CEMENT anp
CONCRETE
RESEARCH

Pergamon

Cement and Concrete Research 29 (1999) 14031410

Particle shape analysis of coarse aggregate using
digital image processing
A.K.H. Kwan*, C.F. Mora, H.C. Chan

Department of Civil Engineering, The University of Hong Kong, Pokfulam Road, Hong Kong, People's Republic of China
Received 30 October 1998; accepted 11 May 1999

Abstract

The particle shape characteristics of the coarse aggregate used can significantly affect the workability, strength, and durability of the
concrete produced. However, traditionally, particle shape measurements have to be done in a manual way that is both cumbersome and
time-consuming. Herein, digital image processing (DIP) techniques are used to analyze the particle shape characteristics of coarse aggre-
gate. The main particle shape characteristics measured are flakiness and elongation. Twenty-five aggregate samples of different rock type
and size have been analyzed and the results are compared to results obtained by the traditional manual method. Strong correlation be-
tween the DIP and manual measurement results is achieved and thus the DIP method, which is much faster, may be a better alternative
for particle shape measurement. In fact, the DIP method yields more information about the particle shape than the manual method. With
the DIP method used, it is possible to measure the mean thickness/breadth and length/breadth ratios of the aggregate directly, rather than

just the proportion of flaky or elongated particles according to arbitrary definitions. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Digital image processing (DIP) is a computerized tech-
nique by which a scene is captured electronically, digitized
into a two-dimensiona pixel image, and then processed so
that pictorial information about the scene can be extracted
[1]. The scene can be captured by means of avideo cameraor
a scanner. Video signals generated in this manner are first
digitized using a frame grabber with built-in A/D converters
and then stored as an array of pixels. Subsequently, the pixel
array is analyzed to extract information from the digital im-
age. Different techniques have been developed for this pur-
pose, depending on the information required. For instance, to
find the edge of an object in the scene, an a gorithm that looks
for sharp changesin color or gray level of neighboring pixels
can be employed. Once the objects have been discriminated
from the background, they can be measured and analyzed.
The parameters that can be measured include particle count,
area fraction, size distribution, shape characteristics, spatia
distribution, and more. By performing image analysis of suc-
cessive scenes captured over a period of time, the technique
can aso be used to measure particle velocity, trace moving
objects, and measure deformation.
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In recent years, DIP techniques have found widespread
applications in many disciplines, including medicine, biol-
ogy, geography, meteorology, manufacturing, and material
science [2]. Relatively, there have been very few applica-
tions of DIP in civil engineering [3]. In civil engineering,
DIP has been used to analyze the size, shape, and spatial
distribution of grains and pores in sandy soil, to study the
microstructure of concrete, to detect cracks in road pave-
ment, to measure structural deformations, and to evaluate
traffic conditions [4]. However, it is believed that these are
just some of the possible applications. If we could exercise
more imagination, there could be many more possible appli-
cations of DIP in civil engineering.

As part of aresearch program to explore the possible ap-
plications of DIP to concrete technology, the authors are in-
vestigating viable means of applying DIP to the size and
shape analysis of aggregate particles. Thisisatopic of prac-
tical importance because a concrete mix is constituted
largely of aggregate and its quality is hence dependent on
the grading, size, and shape of the aggregate used. Applica-
tions of DIP techniques to particle size and shape analysis
have been attempted by other investigators [5-8]. New tech-
niques and even new approaches are being developed grad-
ually, but it may be afew more years before the full poten-
tial of these new methods can be realized or the problems
with them completely resolved.
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One magjor problem with the DIP technique is that only
the two-dimensional projection of the particles is captured
and measured. In other words, the third dimension (i.e.,
thickness) of the particlesis not directly obtainable from the
DIP results. Due to this problem, the DIP results have to be
expressed in terms of area fractions rather than mass frac-
tions [7]. Consequently, they cannot be compared to those
obtained by traditional methods and are more difficult to in-
terpret. Another problem isthat different researchers are us-
ing different shape indexes to describe the shape of aggre-
gate particles and even different definitions for the same
shape index. For instance, Barksdale et a. [5] defined the
flatness as the ratio of thickness to breadth and the elonga-
tion as the ratio of breadth to length while Kuo et a. [8] de-
fined the flatness as the ratio of breadth to thickness and the
elongation as the ratio of length to breadth. They also used
different definitions for the shape factor and sphericity.
There is yet another problem that some of the proposed
shape indexes are quite difficult to comprehend because of
their high mathematical sophistication. Being engineers by
training, the authors have up to now found it difficult to un-
derstand the physical significance of the slope density func-
tions and fractal dimensions generated by fractal analysis of
the particle shape [6] and how these fractal parameters can
be correlated to the common concepts of flakiness, elonga-
tion, roughness, etc.

In arecent paper [9], the authors have applied DIPto size
distribution analysis of coarse aggregate and developed a
simple method of converting area fractions to mass frac-
tions based on the assumption that aggregate particles from
the same source should have more or less the same shape
characteristics. After converting to mass fractions, the grad-
ing results obtained by DIP were compared to those by me-
chanical sieving to verify the accuracy of the DIP method.
This paper isafollow-up of the previous one, and deals with
the application of DIP to particle shape analysis of coarse
aggregate. The proposed DIP method is designed in such a
way that both flakiness and elongation of the aggregate are
measured. As before, the shape analysis results obtained by
DIP are expressed in terms of mass fractions rather than
area fractions, thus allowing direct comparison with results
by the traditional manual method specified in the British
Standards. Nevertheless, after comparing with the traditional
manua method for the purpose of verification, it is suggested
that we need not be bound by the traditional measures of flak-
iness and eongation. The flakiness and elongation indexes
defined in the British Standards, which require manual mea-
surement, are themselves not good measures of flakiness or
elongation of the aggregate. The mean thickness/breadth and
length/breadth ratios directly obtainable from DIP may be
better measures, as will be discussed in the paper.

2. Particle size and shape analysis by traditional method

Traditionally, the size and shape analysis of coarse ag-
gregate are conducted by mechanical sieving and manual

gauging, as detailed in the British Standards BS812, Section
103.1 (1985), BS812, Section 105.1 (1989), and BS812,
Section 105.2 (1990). For the aggregate sample to be repre-
sentative, its total mass must be larger than the minimum
mass specified in BS812, Section 103.1 (1985).

Basically, the mechanical sieving operation attempts to
divide a sample of aggregate into size fractions, each con-
sisting of particles within specific size limits. This is done
by forcing the aggregate particles to pass through sieves of
successively smaller sizes. Before the sieving operation
starts, the sieves are stacked up with the smallest one at the
bottom and the largest one at the top. A pan is placed under-
neath the sieves to collect particles passing through all
sieves. To perform sieving, the aggregate sample is placed
on the sieve of largest size, covered, and then shaken for a
specified period of time. During shaking, the particles pass
through the sieves until they are retained on sieves too small
for them to pass through. After sieving, the quantity of each
size fraction, which consists of particles passing through a
sieve of certain size but retained on another sieve of smaller
size, is measured by weighing.

The results of sieve analysis are normally presented
graphically in the form of grading charts. In the grading
chart commonly used, the ordinate represents the cumula-
tive percentage passing by mass of the aggregate and the ab-
scissa the sieve sizes plotted to a log scale. However, the
following points should be noted when interpreting the re-
sults:

1. Particles passing through a sieve can actually have
one dimension that is larger than the size of the sieve
apertures. From Fig. 1(a), it can be seen that an elon-
gated particle that has its length greater than the aper-
ture size can pass through the sieve without any diffi-
culties. Therefore, the sieve aperture sizeis ameasure
of the lateral dimensions of the particles only.

2. A relatively flaky particle can pass through the sieve
aperture, which is sguare in shape, diagonally as
shown in Fig. 1(b). As aresult, the breadth of a parti-
cle passing through a sieve can also be greater than
the sieve size, athough it has to be smaller than the
diagonal length of the sieve aperture.

Regarding shape analysis of the coarse aggregate, only
the flakiness and elongation are measured. The procedures
for their measurement are specified in BS812, Section 105.1
(1989) and BS812, Section 105.2 (1990), respectively.
These procedures are performed after mechanical sieving
because the aggregate sample first needs to be divided into
different size fractions, each consisting of particles falling
within specific sieve size limits.

The flakiness and elongation of the aggregate sample are
measured in terms of flakiness and elongation indexes,
which are defined as the percentages by mass of the aggre-
gate particles classified as flaky and elongated, respectively.
The classification is based on the rather arbitrary definitions
that a particle is flaky if its thickness (least dimension) is
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length
of
particle

smaller than 0.6 times the mean sieve size of the size frac-
tion to which it belongs, and that aparticle is elongated if its
length (largest dimension) is greater than 1.8 times the mean
sieve size (the mean sieve size is the arithmetic mean of the
sieve size on which the particle is just retained and the
smallest sieve size through which the particle passes).

In actual practice, the thickness and length of the parti-
cles are not measured but checked against standard thick-
ness and length gauges to see whether or not the particles
are flaky or elongated. Table 1 lists the dimensions of the
thickness and length gauges for various size fractions and
their respective tolerances. During the test, each particle is
gauged manually against the appropriate slot in the thick-
ness gauge or the appropriate gap in the length gauge to
identify and separate the flaky or elongated particles. Some
particles are both flaky and elongated, and are therefore
counted in both categories. For this reason, the flakiness and
elongation tests have to be carried out separately.

In the flakiness test, the flaky particles are separated
from each size fraction by manual gauging and their quanti-
ties measured by weighing. After weighing, the flakinessin-
dex is calculated as the ratio of the mass of flaky particlesto

Tablel
Dimensions of thickness and length gauges according to BS812, Section
105.1 (1989), and BS812, Section 105.2 (1990)

Width of dlot in

Sieve size limits of Gap between pins

aggregate size fraction thickness gauge of length gauge
(mm) (mm) (mm)
63.0-50.0 33.9+0.30 -

50.0-37.5 26.3+0.30 787+ 0.3
37.5-28.0 19.7 = 0.30 59.0 = 0.3
28.0-20.0 14.4 + 0.15 432+ 0.3
20.0-14.0 10.2 £ 0.15 306 = 0.3
14.0-10.0 72+0.1 216+ 0.2
10.0-6.30 49+ 0.1 147 + 0.2

sieve
size

A

breadth
of
particle

(b)

Fig. 1. (a) An elongated particle passing through a sieve aperture. (b) Plan view of aflaky particle passing through a sieve aperture.

the total mass of the aggregate sample expressed as a per-
centage. After the flakiness test, all the flaky particles are
put back into the respective size fractions to which they be-
long for subseguent testing. The elongation test is con-
ducted in a similar manner, after weighing, to determine the
guantity of elongated particles. The elongation index is cal-
culated as the percentage by mass of the aggregate particles
that are regarded as elongated. During the flakiness or elon-
gation test, if any size fraction of the aggregate sample hasa
mass smaller than 5% of the total mass of the aggregate
sample, the particular size fraction is not included in the test
and the total mass of the aggregate sample is adjusted ac-
cordingly.

From the authors' own experience, the mechanical siev-
ing takes approximately 1-2 h to complete, while the flaki-
ness and elongation tests, both requiring cumbersome man-
ual gauging of particles one by one, together take about 2-3 h
to complete. Hence, it takes about 4 h to perform one set of
mechanical sieving and flakiness and elongation tests.

Despite the laborious work required to perform the tests,
however, there are a number of shortcomings with the flaki-
ness and elongation tests, as explained below:

1. The definitions used to classify flaky or elongated
particles are rather arbitrary. In theory, the shape clas-
sification of a particle should be dependent only on its
shape, not on its size. However, with the present defi-
nitions used, whether or not aparticleisflaky or elon-
gated is dependent not only on its shape but also on its
sieve size. For instance, aparticle having itssieve size
equal to the mean sieve size of the size fraction to
which it belongs and a thickness equal to 0.6 timesits
sieve size is regarded as flaky, while another particle
of similar shape but dightly larger size would be re-
garded as not flaky. A similar situation happens with
the classification of elongated particles.
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2. Classifying particles as either flaky or not flaky and
either elongated or not elongated seems a bhit too
crude. Two particles of similar size but dlightly differ-
ent thickness or length can be classified very differ-
ently. Hence, a small change in shape can lead to an
abrupt change in flakiness or elongation. On the other
hand, two particles of vastly different shape can both
be classified into the same category. As a result,
changes in shape are not always reflected in the flaki-
ness or elongation measurement. The traditional
method simply does not take into account the actual
degrees of flakiness and elongation of the particles. It
does not provide a proper measure of flakiness or
elongation when a single particle is considered be-
cause it will give a flakiness/elongation index of ei-
ther 0 or 100%. Only when a large aggregate sample
consisting of many particlesis analyzed will the flaki-
ness and el ongation indexes become more like contin-
uous variables and acceptable as realistic measures of
particle shape.

3. The thickness-to-sieve size ratio used to determine
whether or not a particle is flaky is not quite the same
as the normal concept of flakiness because the sieve
size measurement is not orthogonal to the thickness
measurement, as depicted in Fig. 2. Likewise, the
length-to-sieve size ratio used to determine whether
or not aparticleis elongated is different from the nor-
mal elongation ratio defined as the length-to-breadth
ratio [8]. These differences should be kept in mind
when interpreting the flakiness and elongation index
results.

3. Particle size and shape analysis by DIP

The DIP system used by the authors is a Quantimet 600
manufactured by Leica Cambridge Ltd. It incorporates a
three-chip CCD camera having a resolution of 736 X 574

thickness

sieve
size

breadth
of
particle

Fig. 2. Plan view of a sieve showing the sieve size and thickness measure-
ments.

pixels, a frame grabber with three A/D converters each of
8-hit resolution, a photographic stand fitted with light sources,
a Pentium-based computer, and a set of software for image
analysis. Fig. 3 shows schematically the setup of the system.

Before any DIP can be performed, it isfirst necessary to
take a high-quality picture of the aggregate particles. The
equipment for taking pictures of the aggregate sample is set
up by mounting avideo camera on a photographic stand, ad-
justing the height of the video camera to obtain a suffi-
ciently large measurement area on the sample tray, and ad-
justing the light sources so that there is no shading of any
object placed on the sample tray. A sheet of cardboard of
suitable color islaid on the sample tray before the aggregate
particles are added. When the aggregate particles are placed
into the sample tray, they are carefully spread out so that
they are not touching or overlapping each other or faling
out of the boundary of the measurement area. After the ag-
gregate particles have been properly positioned, the sample
tray is placed on the photographic stand under the camera.
The focus of the lens is then adjusted to obtain a clear and
sharp image of the aggregate sample. When the captured
image as seen on the computer screen is checked to be satis-
factory, it is stored for image analysis. Other details of the
image acquisition process have been reported previoudly [9].

Having acquired a pixel image of the aggregate sample,
image analysis is performed to discriminate the aggregate
particles from the background. This involves increasing the
contrast between the particles and the background and find-
ing the boundary of each particle. Once the particle bound-
aries are located, the area, length, and breadth of the parti-
cles are measured. The area of a particle is defined as the
projected area of the particlein its stable position, while the
length and breadth of a particle are defined as the length and
breadth of the bounding rectangle that would enclose the
projected image of the particle being analyzed. On comple-
tion, the measurement results are saved in a spreadsheet file
for statistical analysis and postprocessing.

Since the particles are generally anisotropic, it is natural
that there is a preferred orientation for a particle to be stable

fluorecent
lamps

plastic
sample

AT
N ==

Fig. 3. Setup of the image analysis system.
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on aflat surface. If there is only one preferred orientation
for a particle to lay stably, then the image measurement re-
sults are unique. If, however, there is more than one such
preferred orientations for the particle, then at different sta-
ble positions, the results can be dlightly different, as illus-
trated in Fig. 4. Nevertheless, if the aggregate sample con-
tains a reasonably large number of particles, such random
variations tend to cancel out, and the image measurement
results of the aggregate sample as a whole should be quite
consistent.

Once the DIP equipment has been properly set up and
adjusted, the size and shape analysis of an aggregate sample
can be completed in about 10 min of time, which is much
shorter than the required time of about 4 h when the tradi-
tional method is used.

However, since the image acquired is only a two-dimen-
sional projection of the particles, the thickness and volume
of the particles are not directly obtainable from the image.
Hence, it is not possible to measure the flakiness of the par-
ticlesjust by using DIP techniques. It is aso not possible to
measure the quantity of particles in terms of volume or
mass. Thus, the quantity of particles can only be measured
in terms of their total projected area, as has been done by
Yue and Morin [7]. This would cause difficulties in inter-
preting the quantity of particles measured by DIP because
most engineers are used to quantify the amount of aggregate
particles in terms of volume or mass. Another problem is
that traditionally the size of a particle has been measured in
terms of its sieve size, which is not quite the same as the
breadth of the particle measured by DIP. As a result, the
size measurement results obtained by DIP cannot be com-
pared directly to those obtained by traditional methods.
These problems are resolved in the following sections.

4. Converting area fractionsto mass fractions

A simple method of converting the quantity of particles
in terms of area or area fraction obtained by DIP to mass or
mass fraction so that the DIP results can be correlated to
those obtained by traditional methods and interpreted more
easily has been proposed recently [9]. It is based on the as-
sumption that aggregate particles from the same source
should have more or less the same shape characteristics. Us-
ing this assumption, the mean thickness of a particle may be
estimated from the other dimensions of the particle as
shownin Eg. (2):

mean thickness = A x breadth (@D}

| length 1 I
[

|
1
thicknesj: O thickness <\
1 2
A I B

Fig. 4. A particle at different stable positions. (a) Stable position 1; (b) sta-
ble position 2.

length 2 |
|

in which \ is a parameter dependent on the flakiness of the
particle. From this equation, the volume of the particle may
be estimated by Eq. (2):

volume = mean thickness x area = A x breadth x area  (2)

Using this formulag, the mass of a group of particlesis cal-

culated as shown Eq. (3): .

mass of agroup of particles = p x A x Z (breadth x area)

i=1 (3)
where p is the density and the summation isfor all particles
in the group. Dividing this mass by the total mass of the ag-
gregate sample, the mass fraction of the group of particlesis
obtained as shown in Eq. (4):

p
pxAx z (breadth x area)

i=1

mass fraction —
pXAXx z (breadth x area)
i=1

P
z (breadth x area)

—i=1

% (breadth x area)
i=1 (4

where the summation in the denominator is for all particles
in the aggregate sample. It is noteworthy that A and p are
canceled out in the above equation and therefore the actual
value of p does not affect the conversion of area fraction to
mass fraction. Nevertheless, A may serve as aflakinessindi-
cator and its value can be determined by Eq. (5):
M
A= - ©®)
p % Z (breadth x area)

i=1

in which M is the total mass of the aggregate sample mea-
sured by weighing.

5. Converting breadth to equivalent sieve size

Asiillustrated in Fig. 1(b), the sieve size of a particle is
generaly smaller than the breadth measured by DIP. The
authors have proposed in a previous paper [9] to convert the
breadth to an equivalent sieve size using a size correction
factor C asshownin Eq. (6):

equivalent square sieve size = C x breadth (6)

The value of C is dependent on the shape of the cross sec-
tion of the particle and therefore has to be determined for
each type and source of aggregate. It is determined by atrial
and error process of matching the grading curve derived by
DIP based on an assumed value of C to the corresponding
curve obtained by mechanical sieving.
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6. Comparison of results by the two methods

Three different types of aggregates (granite, volcanic,
and gravel) of maximum sizes ranging from 10-20 mm
have been analyzed by both the traditional method and the
DIP method. The aggregate samples were first tested by the
traditional method and then the same samples were ana-
lyzed by DIP again for direct comparison. All together, 25
samples have been tested.

After converting area fractions to mass fractions and
breadth to equivalent sieve sizes, the grading analysis re-
sults obtained by DIP have been compared to those by me-
chanical sieving in the previous paper [9]. It was found that
with a suitable value of the size correction factor C used,
very good matching of the grading curves by the two meth-
ods can be achieved.

The values of C obtained for the aggregate samples ana-
lyzed are plotted against the corresponding values of \ in
Fig. 5. It is seen that there is a good correlation between C
and \ and that generally the more flaky the aggregate is, the
smaller the value of C will be.

The DIP method is unable to yield the flakiness of the
aggregate directly. Nevertheless, the parameter N may be
taken as aflakiness indicator because it represents the mean
value of the mean thickness-to-breadth ratio. The values of
\ obtained by DIP are plotted against the corresponding val-
ues of flakiness index measured by manual gauging in Fig.
6. It is seen from this figure that there is a strong correlation
between \ and the flakiness index, thus showing that A may
be used as a measure of flakinessin its own right.

Adopting the same definitions used by the British Stan-
dards, the DIP method can produce the elongation index of
the aggregate in the same way as in the manua gauging
method but in arather clumsy way. First, the breadth mea-
surements by DIP have to be converted to equivalent sieve
sizes. Then the size fractions to which the particles belong
have to be determined and the corresponding mean sieve
sizes evaluated. Having evaluated for each particle the mean
sieve size of the size fraction to which it belongs, the parti-
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cles are classified one by one as either elongated or not
elongated. Finally, the mass fraction of the elongated parti-
cles is calculated and taken as the elongation index. The
elongation indexes evaluated using DIP are compared to
those measured by manual gauging in Fig. 7. Very good
agreement has been achieved.

As mentioned before, classifying the shape of a particle
according to the mean sieve size of the size fraction to
which it belongsis quite misleading. A more rational way is
to classify the particle according to its own sieve size. This
would change the definition of an elongated particle to one
that has a length-to-sieve size ratio greater than 1.8. With
the DIP method, the sieve size is not obtained directly; it is
converted from the breadth using a size correction factor.
To save the trouble of size correction, it is proposed that an
even better way of defining an elongated particle is to use
the length-to-breadth ratio. Since the sieve size is approxi-
mately 0.8 times the breadth, a length-to-sieve size ratio of
1.8 is equivalent to a length-to-breadth ratio of about 1.5.
Hence, it is better to define an elongated particle as one hav-
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ing a length-to-breadth ratio of greater than 1.5. With this
new definition adopted, the elongated particles can be iden-
tified using the DIP method without any size correction.
The elongation indexes evaluated by the DIP method are
compared to those by the traditional method in Fig. 8.

Nevertheless, after comparison with the traditional method
for the purpose of verification, it is suggested that we need
not be bound by the traditional measure of elongation. A
much better and more direct way of measuring the elon-
gation of an aggregate is to first determine the length-to-
breadth ratios (also called elongation ratios) of all the aggre-
gate particles from the DIP measurement results and then
calculate the mean value of the elongation ratios. There is,
however, the question of how the mean value should be cal-
culated. Since larger aggregate particles have greater effects
on the quality of the concrete produced, it is proposed that
the mean value should be calculated as a weighted mean
value, given by Eq. (7):

weighted mean elongation ratio

n
length
i; Yolume x S
= n
z (volume)

i=1

length
i;)\ x (breadth x area) x Chreadii’]

Z A x (breadth x area)
i=1
Z (length x area)

— i=1
n

z (breadth x area)
=1 @)

The weighted mean elongation ratio evaluated based on
the DIP measurement results are compared to the el ongation
indexes obtained by the traditional method in Fig. 9. It isbe-
lieved that this mean elongation ratio is a better measure of
elongation than the elongation index.

7. Conclusions

A method of analyzing the flakiness and elongation of
coarse aggregates using DIP technique is developed. Al-
though the thickness and volume of the particles are not
measured, this DIP method is capable of producing the
mean thickness/breadth ratio of the aggregate and shape
measurement resultsin terms of mass fractions. For the pur-
pose of verification, the shape measurement results obtained
by the proposed DIP method have been compared to those
obtained by traditional mechanical sieving and manual
gauging. Strong correlation between the parameter (mean
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Fig. 8. Comparison of elongation indexes by DIP using new definition to
those by manual measurement using existing definition.

thickness-to-breadth ratio) derived by the DIP method and
the flakiness index measured by the traditional method has
been achieved. On the other hand, the elongation indexes
obtained by the DIP method agree very closely with those
by the traditional method. After such comparison, however,
it is suggested that we need not follow the existing defini-
tions of flakiness and el ongation indexes, which are suffer-
ing from several shortcomings as discussed previously. The
parameter \, which is easily obtainable by the DIP method,
can replace the flakiness index. For replacing the elongation
index, a new weighted mean elongation ratio, which is be-
lieved to be a better measure of elongation, is developed.
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tion indexes by manual measurement.
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