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ABSTRACT

Aggregate occupics at least three-quarters of the volumo of concrete. so its impacl on concreie s propcrhcs ls

large. The sicvc curve iraditionally dcfines the aggregalc size range. Another csscntial properlv is grain shape.

Bolh, size and shapc influence workabilily and ihe mechanical and durabilily properlios ofconcrete On thc olher

hand. the shape of cemenl parlicles plays also an impodant role in ihe hydration proccss due 10 sur{ilce

dissolution in ihe hardcning process. Addilionally. grain dispersion. shape and size govem the pore pefsolation

Drocess that is olcrncial inporlance for concreie durabilily
Discrctc element modeling (DEM) is commonly employed ibr sinulation of concrctc st|ucture To bc

abl€ doing so, lhe assessed grain shape should bc implemented. Thc approaches for aglregale and ccmc.L

structure sinuiation by a concurrcnt algorilhm-based DEM sysiem are discusscd in this papcr. Both nggrcgatc

and ccmcnl were expcrimcntally analyzed by X ray tonography mcthod recenlly Thc resLrlts pfo\rdc a r.al

cxperimenial dalabase. e.g. surlace area versus volumc distribution, ibr sinulalion of padiclcs In concf.lc

tcchnology. Optimun solutions are obtaincd by different simplificd shapes proposcd lbr aggregat€ rnd cemenl

respectivcly. ln rhis way, rcliable concepls Ior aggregate srructure and licsh cement paslc can be sinrulatcd b) a

DEM system.

Ke)svords
Aggregatc, concrete, DEM, shape, packing.

INTRODUCTION

A particle is dctined as the smallcst discrete unit of a powder mass that can not be easily
subdivided l1j. Thc shapes ofreal particlcs are irregular, either from coarsc aggregatc or from
mineral admixture in concrcte. Aggegaic occupies at least three-quarters of the volumc of

concrete, so its impact on concrete's properties is largc. The sieve curvc traditionally dcfines
thc aggregate size range. Anothcr csscntial properly is grain shapc. Both, sizc and shapc
influencc workability and the mechanical and durability properties of concrete Thc dcfinition
of the actual grain shape as wcll as the represcntation in a discrctc clement modeling (DEM)

systcm is complicated, howevcr. Furthcr, the real shape of aggrcgatc or binder particles can

vary widcly. The spherc is therefore gcncrally adopted in conventional simulation systcms'
despite imposing serious limitations.
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Fig. 1. Simulation stralcgy ofarbitrary shapcd aggregate; (top) differently slrapecl cllipsoids
represent river gravel; (bottom) diftbrcntly shaped polyhedrons represcnt crushed rock
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Fig. 2. Nine regular polyhedra with facet number 4-g

clement, arc required. Fig. 2 illustrales the meshcd particles with differcnt number of facets.
The quantity proportions of each polyhedron in the whole group of crushed rock proposed by
Guo [0].

_ Recently, in a study ofErdogan er d/. t8l, the shapcs offbur different Lypes or aggregarc!
GR, LS, IN and AZ were investigaled by the CT method and reconstructed by the sphcrical
harmonic technique [8]. The most inter€sting information fiom their shape analysii is the
surface rrca {5) vs. volume (t, rnformation ofeach particle of different types of aggregatc. A
function S=alr' was used to regress the corrclation of .S and Iz in eactr tyie of aggiegite ;S1.
The cocfficients a and b were obtained for each t)?e of aggregate as shown in faUie f [tj.
The variances ofthe regrcssions were all higher than 0.98.

As an ideal value of D in standard shapes is 2/3, thc regression function S=a,l/?/J was
employed to fit differenl lypcs of aggregate. For effective expcrimental conditions as to
volume (<4000 mm') and size range, a, is determined for cach tlpe of aggregatc with a
variation lower than 57o, as shown in Tablc L The impoflant shape index, sphcricity, can be
defincd as the surface area ratio of thc equivalent sphcrc (with -qual volume) and the real
particle. An approximate valuc for sphericily in each typc of aggrcgate can as a lonscquence
bc calculated bv

.  4o t3v  t "
Sphc r i . t n - ' i  

# -4 . r : o rd ' ) l ( l )
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Fig. 3. S-/ curves ofcrushed rock types (GR and LS), ofcornpositc polyhedra
and of thc sphere

cquations from ! l j :
4

3
(2)

s :26.,0f

in which, E=(S'?66s'?4r a2sin2 d;sin2 1/ is a cocfficient of thc flrst fundamental form and 1l is a
polar angle. Flatness and elongation are defincd as r/b and 6/a, respectivcly. So. the
distribution contours of sphcricity ar.d S/Ir" (or r.r' ) with different clongation and flalncss
values can bc constructed, as depicted in Fig. 4.

Figure 4 (a) rcvcals that if elongation and llatncss are both larger than 0.5, sphcricity of an
ellipsoid will be close to 1. ,S//"'-contours with elongation and flatncss are plotted in Fig.
4(b). With experimental values of' IN and AZ typcs in Table l, thc hatched rcgions in Fig. ,1
can bc sclected as thc optimum solution. The pref'erred elongation and flatness of an cllipsoid
should cxceed 0.3 and 0.4, respectivcly. This conclusion is comparablc with the experimcntal
rcsults on gravcl in Fig.4. Thc selected ellipsoids are thus ncither very elongated nor flat.

SHAPE SIMULATION OF CEMENT GRAINS

Computer X-ray micro-tomography offers a potenlial solution for shapc assessment of
ccments, as shown by Garboczi and Bullard [7] and by Bullard and Garboczi ll2.l. Thc
microstructures ofhydrated cements based on actual grain shape and on spherical shapc wcre
lbund significantly diffcrent in this study. The rcsults provide an cxperimental dalabasc ofthis
cement that yiclds some valuable paramctcrs for DEM simulation ofccmcnt hydration.

Using grains in numerical simulation similar to the real ones would be too expcnsivc.
So, it is crucial finding simpler shapes that are sufficicntly representativc. Similar as in thc
casc o1'the aggrcgate simulation. a shape analysis study was thcrefore conducted with some
simpler shapes. Based on this analysis, a simulation strategy is proposed for cement. Morc
realistic but slill cost-cffective panicle shapcs should thereforc be implemented in DEM
svstcms.

n- r 5oo
Eg

H 1000

"n lao 
(3)
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in l0-50 pm sizc range. The ,t- I/ relationships comply well with experimcnts. Fig. 6(b) shows
an cxample ofa loosc packed sfucturc ofarbitrary octahedrons supposedly reprcsenting fresh
ccmcnt.

Morphological comparisons can additionally be madc between scctions of simulated
particle struclures and ofreal ones. As an example, Fig. 7(a) shows a random scction of the
simulated structure shown in Fig. 6(b) and a 2D scction ofa rcal cement structurc obtained by
X-ray micro-tomography. Cement particles in Fig. 7 (b), displayed in light grey, obviously
revcal the angular shape that is similarly revcalcd by the scction of thc polyhedral cement
particlcs in Fig. 7(a). This adds to thc aforementioncd quantitative matching of S- I/ features of
real and simulated cement structures, as shown by Fig. 6(a). Therefore, it can be concluded
that thc prcposed simulation method providcs a significantly improvcd option lor modelling
ofccmcnt particles as compared to the conventional sphere system. This will also have impacl
on the hydration process, as wcll.
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Fig. 6(a) Computcr simulation of 1000 particle in l0-50 pm size range and cxpcrimental

regression results [7] and ft) visualized structure ofcompacted grains

Fig. 7(a) section ofthe simulated structure (1000 octahcdron grains in 10-50 pm sizc range);
(b) 2D section ofa rcal fresh cement structure (Cement- 133) obtained by X-ray micro-

tomogaphy; c:0.35. Source: h1ttrr://visiblecement.nist.gov/cement.html.
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