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ABSTRACT

Being its major component, aggregate can occupyupree-quarter of the volume of concrete. Thectting of aggregate
formed in hardened state impacts largely on mecharand durability properties of concrete. On aapthand, physical
characteristics of aggregate are primarily assutadike relevant to granular behavior of aggregakerdfore, characterization of
aggregate is of high relevance to concrete stuttiethis study, different types of fine aggregased in concrete, namely river
sand and crushed limestone, are selected for mimgibal characterization. Traditional sieve anayand laser diffraction method
are employed for separation and size analysis @fisgens. Different types of fine aggregate sampi#is comparable size ranges
are then analyzed by two advanced dry (static)veetd dynamic) image analysers. These new analgsersspecially suitable for
characterization of fine particles, which is diffit by traditional image analysis equipments. Sipel shape characteristics of
different fine aggregates will be revealed by d#fg experimental methods. The results on diffeqgeatameters for shape

characterization will be compared and discussed.
KEYWORDS: fine aggregate; image analysis; concrete; lagieaction; particle size; particle shape.

INTRODUCTION destroying it [8]. uCT can even be wused for
characterization of fine particles like cement gsaj9].

Some other technologies were also applied to 3[Pesha
%aging,e.g. the laser detection and ranging (LADAR)
12-13], the focused ion beam nanotomography (FIB-
T) [14], laser triangulation [15], stereologicahaging
[16].
Although various experimental methods have been
veloped for shape characterization, IA is sfile t
nventional most canvassed and effective method. |
allows imaging and analyzing tens of thousands of
articles per minute with a suitable equipment and
ftware. Furthermore, most previous studies famus
characterization of coarse aggregate (from several
millimeters to several centimeters) due to thethtibns
of equipments and software [1-8,10-13,15-16]. Only
recent comprehensive X-ray tomography methods go

As a basic component, aggregate can occupy ov
three-quarter volume of concrete. It is used based
both economic and engineering consideration
Aggregate is packed into a mould to form the skelet
structure of concrete. High packing density of aggte
can reduce the amount of binder and so the cost afe
concrete. Hence, a good selection of aggregate 15
important for having a good workability and matured
performance of concrete.

Compared with size, shape of aggregate is a compl
feature to identify and characterize. Manual
measurement was firstly developed for the simpbpsh
acquisition. Due to the limitation in measuremertls,
Feret diameters and their ratios are frequentlyssed
%ghz's r;]r?et:t?fg ﬁﬁ;'nﬂgﬂﬁg Baiﬁié%é arrfefuﬁninto details of th_e size level belovv_ 1 millimetar @ven

L : ) th the cement-size level [9,14]. Fine aggregated use
elongation and flakiness of aggregate. Image.amwsconcrete is closely relevant to properties of cetecr
Eilrl?])e-rgg;hs%?nmzs rgz\r’]igp?nde:ﬁordeplgs)emth;gasroorjzlgﬁonsGranu_lar behavior and packed structure of fine egmpe
IA can provide more accurate' and elaborate Shalo(:an directly mflugnce the frgsh properties andieaed
. : . . s‘?rength properties. Elastic properties and fractur
information of particles. Different test approachesre behavior are also affected by the particle packintine
developed to image orthogonal profiles for th

e .

characierizaton of Feret diameters, on a holderf.a  HEEE o D0 B SO0 IR 1A
conveyor belt [2], on a rotating cylinder [3]. Kwahal. fine a i

ggregate.
[4] assumed aggregate from the same resource woukgl
have similar shape characteristics and then esihthe
thickness and volume of a particle with 2D IA. Rbe MATERIALS AND EQUIPMENTS
detailed shape information, a mathematical method,
called Fourier analysis, was applied on the digiitelges. Two types of typical aggregate used in Belgium for
By this method, surface texture can be quantitBtive concretej.e. a fine natural river sand (RS) and a crushed
assessed [5-7]. More recently, real 3D shape ingagin(intrusive) rock (CR), with the same nominal rarfi3€
and analysis was attempted on basis of improvemwient mm are selected in this study. The samples argzetl
optical and computer technology. X-ray computetby the sieve tests. The relatively large parti¢ke® 315
tomography ((micro-tomography) (CT @CT) is the mm) are separated by the sieve analysis and tis¢edte
most popular technology [8-11]. It can even revbal by a dry packing method. This part of the work waidit
internal structure of an arbitrary particle withoutbe discussed in this paper. Particles of the tviects



aggregate materials passing through the sieve3df50. glass plate after dispersion. The inner diametdefsed
mm are retained as the experimental material anals the diameter of the maximum inscribed circleaof
analyzed by different methods. particle profile. It has been proved that the inner
Sieve analysis is an effective way to evaluatesthe diameter can precisely estimate the sieve size of a
and separate the samples. But it is labor intenang particle [19]. The resolution is set to 2urd/pixel in the
limited by available sieve meshes. Hence, somer othéests. Flowcell is then used in the wet environnfent
experimental approaches are referred to in thidystu the same purpose. The resolution is set to frikpixel
Optical microscopy is firstly used for the generalin the tests. The inner diameter is also used poesent
morphological characterization of two fine aggregat the sieve size. Furthermore, LD is used for the
The specimens are then analyzed by two types of l8omparison purpose. Due to space limitation, only
equipments,i.e. 500 Nano and Flowcell (Occhio SA, results of RS are discussed in this paper. Thé RE®s
Belgium). The major difference between the twoeayst of two fine aggregate by different methods aretptbin
is the method of image acquisition. 500 Nano isatics Fig. 2.
IA system and acquires images of dry powders. As Although on the same materials, PSDs by different
particle dispersion is essential for accurate amslpf methods are quite different. The static IA by 50anN
particle size and shape, a vacuum dispersion desice can reasonably estimate the PSDs of two aggreggtes.
used by this system. It can effectively reduce theipper bounds of PSDs comply with sieve test results
agglomeration phenomenon of fine particles. Thédowever, the results by the dynamic IA method
maximum resolution of this system is around 0.Sunderestimate the PSDs of two aggregates. Large
pm/pixel. Flowcell is a dynamic IA system and agaly particles are missed by this method. It may du¢h&o
particles in a liquid environment. A pump is usgditis  serious sedimentation phenomenon of aggregateein th
system for a transport of particles in the liquiche system. Large particles are rarely pumped and passe
maximum resolution of this system is similar as %€ through the chamber. It indicates further improvetae
Nano system. Based on the combination of high-tyuali
optical components and sophisticated IA softwarese
two systems are all suitable for fine powder matsri
Both size and shape of two type of fine aggregate a
characterized by these two IA systems. Laser diffva
(LD) is a conventional popular method for size
identification of particulate materials and thusedisn
this study for a comparison purpose.

RESULTS AND DISCUSSION

On microscopy observation

Optical microscopy observation can give the first
impression of the size and shape of two materials.
Example images of the two types of fine aggregate a
shown in Fig. 1. Some phenomena may be directly
observed from these images. Many RS Particles are
white and crystal under an optical microscope.
Compared with CR, less fine RS particles can badou
in the sample. Some particles are quite rounded and
worn. Some CR particles are white and others aite qu
dark in Fig. 1(b). The surface texture of CR péatic

Fig. 1 Microscopic images of two types of fine aggregate: (a) RS and (b) CR

seems relatively rougher than RS particles. A fo€R 100 TR by Floweel
particles are quite angular. Since microscopy ofadiem RS by Flowcell
can only give some qualitative features of aggesgat &80 gzsysggsa“
. . . y ano
some quantitative analysis met_hocdﬂg._lA, are then § 60 | RS by LD
referred for the more detailed size and shape g
comparisons. §4O |
2
On size characterization & 20
PSDs of two types of aggregate are evaluated by 0

different methods. The static IA systeine, 500 Nano, is 1 10 100
firstly used for size analysis. It is logically assed that Inner diameter (um)

particles are lying on the most stable positiontld®@ g2 psps of two types of aggregate by different measurement methods

315 1000



are necessary for this dynamic wet IA system foSolidity is defined as ratio of particle arég (o the area
analysis of fine aggregate. Although LD is the mosbf the corresponding convex hull bounded partidg (
popular method used for PSD analysis, results ofrRS shown in Fig. 4(a)). It measures the overall coitganf
this test by LD do not fit properly with the updeound a particle. A similar parameter called convexitiiaavas

of PSD by the sieve test. Sizes of some partictes aused by Mora and Kwan [20] for shape characteonati
overestimated by LD. This may be due to the setitsiti of coarse aggregates. It was found that convezitgnie

of LD to geometrical and optical properties of des. of the most important parameters affecting the pack
Particle size can be irrelevantly estimated by lifbex  density of aggregates [20]. Roundness is also &uluse
from maximum distance, length, width, thicknessui@a parameter for describing the similarity degree of a
of a particle. It is unmatched with the principleé particle to a circle. Unlike circularity, roundness
particle size in a sieve test. Therefore, resdl®IDs by considers the maximum Feret diametgs.{, Shown in
the static IA are more accurate and reliable. @imtidb  Fig. 3(a)) in the equation:

the estimation from the aforementioned microscopy 4A

observation, PSD results by static IA show CR dosta Roundness = — ®3)
a larger proportion of smaller sized particles carep Fmax
with RS. The PSD curve of CR is more linear inldge

chart than RS, ———_Length (a)

Width (b) / S

On shape characterization

Based on the aforementioned size analysis, thie stat |
IA is selected for shape characterization of twoe fi
aggregates. Compared with size identification, shap ()
characterization requests higher amount of pixels t
represent a particle. Therefore, only particlestaiomg
more than 500 pixels are selected in the analydis.

—a— CR Circularity =~ == RS Circularity

size of selected particles ranges approximatelyu30 Z 08 CR Hongation RS Elongation
and above. As shape evaluation is sensitive to the &

number of pixels of a single particle, wide size € o6

distributed particles are classified into seveizg sanges, <

eg. 30~50 pm, 50~70 um, 70~90 pm, etc. The S 04

comparison of shape characteristics is more mefning E

within a narrow size range. 3 0.2

Some traditional shape parameters are then used foi J
the evaluation. Elongation is one of the most paipul
parameters used in the shape analysis: it desctfifges
relationship between widttb) and length &), as shown
in Fig. 3(a) (Eq. 1):

(b) 40.00 80.00 120.00 160.00 200.00
Average inner diameter (um)

Fig. 3(a) Length and width of an arbitrary shape, (b) distribution of circularity
b and elongation of particles within each size range for both samples
Elongation =1-— D

a

A more elongated particle has a higher value of Convex hull

elongation €1). Circularity is defined as the ratio of /
equivalent circle perimeter to perimeter of thetipbe (P)
(Eq. 2): @)

Circularity = 4;72A 2)

in which A is the projected area of a particle. It indicates *ﬁq—g——:—q——*

the similarity degree of a particle to a disc, é¢desng

the smoothness of the perimeter. Circularity and
elongation distributions of two type of aggregate a
plotted in Fig. 3(b). These two types of aggredage
similar elongations in all size ranges. The pastidh the
smallest size range have a slightly high elongation —a— CR Solidity —e— RS Solidity
may be due to a bit higher crushing degree of &mall CR Roundness

0.6 ;

Dimensional value (-)

] ) ” RS Roundness
particles than larger particles. Two aggregate® lupite 0.4 4 —

different circularities in all size ranges. RS faakigher 40.00 8000  120.00 16000  200.00
circularity than CR in a same size range. (b) Average inner diameter (um)

Two other shape parameters,e. solidity and Fig. 4(a) A convex hull bounding particle and (b) distribution of solidity and
roundness, are also used for the shape evaluatiomsindness of particles within each size range for both samples.




The distributions of solidity and roundness of two  Transportation Research Record, Vol. 1673, pp. 73-:899.
aggregates with different size ranges are shoviaign4. [4] A.K.H. Kwan, C.F. Mora, H.C. Chan, “Particle skeagnalysis of
Solidity of RS is a bit higher than that of CR hetsame coarse aggregate using digital image processing'medée
size range. It indicates RS particles have higher Concrete Research, Vol 29, pp. 1403-1410, 1999.
convexity than CR particles. CR particle may alsopeh [5] R. Wettimuny, and D. Penumadu, “Application &burier
rougher surface textures than RS particles. However analysis to digital imaging for particle shape gs&!’, Journal
there is no much difference of roundness between tw  ©f Computing in Civil Engineering, VolL8(1), pp. 2-9, 2004.
aggregates within a same size range. Compared witf L 'Vang. X.Wang, L. Mohammad, C. Abadie, “Uad method
definiion of circularity, roundness describes the ©duantity aggregate shape angularity and texisieg Fourier
similarity of a particle to a disc only from Febameter. analysis”, Journal of Materials in Civil Engineerjngpl. 17(5),
As difference of elongation between two materigalbw, pp. 498-504, 2005. y -

. . .. [71 J. Hu, P. Stroeven, “Shape characterization aoincrete
roundness of two aggregates is logically similas A

; . . aggregate”, Image Analysis and Stereology, Vol. [#543-53,
another result, roundness of particles in the ssaliize 2006.

range is lower than that of larger particles. [8] E.J. Garboczi, “Three-dimensional mathematicaialysis of
From results on the above shape parameters, be&an particle shape using X-ray tomography and sphetiaaionics:

concluded that fine RS particles have a similar  appiication to aggregates used in concrete”, Cen@omcrete

dimensional ratio as CR patrticles. But CR parti¢tlage Research Vol. 32(10), pp. 1621-1638, 2002.

a much rougher surface texture than RS particleap& [9] E.J. Garboczi, J.W. Bullard, “Shape analysis aofreference

comparisons for these two types of materials need cement’, Cement Concrete Research, Vol. 34, pp. 1933;1

including the information on surface details, e.g. 2004.

circularity. [10] C.L. Lin, J.D. Miller, “3D characterization andnalysis of
particle shape using X-ray microtomography (XMTPowder
CONCLUSIONS Technology Vol. 154(1), pp. 61-69, 2005.

[11] M.A. Taylor, E. J. Garboczi, S.T. Erdogan, D.®éwler, “Some
_ _ _ properties of irregular 3-D particles”, Powder Teglogy, Vol.
In this study, PSDs of two typical fine aggregate a 162(1), pp.1-15, 2006.

characterized by different experimental methodse Th[12] E.J. Garboczi, G.S. Cheok, W.C. Stone, “UsingDIAR to

results show the inner diameter used in the 1Aesyst characterize the 3D shape of aggregates: Preligniresults”,

can perfectly represent the sieve size of a partigtie to Vol. 36, pp. 1072-1075, 2006.

sedimentation phenomenon, large particle are missed [13] J.P. Latham, A. Munjiza, X. Garcia, J. Xiafy,Guises, “Three-
PSDs of fine aggregate by the current wet dynaric | dimensional particle shape acquisition and usehaps library
system. It is recommended to further improve imagnt for DEM and FEM/DEM simulation”, Minerals Engineeg

of this system for a better size and shape chaizatien. Vol. 21(11), pp. 797-805, 2008.

Although as one of the most popular method for sizé”'] L Holzer, R.J. Elatt, S.T. Erdogan, J.W. BulakE.J. Garboczi,
characterization, LD may provide a biased estimatib Sh"?‘ﬁe fompa“ﬁor‘f between 0.4-2.0 and 20480 cement
PSD shown in this study. This may be due to seftgiti iggg:fgg'SJc’zlgfg of American Ceramic Society, \@8(6), pp.
of LD to geometrical and optical properties of udes. ) ‘ : . N

. . . [15] F. Lanaro, P. Tolppanen, “3D characteriazatioh coarse
The static IA method has a good estimation of P8Ds . o

. aggregate”, Engineering Geology, Vol. 65, pp. 17312.

two types of aggregate and thus is used for shaqfe]

h s, | h f H. He, “Computational Modelling of Particle Fawy in
characterization. Results show two fine aggreghsee Concrete”, PhD Thesis, Delft University of Technolpg

similar dimensional shape characteristics. Theee rar Ipskamp Drukkers, 2010

significant differences of elongation and roundnes§l7] H. He, P. Stroeven, M. Stroeven, L.J. Sluyfitience of
between two mate”a|5-_ However, C|rcular|ty, ?S_tfma particle packing on elastic properties of concretdagzine of
from smoothness of perimeter, of a RS particleighdr Concrete Research, 2011(in Press).

than a CR particle. It also indicates CR partidi@se [18] H. He, P. Stroeven, M. Stroeven, L.J. Sluylfitience of
rougher surface and higher angularity than RS glesti particle packing on fracture properties of concre@omputers

and Concrete, 2011(in Press).
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