly oriented when the observed frequency distribution of the orientation is 
rectangular (Fig. 6). 

The simplest way of testing this hypothesis is to use fundamental laws of statistics. 
For this research, a special x2 test of significance, developed by Tukey (18), has been 
employed. Although Tukey did not introduce the statistical justification ofhis method, 
a derivation of it was discussed by Middleton (19). 

Tukey' s method determines whether the frequency distributions obtained for orienta
tion directions are due to natural factors or represent merely chance deviations from 
random distribution. For this purpose the theory of sampling has been employed, and 
the level of significance adopted for the test was 0.05 percent. If the calculated prob
ability is less than 0.05, the deviation from chance is considered significant (preferred 
orientation). On the other hand, if the probability is greater than 0. 05, the deviation 
is not regarded as significant and may be accepted as being due to chance (random 
orientation). 

MATERIAL, MIX DESIGN, AND MIXING PROCEDURE 

The materials selected for coarse and fine aggregate were Rowley Regis basalt and 
Leighton Buzzard sand respectively. Ordinary portland cement was used as filler. The 
specific gravities of coarse aggregate, fine aggregate, and filler were 2. 85, 2. 65, and 
3.15 respectively. The binder used was the bitumen "Mexphalte," produced by Shell
Mex and B. P. with 50/60 penetration grade. The specific gravity of the bitumen was 
measured according to I. P. 59/57 as 1.026 at 25 C. 

In order to emphasize orientation, the coarse aggregate particles were all "flaky" 
in shape. This was done by separation of flaky from non-flaky particles of the coarse 
aggregate. For this purpose a "shape separator" was constructed operating on the 
principles discussed by Dunagan (20) and further described by Salehi (21). By using 
this instrument, separation according to elongation ratio is eliminated; i.e., equi-
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ctimensionals and roads are combined as non-flaky while discs and blades are combined 
as flaky.* 

The gradings selected for coarse and fine aggregate are shown in Figure 7. The 
mix was designed according to table 7, schedule 1 (wearing course mixture-rock 
aggregate) of British Standard 594 (22), selecting 35 percent coarse aggregate content. 
The mixing procedure was that recommended by the Asphalt Institute (23). 

COMPACTION METHODS 

Field Compaction 

The mixtun:1 wai::; 1.11·l:!pa1·eu in the laboratory and then transported to the site 1n an 
insulated box. Because of the profound influence of compaction temperature on the 
properties of bituminous materials, every effort was made to maintain the temperature 
sufficiently high while transporting the mixture to the site. The mixture was then laid 

*These terms were defined by Lees (12). It must be appreciated that the use of this instrument, while 
enormously speeding up the process oT"shape separation, cannot produce samples with 100 percent 
accuracy; i.e., the non-flaky fraction will always contain some flaky particles and vice versa. In this 
work an optimum slope for equivalent accuracy of both fractions was chosen. This slope was 30 deg 
and the accuracy 84 percent. 
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Figure 8. Laboratory roller compaction machine. 

as wearing course in 18-in. square patches and compacted by 7 passes of a 6-ton steel
wheel roller at approximately 2 mph. The site was Nechell's Parkway, Birmingham, 
and the compaction was conducted in collaboration with Tarmac Roadstone Ltd. The 
compacted slab was carefully cut out by a drill hammer after being allowed to cool and 
set for 3 days. The slab was then transported back to the laboratory, cut into beam 
specimens of 8 by 2 by 1.5 in., subsequently to be cut again into the sections required 
for orientation analysis. 

Laboratory Rolling Compaction 

Beam specimens of 8 by 2 by 1.5 in. were prepared in the laboratory by a new lab
oratory roller compaction machine, a description of which is given by Salehi (21) and 
shown in Figure 8. During compaction the temperature of the mix was not allowed to 
fall below 145 C. The roller compaction machine has been designed with the aim of 
producing realistic specimens. As used in this context the term "realistic specimens" 
means those that are similar to field specimens of the same material under a given 
compactive effort with regard to density, degradation, and orientation of particles in 
the immediate post-rolling condition. It is recognized that subsequent/progressive 
variations in all three of these properties may take place during the working life of the 
pavement material. It is intended in a later paper to deal with the density and degrada
tion aspects of specimen structure. 
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Laboratory Static Compaction 

Beam specimens of 8 by 2 by 1. 5 in. were prepared in the laboratory by employing 
a static maximum compactive effort of 15 tons at the rate of 2 tons per min. During 
compaction the temperature of the mix was not allowed to fall below 145 C. 

Results of Compaction 

Tables 1, 2, and 3 give examples of the analyses conducted to study the orientation 
pattern of the specimens prepared by field roller, laboratory roller, and static method 
of compaction. The following computations complete the analyses. 

Compacted by Field Roller 

C = L X cos 8 

✓I:: sinz 8 

c2 = o.9o 

0.95 

8 = L X sin e = 3_ 71 
VL sin 2 8 

s2 = 13.80 

B·. tesl:iJ g C2 + 13 2 
- 14. 70 as X

2 
with 2_degrcco of freedom, it will be found that 

there is sufficient evidence against isotropicity. In other words, there is a preferred 
orientation and the mean orientation direction with respect to horizontal (0o) will be 

ta 8 - s - 3. 71 - 3 91 
n 1 - C - 0. 95 - · 

sign sin 81 = sigu S = positve 

el 75. 7 deg 

90 = 75.7 + (-80) = -4.3 deg 

Compacted by Laboratory Roller 

C = L X cos 8 

✓r, cos 2 8 
c2 = 7.06 

7.94 2 66 
= V8. 94 = . 

S = Sin 8 = 12.89 = 5_25 
✓I:: sin2 8 V6.00 

s2 
= 27.55 

c2 + s2 = 7.06 + 27.55 = 34.61 

We now test 34.61 as X
2 with 2 degrees of freedom. This shows that the particles 

are oriented preferentially. The mean orientation direction (Bo) will be 

tan 8 - S - 5·25 - 1 97 1-c- 2.66 -. 

sign sin 81 sign S = positive 

81 63 deg 

80 = 63 + (-70) = -7 deg 



TABLE 1 

SPECIMENS COMPACTED BY F1ELD ROLLER 

Orientation Midpoint, Observed Expected (Oi • E;) 
Frequency, Frequency, O; • E; 

X= ---
cos 8 X cos 8 sin 8 x sin 8 COB

2 8 sin 2 9 Angle a ,jE; Qi Ei 

·85 to ·75 ·BO 6 16 ·10 -2, 5 ·0, 17 +0.42 ·0,99 +2.48 0,03 0,98 
·75 to ·65 -70 7 16 ·9 -2, 2 +0,34 ·0. 75 ·0,94 +2.06 0.12 0,88 
·65 to ·55 ·60 10 16 ·6 ·1. 5 ·0. 50 +0.75 ·0,87 +l.30 0, 25 0, 76 
·55 to ·45 ·50 14 16 -2 ·0. 5 ·0,64 +0,32 ·0. 77 +0.38 0,41 0, 59 
-45 to ·35 ·40 13 16 ·3 ·0,8 ·0,77 +0.62 ·0,64 +0. 51 0,59 0,41 
·35 to ·25 ·30 25 16 +9 +2. 2 ·0.87 ·1.91 ·0,50 -1.10 0.76 0,25 
·25 to -15 ·20 23 16 +7 +1.8 ·0.94 ·l.69 ·0.34 ·0.61 0,88 0.12 
·15 to ·5 -10 22 16 +6 +1. 5 ·0.98 ·1.47 ·0, 17 ·0. 25 0.96 0,03 
·5 to +5 0 37 16 +21 +5,2 +l.00 +5.20 0.00 0,00 1.00 0,00 
+5 to +15 +10 24 16 +8 +2,0 +0.98 +l.96 ·0, 17 ·0,34 0.96 0,03 
+15 to +25 +20 20 16 +4 +1.0 +0,94 +0,94 ·0,34 ·0, 34 0,88 0.12 
+25 to +35 +30 25 16 +9 +2.2 +0,87 +1.91 ·0,50 ·1.10 0,76 0,25 
+35 to +45 +40 10 16 ·6 ·l. 5 +0.77 ·1.15 ·0,64 +0,96 0,59 0,41 
+45 to +55 +50 16 16 0 0 +0.64 0,00 ·0. 77 0,00 0.41 0.59 
+55 to +65 +60 9 16 ·7 ·1.8 +0. 50 ·0.90 ·0,87 +1. 57 0, 25 0. 76 
+65 to +75 +70 4 16 -12 ·3, 0 +0.34 ·1.02 ·0.94 +2.82 0.12 0,88 
+75 to +85 +BO 7 16 ·9 ·2, 2 +0,17 ·0,37 ·0.99 +2.18 0.03 0.98 

Total 272 +2,86 +10. 52 9.00 8,04 

TABLE 2 

SPECIMENS COMPACTED BY LABORATORY ROLLER 

Orientation Midpoint, Observed Expected (01. Ei) 
Angle a Frequency, Frequency, Oi · Ei x=--- cos 8 X cos 0 sin 8 '( sin 8 cos2 0 sin2 8 

Qi Ei ,jE; 

·75 to ·65 -70 4 15 -11 -2.84 ·0.34 +0,96 - 0,94 +2.67 0,12 0.88 
·65 to ·55 ·60 3 15 -12 ·3, 10 ·0. 50 +1. 55 •0,87 +2. 70 0, 25 0,76 
·55 to ·45 ·50 8 15 ·7 ·1.81 ·0,64 +1.16 ·0.77 +1.39 0.41 0.59 
·45 to ·35 ·40 11 15 -4 -1.03 ·0, 77 +0. 79 ·0,64 +0.66 0.59 0.41 
·35 to ·25 ·30 14 15 -1 ·0, 26 ·0,87 +0, 23 ·0,50 +0.13 0.76 0,25 
·25 to ·15 ·20 26 15 +11 +2,84 ·0,94 ·2,67 ·0.34 ·0,97 0,88 0.12 
·15 to ·5 -10 21 15 +6 +1. 55 ·0,98 ·1. 52 ·0.17 ·0. 26 0.96 0.03 
·5 to +5 0 47 15 +32 +8. 26 +1.00 +8. 26 0.00 0,00 1.00 0.00 
+5 to +15 +10 28 15 +13 +3.36 +0.98 +3. 29 ·0, 17 ·0, 59 0.96 0.03 
+15 lo +25 +20 18 15 +3 +0.77 +0.94 +0.72 ·0,34 ·0. 26 0.88 0.12 
+25 to +35 +30 15 15 0 0,00 +0.87 0,00 ·0. 50 0,00 0, 76 0. 25 
+35 to +45 +40 7 15 ·8 -2. 06 +0, 77 ·l.58 ·0.64 +1. 32 0,59 0.41 
+45 to +55 +50 9 15 ·6 -1. 55 +0.64 ·0,99 ·0.77 +1.19 0,41 0. 51 
+55 to +65 +60 5 15 -10 -2. 58 +0.50 ·l. 29 ·0,87 +2. 24 0,25 0. 76 
+65 to +75 +70 4 15 ·11 -2,84 +0.34 ·0. 97 ·0,94 +2.67 0.12 0.88 

Total 220 +7.94 +12.89 8.94 6.00 

TABLE 3 

SPECIMENS COMPACTED BY STATIC METHOD OF COMPACTION 

Orientation Midpoint, 
Observed Expected 

X = (Oi • E;) 
Angle a Frequency, Frequency, Qi. Ei cos 8 X cos 8 sin 8 x sin 8 cos2 8 sin2 9 

O; Ei ,{El 

·65 to ·55 ·60 4 16 ·12 ·3,00 ·0. 50 +l.50 ·0.87 +2.61 0,25 0. 76 
·55 to ·45 ·50 5 16 -11 -2, 75 ·0,64 +1.76 ·0,77 +2.12 0,41 0,59 
·45 to ·35 ·40 9 16 ·7 ·1.75 ·0.77 +1. 35 ·0,64 +1.12 0.59 0.41 
·35 to -25 ·30 20 16 +4 +1.00 ·0,87 ·0.87 ·0. 50 ·0. 50 o. 76 0.25 
·25 to ·15 ·20 18 16 +2 +0.50 ·0.47 ·0,47 ·0.34 ·0, 17 0.88 0.12 
·15 to ·5 ·10 20 16 +4 +l.00 -0,98 ·0.98 ·0, 17 ·0.17 0,96 0,03 
·5 to +5 0 34 16 +18 +4. 50 +l.00 +4.50 0.00 0,00 1.00 0,00 
+5 to +15 +10 25 16 +9 +2. 25 +0,98 +2.20 ·0.17 ·0,38 0,96 0.03 
+15 to +25 +20 25 16 +9 +2.25 +0.94 +2.11 ·0.34 ·0. 77 0.88 0.12 
+25 to +35 +30 36 16 +20 +5.00 +0.87 +4,35 ·0.50 ·Z,50 0.76 0,25 
+35 to +45 +40 14 16 ·2 ·0, 50 +0,77 ·0. 38 ·0,64 +0,32 0,59 0.41 
+45 to +55 +50 6 16 -10 -2. 50 +0.64 ·1.60 ·0. 77 +l.92 0.41 0.59 
+55 to +65 +60 9 16 -7 ·l. 75 +0.50 +0.87 ·0,87 +1. 52 0. 25 0, 76 
+65 to +75 +70 4 16 ·12 ·3.00 +0.34 ·l.02 ·0,94 +2.82 0.12 0.88 

Total 229 +11, 58 +7.94 8,82 5.20 
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Compacted by Static Method of Compaction 

C == L X cos 9 
✓ :E cos 2 e 

c2 == 15.20 

11.58 ==-. -
✓s:ai 

3.90 

s == :E ><sine = ~ = 3.48 
'V:E sin2 e ✓5.20 

s2 == 12.20 

c2 + s2 = 15.20 + 12.10 = 27.40 

We now test 27.40 as x2 with 2 degrees of freedom. This shows sufficient evidence 
against isotropicity (preferred orientation). The mean orientation direction (9o) will be 

tan 91 = s - 3.48 - o 89 C-3.90- . 

sign sin 91 = sign S = positive 

91 = 40 deg 

Bo 40 + (-60) :.:. -20 deg 

1'hf:l'if: r~imlt~ show that under the action of the field rollor, for the particular in.ix 
employed, the stone particles are oriented preferentially with a mean orientation direc
tion of about 4 deg with the horizontal. Moreover, it is clear that this orientation pat
tern may be more closely imitated by the special laboratory rolling compaction machine, 
for which the mean orientation direction was about 7 deg with the horizontal, than by 
the static method of compaction, for which the mean orientation direction was about 
20 deg with the horizontal. 

CONCLUSIONS 

As demonstrated, no method was available for the direct study of the orientation 
pattern of particles in bituminous materials, in spite of the fact that the need for it 
had been recognized by several researchers. A method has consequently been de
veloped for particle orientation analysis in bound road materials, and it has been shown 
how the method can be extended and employed for unbound granular materials. 

Also examined was the hypothesis that, under the action of the field roller, the par
ticles will be oriented preferentially. It was found that the hypothesis is valid with, 
for the particular composition and compactive effort applied, a mean orientation direc
tion of about 4 deg with the horizontal. This orientation pattern may be approximately 
imitated in the laboratory by a special roller compaction machine, giving a mean 
orientation direction of about 7 deg with the horizontal. Although the laboratory 
static method of compaction has been shown to produce preferential orientation of the 
particles, this is not as well developed as under the field roller, giving a mean orienta
tiuu dfrectlon o! about 20 deg with the horizontal. 

ACKNOWLEDGMENT 

This work has been carried out in the Department of Transportation and Environ
mental Planning, University of Birmingham, England. Thanks are due to Professor 
J . Kolbuszewski, Head of the Department, for his interest and encouragement in all 
stages of this work. 



75 

REFERENCES 

1. Wadell, H. Volume, Shape, and Shape Position of Rock Fragments in Openwork 
Gravel. Geografiska Annaler, 1936. 

2. Krumbein, W. C. Preferred Orientation of Pebbles in Sedimentary Deposits. 
Jour. of Geol., Vol. 47, 1939. 

3. Gipson, M., Jr. Application of the Electron Microscope to the Study of Particle 
Orientation and Fissility in Shale. Jour. of Sedimentary Petrology, Vol. 55, 
No. 2, 1965. 

4. Lee, A. R., and Markwick, H. D. The Mechanical Properties of Bituminous Ma
terials Under Constant Stress. Jour. Soc. Chem. Ind., Vol. 56, 1937. 

5. Goetz, W. H. Comparison of Triaxial and Marshall Test Results. Proc. AAPT, 
Vol. 20, 1951. 

6. Hennes, R. G., and Wang, C. C. Physical Interpretation of Triaxial Test Data. 
Proc. AAPT, Vol. 20, 1951. 

7. Frederick, M. R. The Significance of Particle Shape in Sand Behaviour. PhD 
thesis, Department of Transportation and Environmental Planning, University 
of Birmingham, England, 1962. 

8. Wadell, H. Sphericity and Roundness of Rock Particles. Jour. of Geol., Vol. 41, 
1933. 

9. Zingg, T. Beitrag zur Schotteranalyse. Schweiz. Mineral. Petrog Mitt., Vol. 15, 
1935. 

10. Lees, G. A New Method for Determining the Angularity of Particles. Sedimen
tology, Vol. 31, No. 1, 1964. 

11. Wright, P. J. F. A Method of Measuring the Surface Texture of Aggregate. Mag. 
Concrete Res., Vol. 7, No. 21, 1955. 

12. Lees, G. The Measurement of Particle Shape and Its Influence on Engineering 
Materials. Jour. British Granite and Whinstone Fed., Vol. 4, No. 2, 1964. 

13. Bernal, J. D. A Geometrical Approach to the Structure of Liquids. Nature, Vol. 
183, No. 1, 1959. 

14. Philippi, O. A. Moulding Specimens of Bituminous Paving Mixtures. HRB Proc. 
Vol. 31, p. 253-288, 1952. 

15. Puzinauskas, v. P. Influence of Mineral Aggregate Structure on Properties of 
Asphalt Paving Mixtures. Highway Research Rocord 51, p. 1-14, 1964. 

16. Graton, L. C., and Fraser, H.J. Systematic Packing of Spheres With Particular 
Reference to Porosity and Permeability. Jour. of Geol., Vol. 43, 1935. 

17. Dapples, E. C., and Rominger, J. F. Orientation Analysis of Fine-Grained Clastic 
Sediments. Jour. Appl. Chem., Vol. 8, 1958. 

18. Tukey, J. W. Comment No. lA: Earth Sciences Panel Review Group. Office of 
Naval Research, U.S. A., 1954. 

19. Middleton, G. V. The Tukey Chi-Square Test. Jour. of Geol., Vol. 73, 1965. 
20. Dunagan, W. M. The Application of Some of the Newer Concepts to the Design of 

Concrete Mixes. Jour. Amer. Concrete Inst., Proc. Vol. 11, 1940. 
21. Salehi, M. A Study Into the Internal Structure and Flexural Strength Properties 

of Bituminous Paving Materials. PhD thesis, Department of Transportation 
and Environmental Planning, University of Birmingham, England, 1968. 

22. British Standard Institution. British Standard 594-Rolled Asphalt, Asphaltic 
Bitumen and Fluxed Lake Asphalt-Hot Process, 1961. 

23. Asphalt Institute. Mix Design Methods for Asphalt Concrete, 1962. 




