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Precise shape grading of coarse aggregate

L. J. O’Flannery™ and M. M. O’Mahonyt

Lee MCullough and Partners, Trinity College Dublin

The objective of the research described here was to derive dimensional parameters to provide a unique descriptive
fingerprint for any sample of coarse-aggregate particles. The practical component of the work focused on devising
a quick and accurate field test capable of vielding values for the descriptive parameters to enable a coarse-
aggregate sample to be quantitatively appraised. The aim of the paper is to propose this test as a means of ensuring
qualite control of coarse-aggregate shape. The parameters used were derived from first principles and applied to
realistic particle shapes using simple mathematical models. Standard specifications were analysed to identify finite
limits of acceprance for specific applications. These limits were then converted into precise terms of reference for
the parameters. Extensive laboratory tests were performed on coarse-aggregate samples using the innovative test
regime. The results show that such a svstem can be useful in providing information about an aggregate.
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Notation

. cubicity index

I8 roundness index

I sphericity index

R.  ratio of ¥ dimension to X dimension
R- ratio of Z dimension to X dimension
t tolerance

P, volume of aggregate

I volume of ellipsoid

7, volume of obloid

W,  mass of aggregate in saturated surface-dry
(SSD) condition
v specific gravity

Introduction

Coarse aggregates are a fundamental component in
many fields of construction throughout the world, for
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example concrete (mass and reinforced), roadworks,
backfill, drainage and sewage treatment. There are sev-
eral key factors that influence the ultimate suitability of
an aggregate for a particular application, of which com-
pressive strength, shape and texture are the most impor-
tant. The objective of the proposed work is precisely to
classify the shape of any coarse aggregate by means of
three new indices. The cubicity index /. will be used to
describe the overall shape of the particle, and the spheri-
city index I and the roundness index 7, will be used to
indicate the effective surface curvature of the particle.
The shape requirements, on a macroscopic scale, for
aggregates for use in concrete, are essentially such that
the particles produce a dense, interlocked mass. If the
resultant mass is of less than optimum density, the
finished concrete will rely too heavily on the sand/
cement matrix for load transfer and will be accordingly
weaker than a concrete that transmits imposed loads
through the coarse-aggregate structure. John' found
that perfectly rounded particles may compact with a
porosity of approximately 48% when ordered in open-
pack formation, whereas De Wiest® found more angular
particles, similarly ordered, will tend to exhibit a poros-
ity of up to 60%. Other tests’ found porosity values of
26% for perfectly rounded particles of varying dia-
meters in close-pack formation, whereas De Wiest’
measured porosity values of 0% for angular particles
such as cubes. In tests with pentahedra and tetrahedra,
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Coarse-aggregate particles are commonly formed by
natural and/or induced breakage of the parent rock into
polyhedral shapes, which may then be further modified
by rounding. The original polyhedral shape is largely
dictated by the type and condition of the parent rock
and the method of breakage. There are three distinct
polyhedral types for the purposes of engineering: tetra-
hedra, having four faces; pentahedra, five faces; and
hexahedra, six faces. For practical purposes, particles
with more than six faces may be considered to be
hexahedral with rounding.

There are two broad categories of coarse aggregates,
which generally reflect both their origin and their over-
all shape, i.e. crushed and uncrushed. Crushed aggre-
gates are formed by passing large pieces of rock
through a configuration of crushers, which invariably
results in producing aggregate with a high degree of
angularity. Uncrushed aggregates are naturally occur-
ring pebbles found in coastal areas, along river beds
and in glacial moraines.

Indices

It is mathematically convenient to consider, as a
general case. an aggregate particle that is a slightly
rounded. regular hexahedron proportioned somewhere
between an obloid (three-dimensional oblong) and an
ellipsoid (three-dimensional ellipse). As a convention,
the longest dimension of the particle will be termed X
in the x direction, the vertical dimension will be termed
Y in the y direction and the third dimension will be
termed Z in the - direction.

The first property for consideration is form. Consider
a particle as a perfect obloid of dimensions X, ¥ and Z.
This obloid may be said to be the bounding obloid of the
true particle since it shares the same overall dimensions.
The concept of cubicity is now introduced. Let the
cubicity index (/.) be defined as the volume of the
obloid expressed as a percentage of a bounding cube.
The cube will possess equal X, ¥ and Z dimensions:

100XYZ

Io=—5 (1)

The cubicity index provides immediate indications of
the likely degree of potential compaction and therefore
the probable porosity, subject to the particle’s ability to
integrate with neighbouring particles by interdigitation
and rounding.

When dealing with a more realistic case of a particle
shaped as a slightly rounded regular hexahedron, the
true volume of the particle will normally lie between
the volume of the bounding obloid and the volume of
the ellipsoid of identical principal dimensions. The
volume of the obloid is given as

Vo= XYZ )
and the volume of the ellipsoid is
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The concept of sphericity is now introduced, where
the sphericity index (/) is the volume of the aggregate
expressed as a percentage of the bounding obloid. It
may be described as

1007,
Iy = 4
=5 4)

where V, is the volume of the aggregate. For the
purposes of the paper the indices will be expressed as
dimensionless integers.

Particle shape

Particles with an /. value between 60 and 100 may
be classed as cubic, whereas /. values between 30 and
60 indicate flakiness and values below 30 suggest elon-
gation. There is a broad distinction between hexahedra,
with /5 values between 50 and 100, and both penta-
hedra and tetrahedra, with [, values between 17 and
50, where tetrahedra have values close to the former
and pentahedra to the latter. The accurate quantification
of angularity and roundness is more appropriately de-
scribed by the value of the roundness index I;, where
particles with /; values between 84 and 100 may be
classed as angular, while particles with /; values be-
tween 52 and 68 may be classed as rounded. It is
apparent from this method of description that terms
such as subrounded and subangular may now be desig-
nated precise numerical values for determination by an
objective and universal test.

In the case of a hexahedron, /; = /5. For a penta-
hedron, I, =2J, and in the case of a tetrahedron,
I. = 6. The I, values seldom falls below 50 unless the
aggregate is prone to conchoidal or concave fracture.
Relating porosity to these shape indices, it has been
found that (100 — /) may be regarded as the maximum
porosity of the aggregate since it represents the porosity
associated with an ideal square packing arrangement.

The strongest advantage of describing an aggregate
particle in terms of the index values mentioned above
is that the definition is both precise and universally
reproducible, regardless of rock type, condition or geo-
logic origin. The second advantage is that it enables the
aggregate shape to be assessed relatively quickly by
means of a short and simple test which may be carried
out in the field.

Test for measurement of indices

The principal objective of the test was to accurately
measure and record physical dimensional data of sam-
ples of coarse-aggregate particles. The data was subse-
quently employed in calculations to provide values for
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Fig. 2. Indices of samples

that the smaller particle sizes. i.e. 14 mm and 20 mm,
of the basaltic andesite and partially crushed limestone
gravel are angular. whereas the 40 mm particles are
rounded. This may be due to the higher levels of crush-
ing required for smaller particle sizes. The crushed
siliceous limestone follows this trend in part but the
conclusion is not as convincing in this case. The
20 mm crushed grevwacke particles indicate rounding,
whereas the 14 mm particles are angular.

Figure 3 shows the test results for the shape profiles
of the samples. expressed in percentages of tetrahedral.
pentahedral and hexahedral particles. There is good
correlation between profiles for pairs of samples, de-
spite the relatively small sample size and the variability
of the material.

When comparing the results with the standards for
concrete. it can be observed that ten out of 22 samples

Table 1. Measurements of indices
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Fig. 3. Results for shape profiles

(45%) fail to provide 95% confidence in the smallest
dimension and may be judged flaky by BS 812° for
concrete production. Having a means of identifying
such an issue may help concrete designers in their
choice or combination of materials.

Classification by test parameters

The test yields values for three parameters that are
unique to the sample and may be used as a description
or ‘fingerprint’ for the coarse-aggregate particles. It
was originally envisaged that simple mathematical
modelling would be able to entirely replace the present
empirical method of visual inspection and classification
into the categories of round, irregular and angular.
However, it has been found that while an expression

Sample ID Nominal size: I, SD, I, I SD, /s 1, SD, I,
mm

AlA 14 336 14-9 39:5 69 66°1 264
AlB 14 34-1 18-2 437 8 71-3 242
A2A 20 388 15-5 40-9 — 768 209
A2B 20 366 14-2 41-8 - 72 24
AZA 40 319 129 43-3 82 62-8 24
A3B 40 297 10-5 403 67 58-7 264
Bla 14 346 17 472 96 685 256
BIB 14 399 17 411 83 62-1 265
B2A 20 409 16:9 436 8-4 79-8 20
B2B 20 382 15-4 42 70 687 242
B3a 40 451 16-4 46-7 86 624 22
B3B 40 441 13-6 42-3 7-7 655 237
ClA 14 323 14-7 437 84 729 235
C1B 14 337 132 43-8 9-4 75 235
C2A 20 39-5 141 43 64 65-5 239
C2B 20 372 147 422 68 64 256
DIA 14 37-8 162 50 10-1 70-2 225
DIB 14 365 159 51-2 9-8 733 22-5
D2A 20 42-1 15 49-8 74 77-3 237
D2B 20 393 14-9 511 83 756 22
D3A 40 375 14-5 50-3 68 664 22
D3B 40 397 15-7 49-3 63 653 223
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