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Abstract: To characterize the shape of sand particles for
concrete, a new method is proposed based on digital image
processing ( known as the DIP method). By analyzing sand
particles projection, the length, width and thickness of sand
were measured to characterize particle form. The area and
perimeter were measured to characterize particle angularity.
The results of the DIP method and Vernier caliper were
compared to examine the accuracy of the DIP method. The
sample size test was conducted to show the statistical
significance of shape results measured by the DIP method. The
practicality of the DIP method was verified by instance
analysis. The results show that aspect ratios and roundness
measured by the DIP method are equal to ones by the Vernier
caliper. Results by DIP are dependent on the sand particle
number, and at least 350 particles should be measured to
represent the overall shape property of sand. The results show
that the DIP method is able to distinguish the differences in the
shape of sand particles. It achieves the direct measurement of
sand particle thickness, and the characterization results of sand
aspect are accurate, statistically
significant and practical. Therefore, the DIP method is
suitable for sand particle shape characterization.
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and, the raw material of concrete, affects the work-
S ability and other properties of concrete. Manufac-
tured sand ( MS) as a substitute for river sand (RS) is
widely used in civil engineering construction. There are
differences between RS and MS in terms of particle
shape, gradation and powder content'' . Recent research
concentrated on the influences of gradation”™ and pow-
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der content'®™”

shape, little literature has reported that particle shape af-
fectes the rheological®™' and mechanical properties of
concrete!*"” . However, the particle shape measurement
methods ignored an important shape parameter, the flat-
ness of sand particles. Therefore, it is critical to investi-
gate the characterization method for MS shape.

Particle shape characterization is a hot topic in indus-
try. Generally speaking, there are two techniques inclu-
ding digital image processing ( DIP) and X-ray computed
tomography ( X-CT). Firstly, DIP is widely used due to
the convenience of images captured by digital camera.
Based on the DIP technology, Masad et al. """ "* made an

on concrete properties. As for MS particle

excellent contribution to aggregate shape characterization
by means of the aggregate imaging system ( AIMS),
which successfully guided materials production in pave-
ment engineering. Due to the reflective light of the parti-
cle surface, Chandan et al. "™ obtained the information of
grain surface texture by processing high resolution images
Masad et
al. """ defined the area lost after an erosion-dilation op-
eration as a percentage of its original particle area to de-
scribe sand particle shape, but this method required high
resolution images and the calculation was sensitive to loop
count of erosion-dilation. Brzezicki et al. '™ measured
the length, width and height of coarse aggregates by de-
signing a device which can obtain the shadows of particles
in two perpendicular directions, and then evaluated the

length-width ratio and width-height ratio of coarse parti-
1. 1B

with wavelet decomposition technology.

cles. Moaveni et al and Fletcher et a extracted
the outline of particle projection, and the outline was ap-
proximated by a polygon, then the sum of angles subten-
ded at each vertex of the polygon was used to describe
particle angularity. Zhang et al. ' defined the perimeter
difference between the particle projection outline and its
convex outline to describe particle angularity and surface
texture. By comparison, it was found that these methods
have a limitation on the direct measurement of particle
thickness of sand particle, and it is difficult to describe
the flat level of the particle due to the unknown of thick-
ness size. Secondly, X-CT is also used in particle shape

characterization, since it can reconstruct the three-dimen-
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[26-28]
recon-

sional solid body of grains. Estephane et al.
structed the three-dimensional body of particles with X-
The

spherical harmonic analysis was applied to store and ex-

CT technology and spherical harmonic analysis.

tract the shape information of aggregates, and aspect rati-
os and convexity were proposed to describe the particle
shape'” ™
cerning efficiency in shape characterization for sand parti-

. However, X-CT experienced an issue con-

cles. Since the shape of sand particles is non-uniform,
one particle shape cannot represent the overall shape prop-
erty of sand, and X-CT can only measure several particles
which takes hours at each time. Thus, a new method that
is suitable for sand particle shape characterization should
be studied. This method will help design concrete propor-
tion and understand concrete properties.

In this study, based on the DIP technology, we pro-
pose a new method to measure the length, width and
thickness of the particles, which describes the elongation
and flatness of sand particles. In addition, the area and
perimeter of particle projection were measured to describe

the angularity of the sand particles. The sample size test
was conducted to find the minimum number of sand parti-
cles which can represent the overall shape property by the
DIP method. Finally, we measured five kinds of sand to
examine the practicality of the DIP method in particle
shape characterization.

1 Materials and Image Processing

1.1 Materials

Four kinds of manufactured sand (MS1, MS2, MS3
and MS4) and one river sand (RS) were selected as ma-
terials (see Fig. 1). MS1, MS2 and MS3 are commer-
cially manufactured sand, and they are limestone, tuff
and granite, respectively. MS4 is basalt stone crushed by
a jaw crusher without shaping. The sand was classified
into 1.18-2.36 mm and 2. 36-4. 75 mm according to the
sieve mesh. RS _ 1.18 represents the RS of 1. 18-
2.36 mm, and MS1_2. 36 represents the MSI1 of 2. 36-4.
75 mm and so on.

(f) (g
Sand used in this study. (a) RS_1.18;(b) MSI_1.18;(c) MS2_1.18;(d) MS3_1.18; (e) MS4_1.18; (f) RS_2.36; (g) MS1_2.36;

Fig. 1
(h) MS2_2.36; (i) MS3_2.36; (j) MS4_2.36

1.2 Image processing

The process of the DIP method is shown in Fig.2. At
the beginning, image segmenting was conducted to ex-
tract the object from the image. Then, object labeling
was carried out to realize the measurement of multi-parti-
cle shapes at one time. After that, the nominal length
and width were calculated by the top view image, and
the nominal thickness was calculated by the front view
the area and perimeter of particle
projection were measured by the top view image. Final-

image. Moreover,

ly, the elongation and flatness were calculated based on
length, width and thickness measurements, and round-
ness was calculated based on area and perimeter meas-
urements.

(i) )

| Image segmenting |

v
| Object labeling |
¥ ¥
Length,width Area and
and thickness perimeter
measurement measurement
v v
gg%‘%ﬁgﬁ; Roundness
calculation e

Fig.2 Image processing procedures

1.2.1 Definitions of form and angularity
Form is the first-order property which reflects the varia-
tions in the proportions of sand particles. Thus, aspect
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ratios are common indicators of the particle form. A par-
ticle is surrounded by a bounding cuboid, and the length,
and width and thickness of the particle are illustrated in
Fig. 3. Note that the descending order is L > W >T. As-
pect ratios are characterized by flatness ratio F and elon-
gation ratio E, which are defined as

E= (1)

F =

Sl =|s

(2)

where L, W and T are the length, width and thickness of
the particle, respectively. According to the definitions, F
describes how flat the particle is, and E describes how
long and narrow the particle is.

.
\%
Thickness

| Length |

Fig.3 Schematic of the minimum bounding cuboid of a parti-
cle

Angularity is the second-order property which reflects
the variations at the corners of sand particles, and the par-
ticle angularity is represented by roundness R. Fig. 4 il-
lustrates that the area and perimeter of particle two-dimen-
sional projection can be calculated by image processing.
R is defined as the ratio between areas and perimeter is
used to describe the angularity of sand particles.

_4mA

RC2

(3)

where A is the area of particle projection, and C is the
perimeter of particle projection.

Fig.4 Schematic of the two-dimensional projection of particle

Surface texture is the third-order property which re-
flects the variations of height on the sand particle surface.
The main difference between angularity and surface tex-
ture is that the surface texture is a micro-property, and
angularity is a macro-property in comparison. In addi-
tion, surface texture is a three-dimensional property while
angularity is two-dimensional. The surface texture proper-
ty is out of scope due to this limitation of this method.

The examples of geometrical 3D shapes and their mor-
phological parameters are shown in Tab. 1.

Tab.1 Examples of geometrical 3D shapes and their morpho-
logical parameters

Geometrical shape Ilustration E F R
Sphere 1.00* 1.00" 1.00"
Cube | 1.00* 1.00* 0.79"
Cuboid 2.50 1.00  0.59
Starl 1.00 1.00 0.54
Star2 1.00 1.00  0.60

Note: * The values do not depend on the shape we chose here and are
constant for this geometrical shape.

1.2.2 Acquisition of digital images

The image acquisition platform and unprocessed image
are illustrated in Fig. 5. LED lamps are placed perpendic-
ular to each other, and sand particles are placed on the
horizontal platform (see Fig. 5(a)). With this method,
the image of black particle and gray background ( see Fig.
5(b)) can be captured, and the complete outline of sand
particles can be extracted clearly. Sand particles are lined
up parallel to the vertical lamp to collect multi-particle in-
formation in one image. Top view and front view images
are captured, respectively. Thus, the three-dimensional
sizes of a particle can be obtained. The camera pixel is 12
% 10°, and the distance between particles from the camer-
ais 15 cm.

eof%erNeoyg

(b)
Fig.5  Image capturing operation platform and unprocessed
image. (a) Schematic of image capturing platform; (b) Unprocessed

image
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1.3 Digital image processing
1.3.1 Image segmenting and object labeling

Sand particle shape characterization is achieved on the
condition that the particles are recognized from a digital
image. Therefore, the extraction of particle projection
from the image begins prior to image processing. A bina-
ry image with white object region and black background
is required for further processing. After that, particle la-
beling is used to attach every particle a unique number,
so the shapes of multi-particle can be measured efficiently
at one time (see Fig.6).

o 0FA9T Y @ @

Fig.6 Labeling of several particles

1.3.2 Minimum bounding rectangle

The determination of length, width and thickness is di-
vided into two steps. The first step is nominal length and
width measurement by the top view image. As shown in
Fig.7(b), the minimum bounding rectangle surrounding
particles can be determined, and the sizes of this rectan-
gle are taken as nominal length and width of the particle.
The second step is nominal thickness measurement by the
front view image, and the vertical projection size of a
particle was taken as its nominal thickness ( see Fig. 7
(a)). Then, the true sizes of a particle can be obtained
by sorting the nominal length, width and thickness in the
order from largest to smallest.

Top view

~<—Front view

Minimum bounding rectangle

(a)

Nominal
thickness

vesesrn ey

(b)
Fig.7  Schematic of particle sizes measurement and minimum
bounding rectangle. (a) Schematic of particle sizes measurement; (b)

Minimum bounding rectangles

1.3.3 Area and perimeter of particles
The particle area can be determined by counting the
pixel number of the particle region. The perimeter meas-

urement is relatively complex because the particle outline
is irregular. As Fig. 8 illustrates, the black region is a
particle projection, the area of the particle is 42 ( by
counting the number of black squares), and the particle
contour is constituted by external squares ( constituted by
the connection of square 1-2-6-12-19-26-33-39-38-42-41-
40-34-27-20-13-7-3-1). The length of line segment 2-6
(referred to as the connection of square 2 and square 6) is
2%, and the length of line segment 1-2 (referred to as the
connection of square 1 and square 2) is 1. Thus, counting
the quantity of line segments like 1-2 and 2-6 is the key to
perimeter determination. Freeman chain code'™
here to achieve this, and the calculated perimeter is 21. 3.

is used

Fig.8 Schematic of particle contour and area calculation

2 Results and Discussion

2.1 Accuracy test of the DIP method

The practical basis of the DIP method is the measure-
ment accuracy. Hence, the shape index results by the
Vernier caliper taken as true values are compared to those
by the DIP method to analyze the measurement accuracy
of the DIP method.

2.1.1 Aspect ratios module

One cuboid is used to verify the aspect ratios measure-
ment accuracy of the DIP method. As shown in Tab. 2,
the values of L, W and T measured by the Vernier caliper
of the cuboid are 50. 02, 40.77 and 40. 18 mm, respec-
tively, consequently E and F calculated according to Eqs.
(1) and (2) are 1.23 and 1. 01. Then, the cuboid is
measured by the DIP method, and E and F of the cuboid
are 1.23 and 1.01, which are separately equal to the Ver-
nier caliper measurement.

Tab.2 The shape of cuboid

Measurement method ~ L/mm W/mm T/mm E F
Vernier caliper 50.02 40.77 40.18 1.23  1.01
DIP 749 611 607 1.23  1.01

2.1.2 Roundness module
Similarity to the aspect ratios module, one rectangle
was used to verify the R measurement accuracy of the DIP
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method. As shown in Tab. 3, the length and width of the
rectangle measured by the Vernier caliper are 50. 02 and
40. 18 mm, consequently A and C are 2 009.80 mm’ and
180.40 mm, respectively, and R calculated according to
Eq. (3) is 0.78. Then, the R of the rectangle measured
by the DIP method is equal to the Vernier caliper meas-
urement.

Tab.3 The shape of rectangle

Measurement method ~ L/mm W/mm  A/mm? C/mm R
Vernier caliper 50.02 40.18 2009.80 180.40 0.78
DIP 321536 2280 0.78

2.2 Sample size test of the DIP method

It is pointless to measure one sand particle since the
sand particle shape is non-uniform, and one particle shape
cannot represent its overall shape property. Besides, it is
impossible to measure all the particles we used in con-
crete. Thus, the issue that remained to be solved is how
many particles should be measured at least to represent
the overall shape property of sand. This is called the sam-
ple size problem in statistics.

2.2.1

A sample size test was performed to determine a scien-
tific and reasonable number of sand particles for aspect ra-
tios evaluation. Some indices are defined as

Aspect ratios module

n

1
E. =—)»FE 4
avg n ; i ( )

1 n
=3 F (5)

i=1

avg

where E,_,, is the mean elongation of particles; E, is the
elongation of particle i; n is the number of particles we
measured; F,, is the mean flatness of particles; F), is the
flatness of particle i.

As shown in Fig. 9, the average aspect ratio of 500
particles is taken as the overall shape parameters of parti-
cles, denoted as E,. In Fig.9(a), as for RS_2.36, E, =
1.24, which shows that £, approaches 1. 24 with the in-
crease in the measured particle number. The other types
of sand (such as MS1_2. 36 etc. ) have the same tenden-
cy. Besides, when the measured number reaches 350, it
is found that the relative error of £, is smaller than 1% .
In Fig.9(b), the similar situation of F,, occurs as shown
in Fig.9(a). Moreover, when the measured number rea-
ches 350, it is found that the relative error of F, is lower
than 1.5% .

2.2.2 Roundness module

As shown in Fig. 10, for RS_2.36, R, =0.793 8. The

results suggest that R, approaches 0. 793 8 with the in-

avg

crease in the measured particle number, and the other
types of sand (such as MS1_2.36 etc. ) have the same

(350,1.40)

350136)
350,1.34)
$(350.1.28)
A
(350.1.25)

— RS 236, E=1.24
— MS1_2.36, E=1.27
MS2 2.36, E=1.35
— MS3_2.36, E=1.39
1L.OF ——MS4 236, E=1.34
0 100 200 300 400 500
Particle number

(a)
24r
22+ — RS _2.36, F=1.31
— MSI1_2.36, F=1.39
20F MS2 236, F=1.57
— MS3_2.36, F=1.68
.18k — MS4 2.36, F=1.50
o5 (350,1.67)
1.6F 1(350.1.57)
Lal (350,1.50)
' (350,1.38)
12l (350,1.29)

0 100 200 300 400 500
Particle number
(b)
Fig.9  Sample size test of the aspect ratios module. (a) E,,, of
2.36-4.75mm particles; (b) F,,, of 2.36-4.75mm particles

avg

tendency. Moreover, when the measured number of parti-
cles reaches 350, it is found that the relative error of R,
is lower than 1% .

—RS_2.36, R=0.793 8
— MS1 236, R=0.777 8

0.84 MS2 2.36, R=0.742 7
— MS3 236, R=0.7122
—— MS4 236, R=0.736 5
080 = ; (350,0.791 0)
0.76 3500772 1)
’ (350,0.741 8)
Q:?f 072} (350,0.735 2)
(350,0.710 4)
0.68 -
0.64 -

0 100 200 300 400 300
Particle number

Fig. 10 Sample size test of roundness module

2.3 Instance analysis

The instance analysis of sand particle shape measure-
ment by the DIP method was performed to examine
whether the DIP method is suitable for sand particle shape
characterization. Based on the results of sample size
tests, 350 particles of each type of sand were measured by
the DIP method to determine the aspect ratios and round-
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ness which represent the overall shape property of sand.
2.3.1 Aspect ratios module

The aspect ratios scatter diagram of RS_2. 36 is shown
in Fig. 11. It is found that E,, and F,,, of RS_2.36 are
1.25 and 1. 29, respectively, and their standard devia-
tions Eg, and F, are 0.22 and 0. 28, respectively. The
aspect ratio results of all kinds of sand are listed in Tab.
4. We find that E,, of RS is lower than that of MS ex-
cept MS1_1. 18, and F.. of RS is lower than that of all
kinds of MS. Furthermore, the aspect ratio results show
that MS1 has the smallest E,, and F,, of MSs. It means
that MS1 particles are less elongated and flat than the oth-
er MSs. It may be explained by different mineral compo-

sitions and production processes. Furthermore, E , meas-

avg

ured by the DIP method is compared with that by Camsi-
zer (a commercial particle shape characterization software

from the Retsch Technology company) in Fig. 12. The
results suggest that £, by the DIP method is highly cor-
related with that of Camsizer. Especially for the sand of
2.36-4.75 mm, almost a linear relationship between both
methods is observed.

3 —
o [E,.=125,Eg=0.22
o 2
oo Fu=129, Fyp=0.28
8 (o)
2+
N &
o]
1L S
1 1 1 J
1 2 3 4

Fig.11 Instance analysis of RS_2.36 aspect ratios

Tab.4 Instance analysis results of the DIP method
Shape indices Size 1.18-2.36 mm Size 2.364.75 mm
RS MS1 MS2 MS3 MS4 RS MS1 MS2 MS3 MS4
E., 1.24 1.23 1.34 1.41 1.38 1.25 1.27 1.35 1.39 1.34
Fae 1.25 1.39 1.47 1.46 1.65 1.29 1.39 1.57 1.69 1.50
Riye 0.78 0.80 0.75 0.70 0.73 0.79 0.77 0.74 0.71 0.73
Eqp 0.21 0.20 0.30 0.37 0.31 0.22 0.22 0.32 0.32 0.29
Fsp 0.22 0.30 0.37 0.47 0.56 0.28 0.32 0.46 0.57 0.49
Rsp 0.05 0.05 0.06 0.07 0.07 0.05 0.05 0.06 0.06 0.06
R, 0f RS_2.36 is 0.79, and R, is 0.05. As shown in
L4 Size/mm: Tab.4, we observe that R__ of RS is higher than that of
- 1.18102.36 e
140 —e- 23610475 all kinds of MSs expect for MS1_1. 18.

9%}
N
T

E by DIP method
0
[}
T

1.28 -

124F

1.20 1 1 I 1 |
1.40 145 150 1.55 1.60 1.65

E by Camsizer

Fig.12  Elongation ratios measured by the DIP method and
Camsizer
2.3.2 Roundness module

The roundness histogram and cumulative distribution
curve of RS_2.36 are shown in Fig. 13. It is found that

100 Il Relative frequency 1100
—=— Cumulative frequency <
& 80F R,=0.79, Rgy=0.05 180 £
z ‘ 2
=

S 60 60 2
53 o
2 &
= (]
2 40 40 2
g =
S 20 20 2
S

0 0

0.50 0.60 0.70 0.80 0.90

Roundenss

Fig. 13 Instance analysis of RS_2.36 roundness

2.4 Results analysis

The challenges of sand shape measurement are direct

. . . 17-18
thickness determination'"’ "

2628
the results™*™"

and the statistical analysis of
. In the present study, we investigated the
method for the direct determination of length, width and
thickness to describe the sand particle form. Furthermore,
the area and perimeter of particle projection were meas-
ured to describe the sand particle angularity. The accura-
cy test shows that the DIP method is accurate for aspect
ratios and roundness measurement. The sample size test
proves that the measured particle number affects the sand
shape characterization, and 350 sand particles should be
measured by the DIP method to represent the overall
shape property of sand. The results of instance analysis
indicate that the DIP method is able to evaluate sand
shape and distinguish sand shape differences. In particu-
lar, the flatness ratio F of sand particles is first measured
by the DIP method. The comparison of elongation ratio
results by the DIP method and Camsizer shows that the
DIP method is as good as a commercial instrument. This
study demonstrates that the DIP method is able to measure
the thickness of sand particles directly.
2.4.1 Accuracy analysis

As shown in Tab. 2, we find that the results of aspect



Shape characterization of sand particles based on digital image processing technology 319

ratios and roundness measured by the DIP method are in
agreement with those measured by the Vernier caliper.
The measurement accuracy of the DIP method provides a
foundation for sand particle shape characterization.
2.4.2 Statistical analysis

In this study, the direct determination of thickness was
achieved by the DIP method first. In Section 2. 3.2, it
presents details about length, width and thickness deter-
mination by the DIP method, and then, E and F are cal-
culated according to Eq. (1) and Eq. (2) to describe the
elongation and flatness of sand particles. Moreover, we
observe that aspect ratios (see Fig.9) and roundness char-
acterization results (see Fig. 10) by the DIP method are
affected by the measured particle number. This is caused
by the non-uniform sand particle shape. One particle
shape cannot represent its overall shape property. Be-
sides, we find that when the particle number reaches 350,
the relative error of aspect ratios is lower than 1.5% , and
the relative error of roundness is lower than 1% . Hence,
it is concluded that the shape results of 350 particles
measured by the DIP method are able to represent the
overall shape property of sand. In other words, the shape
results of 350 particles measured by the DIP method are
statistically significant.
2.4.3 Practicality analysis

The instance analysis of the sand particle shape meas-
urement by the DIP method was conducted to examine
whether the DIP method is practical. As shown in Tab. 4,
it is found that £, of RS is lower than that of MS expect
for MS1 _1. 18, and the findings of E,, of sand agree
with those reported by previous research™ "',
dicate that MS is generally more elongated than RS. Al-
so, we observe that £ measured by the DIP method a-
grees with Camsizer (see Fig. 12), which indicates that
the DIP method is as good as commercial instruments in
terms of the sand elongation measurement, but the com-
mercial software has limitations in direct thickness meas-
urement. In addition, it is found that F,, of RS is lower
than that of all kinds of MS, which indicates that MS is
flatter than RS. Moreover, the data of R, implies that
RS has a smooth surface and MS is more angular, which
is consistent with previous research'>'*'"'. Thus, it can
be concluded that the DIP method is able to distinguish
sand shape differences in terms of aspect ratios and round-

avg

which in-

ness, and it is suitable for sand shape characterization. As
shown in Fig. 14, it is found that the packing density de-
creases with the increase in the aspect ratio except MS4_
2.36, which may be due to the fact that MS4_2.36 has a
larger size than the others. Combined with the fact that
concrete property is affected by the aggregate packing
density!*™, it implies that sand particle shape character-
ization by the DIP method has important significance for
designing concrete proportion and understanding concrete
properties.
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Fig.14 Relationship between aspect ratios and packing density
of sand (2.36 to 4.75 mm)

3 Conclusions

1) The DIP method firstly achieves sand thickness di-
rect measurement, which succeeds in describing sand par-
ticle flatness.

2) The DIP method is accurate in geometrical shape
characterization in terms of aspect ratios and roundness
shape indices.

3) The results of sand shape measured by the DIP
method are able to represent its overall shape property,
which is statistically significant.

4) The DIP method is practical in sand shape character-
ization, and the measurement results can quantitatively
distinguish shape differences in sand.
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