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ABSTRACT: Granular materials used today in many engineering projects, such as rockfill dams
and railways, have a wide variety of shapes. This shape variation ranges from very sharp to perfectly
rounded. The shape of the aggregates affects the mechanical properties of the grain, including fracture
strength and internal friction angle. As a result, the mechanical behavior of the mass of granular
materials depends on the shape of the grains. In order to investigate the effect of this property, different
types of grains in the shapes of spheres, cylinders, cubes and pyramids, which include a wide range of

shapes of natural aggregates, were made artificially in size range of 1.5 to 2.0 cm. Small-scale uniaxial ~ Keywords:

compressibility tests were performed on each of the grain shapes under the same conditions including Uniaxial compressibility

initial porosity ratio and maximum stress and after each experiment, the stress-strain behavior and the

. . . Shape effect
amount of breakage were obtained using the Hardin breakage factor. Then, the results were evaluated 'p
using an analytical model proposed by McDowell et al. based on the law of conservation of energy. Weibull theory
This model has 7 parameters that depend on the initial conditions of the grains, material, shape, size Fractal theory

and fracture strength of the grains. Comparison and evaluation of the results indicates the ability of  Grains
the analytical model to predict the compressibility behavior of pyramidal grains. As the grains become

angular, the compressibility and breakage of the materials increase. Also, with increasing the fracture

surface energy of the material, the effect of shape on compressibility decreases.

1- Introduction

Grain shape is an important factor affecting the mechanical
behavior of granular materials used in rockfill dams, railway
ballast and wherever these materials are subjected to high
stresses. Generally, granular materials are categorized into
two total shapes, angular and rounded. Angular materials
are obtained through the blasting of quarries while rounded
materials are obtained through river beds. This physical
property influences mechanical characteristics such as
compressibility, fracture strength, distribution of contact
forces and friction between the grains [1, 2].

Previous laboratory researches mainly focused on
comparing the behavior of granular materials with different
shapes of rounded and angular [3, 4]. Whereas the shape of
the grains was not applied as an independent parameter in
the constitutive equations of the grains and its effect was not
evaluated parametrically.

In this research, the model proposed by McDowell et al.
[5] is used to evaluate the uniaxial compressibility behavior
of granular materials in different shapes. To ensure the
applicability of this model, uniaxial compression tests are
performed on artificial granular materials that are made in
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four different shapes of sphere, cylinder, cube and pyramid but
with the same volume. After evaluating the laboratory results
with the above-mentioned analytical model and performing
similar experiments on natural materials scaled with artificial
granules, the compressibility behavior of granular materials
is evaluated.

2- Methodology
2- 1- Analytical equation

In order to investigate the mechanical behavior of the
granular materials mathematically, a constitutive equation
needs to be used. Different forms of equations in terms of
energy, fracture mechanic and critical state were proposed
so far [6]. Each of these relations has its own advantages
and disadvantages. But there is an important point that these
relations did not take into account the grain shapes as an
independent parameter. For this purpose, to apply the effect
of shape on the behavior of granular materials, the model
proposed by McDowell et al. (1996) is used [5]:
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q 1s the deviatoric stress, P’ is the isotropic stress, Sapq
and de? are the increments of shear plastic and volumetric
plastic strains, respectively. " is the fracture surface energy
of the material, Vs is the total volume of the grains, ds is the
change in the side surface of the grains due to fracture and M
is a parameter dependent on the friction of the material. Using
the statistical theory of grain strength, proposed by Weibull
(1939) [7] and fractal theory [8], the final form of the uniaxial
compressibility equation of the granular materials will be as
follows [5]:

0.5%(1-D)
e” - ;{Ln;} _r .
1-F, (1=,

((0.5xm (D=1))-1) d_O'
(o2

@)

(2-D)m O_OO.Sxm(l—D)o_

oe’ is the increment of void ratio, D is the fractal
dimension, m is the Weibull modulus, u is the coefficient
dependent on friction, o, is the characteristic strength and P
is the survival probability of the materials and f is the shape
factor. The behavior of the model depends on the value of
0.5xm(D-2)-1 which is named as convexity coefficient.
Experimental results indicate that the convexity coefficient
should be greater than zero.

2- 2- Experimental tests

Reactive powder concrete (RPC) can be considered as a
suitable alternative material for modeling high-strength rock
aggregates. Figure 1 shows the shape of the RPC grains.

Granite grains in the same size range as RPC grains
(small scale) were prepared, either. It should be noted that
to characterize the shape of the grains, the sphericity factor
(S) defined by Cho et al. (2006) was used [1]. Loadings were
performed in three forces of 4, 8 and 16 ton in a cylindrical
mold with a diameter of 22.5 cm and height of 9 cm. The
initial void ratio was 0.80 and constant at all tests. The values
of force and displacement were recorded by a data logger and
grading tests were performed after each test to measure the
Hardin breakage factor [9].

Py Cu Cy Sp

$=0.5 $=0.71 $=0.83 S=1

Fig. 1. The shape of grains made of RPC
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3- Results and Discussion
The results of compressibility tests on RPC and granite
grains are indicated in Figure 2.
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Fig. 2. Comparison of results of experimental tests and
analytical model in the size range of 1 to 2.5 cm
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Table 1. Breakage values and energy applied to RPC and granite grains

Stress (MPa) Sp Cy Cu Py " Gr
B 1.6% 1.6% 17%  24% 1.7%
H EKIm’) 246 280 473 763 947
B 41% 26%  49%  68%  3.9%
> EKImY) 797 721 1551 2476 2163
B 58% 7.6%  94%  163% 7.6%
42 EKJ/m’) 2722 3223 5435 7846  500.0

It is important to note that in both RPC and granite
specimens, the diagrams obtained from the analytical
relationships were in very good agreement with the laboratory
results (R>=0.98). Granite grains are closer to pyramidal RPC
grains in terms of sphericity index, but due to their high
fracture strength, their compressibility decreases compared
to the pyramids and tends towards the compressibility of the
cubes.

Table 1 shows the breakage factors and the applied energy
density for all experiments.

It is observed that with decreasing the sphericity index,
the amount of applied energy and breakage that occurred in
RPC aggregates has increased. The amount of this increase in
breakage is higher for pyramidal grains than for other grains.

4- Conclusion

With decreasing sphericity, the amount of breakage and
compressibility of materials has increased.

With increasing the fracture surface energy, the effect of
shape on compressibility decreases.

McDowell analytical equation only considers the uniaxial
compressibility behavior of pyramidal grains (d_  =2.5cm)
with acceptable accuracy. However, for other grains with
high sphericity, the development of a 3D model is necessary
to predict the behavior of these grains.

References

[11G.-C. Cho, J. Dodds, J.C. Santamarina, Particle shape
effects on packing density, stiffness, and strength: natural
and crushed sands, J. Geotech. Geoenviron., 132(5)
(2006) 591-602.

[2]Y. Wang, S. Shao, Z. Wang, Effect of particle breakage
and shape on the mechanical behaviors of granular
materials, Adv. Civil Eng., 2019 (2019) 7248427.

[3]A. Gupta, Triaxial behaviour of rockfill materials,
Electronic Journal of Geotechnical Engineering, 14
(2009).

[4]X. Wu, Y. Cai, S. Xu, Y. Zhuang, Q. Wang, Z. Wang,
Effects of size and shape on the crushing strength of coral
sand particles under diametral compression test, B. Eng.
Geol. Environ., 80(2) (2021) 1829-1839.

[5] G.R. McDowell, M.D. Bolton, D. Robertson, The fractal
crushing of granular materials, J. Mech. Phys. Solids,
44(12) (1996) 2079-2101.

[6] M.-P. Luong, M. Emami, Characterization of mechanical
damage in granite, Fracture and Strucrural Integrity,
8(27) (2014) 38-42.

[7TW. Weibull, A statistical theory of the strength of
materials, Generalstabens litografiska anstalts forlag,
Stockholm, 1939.

[8]1. Einav, Breakage mechanics—Part I: Theory, J. Mech.
Phys. Solids, 55(6) (2007) 1274-1297.

[9]1B.O. Hardin, Crushing of soil particles, Journal of
Geotechnical Engineering, 111(10) (1985) 1177-1192.

HOW TO CITE THIS ARTICLE

Amirkabir J. Civil Eng., 54(6) (2022) 441-444.

DOI: 10.22060/ceej.2021.19765.7255

V. Gorbanpoor, M. Emami Tabrizi, H. Afshin, Evaluation of the effect of shape of granu-
lar materials on uniaxial compressibility behavior by analytical and experimental methods,

443






785 500 ()] yo (o kien & i

YO L YY) Slrio AF) Jls & o5los OF 055 a8 puol e usige dy pii
DOI: 10.22060/ceej.2021.19765.7255

9 ST Glg) 41 Sy ST (5 0aeST, 5L, g1l e JSUS 5T b
L CNr P Py

J.,.,..B\ Oy c*d}gﬁ}' L;oLo] bb).e(c 99»[.:)3 KVCS

bl e i (simino o A5 Glaass S pe g )lyes owlize oSl

18,5913 ey ,U
WAANY/YA el j
VEo e[ EIVY 16,5550
AAERVRY VARV IORY
VE e [oAIVY 2o ST )

1605 Clols

Sagee S5 GndeSly
IS5 b

Joms 55

JUS 5 g)95

clals s

58 03lizal 3,90 (yalol, bglas 5 (glojs S sl (y57m00 (otite (sWo3gy | 3lomt 23 059,01 45 (slals e s W
S5 38 (o )58 45552,5 SIS b 45555 o a3g00m0 13 (IS5 695 (o il JSE 53 (b 55 5D w5 oo
SlSo i3 domts 130,851 STSlas] dyglj 5w Canglio dles 1 ails (SilSe yolss g9y 2 (clails plas
05 slo S 2 laals ) aliseo gl oguas (ol 155 sy ppkite 4 2l oo oy IS5 4 iy shils gdlus o355
Y ojliledgioe 13 (S gtan ygo & il oo (b (S e JSS I (g A 02515 12 3 45 10 g anSs il
cshols gliae (gla IS5 516 52 (55, 2 Lo Sa S (690 S5 S pdyeSTH slainlejl 0 Al yio gl Y/0 I
el o g 38— 5 8 talojl o 3l any g €85 ol S (15 g 4yl S s Sl s Ll >
2185 ) Kon 5 JgbeSo Llulos o jl oolial b el glis s kel Cd dy o3yl oS 55T 51 o0lizl L el
(JS iz dadils adgl JSd5S s a4 oo 1)l V gyl Je ol 35 (bl bl o 6551 (Sl ool (slise
8y (S > o Jie (nl Sl (S s avalie 5 Dbyl )l (St Sl plyy 5 laells Cuaglie 5 ol

G e St 5 i1 lene (05 535 b S (b 0 bl S o (eI ne STy
33,5 o RIS 3 6ty 0 US55 il i s (550 G e 5l o

plst L[] lysS ol 485 000 (sl las JSb 186 (o)
5 Sl 435D las 55 90 5y » o 4w slagiile]]
=i by liwgdin 1D duw 90 Clw 53 o oolatwl (g bl adeS 35
el Yool gl 905 duglio S01S5 b g e |y Lol o2 jeiim 235
w3 )5 55b os s ) dlan pom s H8) W5 e (SbgS 5
Pl b gl by Cuoglie 2 |y b3 o315l i 9 S5 8L (5]
Gy JSh b B8 50 gt cuedts (b slailej]
S s g 5o b SISkl gl s sy o 3 5 oy 2 clnl
1y IS8 86 V0] olSan 5 gy 390 ) gla s s i
b splad 6yl slatoloj] Cov il jo dwle (S5 25 Cunglio (s,
Ol b aS s i o] ol a5ged (awyp Jgmg (6555 ;) odlazul

Wb oo )38l Canglie liee ild ub jgde

1 Gupta
2 Li
3 Wu

Aodko -

Omen (oodidn (Sofgy ) Il has Sl (awg sk < 0jg el
o) V] 058 o odlatnl by Sz ae 4 O&Jbl) bglas ¢glo s Sinw (sl
e 311 35, s 5 092 duls 1 5550 3l (5l Logas s
90 oyl e &S ol oy ke J.,.ﬂu.o Cowd 04 d)lfui'u"] ds,8
5 Jols las il o o] IS5 50 o)l dgg claily plas go
U5 &y clalssg, pdlas a5 s 45 038 s 355 o0 ) WL e
ot szl S5 (gl pdlne IS oS 39450 b6 LT 5l altno oyl
Cypogad Ml e plae (Sdgyi 5 (SHe U8, a5 ke
D=8 2,038 oo y3b (s piydos g iled slois o5

Slp @i Gilodae 5 ARLLIT ©go 4 saie Cliges

m.emami@sut.ac.ir :olslse Jsosgs sty ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

YY)



il sla JS5 ) laily Wlas (gm0 ST piaSTy5 )18, (L))
Gy 205 o oalaiwl V] o Sen 5 JghoSo lamgs ous 1)) o ]
S9) » G S5 lis bl (Jae cpl 3555 51 b
5 xS cilgiul 0,8 Calisee S lan 3 &S cguae slaih plae
u..sl.).)')‘ 5 WL, o Pb;.}‘ WSlodss aslw OlsS o> &l S92
alin logileil ool 5 S LS S b pS2L]
8y 2Ll 4 eghan sladil b ond wlie (b Wlao g9)

Sl Jae -Y
glas (Sl Jld) (g din )3 (S5ite (5)18) saJre (15ST
Silse g s Gy 6955 slise 2 Bas a5 Wlosys,S &) glals
o Llod cunsld pib b Jas ol 281 5 [VF-VY] sl o consls
by Jse ol 5 Jis yiolyb 5 lgis a4 baaily S b S ol
Sy g3 JSE 31 Jloel el polate o 4y sl 0033,55 Jlos]
o3l V5] o) )Sa 5 JghoSo Lawgs o ) Juo I ccslails pdlias

T'ds

oct +p'oe’ =Mp' o +——
486 +p 06 =Mp'3e] + = ")

O8] 508, «Susponl pis P 'Sl jis5 q oggb ol

I ohaite Wbl Sty o> (B g (pip GRS Dl 9ol
sulyd o5 A3lige aaly ) (S3)55 S5 ey g yd Smodly o]l
b S i el S e 35, gl )5 & |y el pilicaiS
s 8, Gtas o5 T gy 42 boatls oy 5 33 31 3 G s
CanS (5 (3en Sl Sy s Sl i oo U5 365 1,
oalino plas > dasg bB sl JSG s g 23,5 0 goyi laah
AT sl st 9,5 5l Candy (sl 358 alas 2980
ds @las pre V| llas agl J5dss Consd € sl (s
auly pol)b Mg el 5 36 plas 43 0ud dlog) e <y
Ol odimd LS (58 dblre o Cunns Al o pdlas SKlawl &
A5l e I g5 lsse ,Sole sy oo 5 glins @ Jlas] (g5,
5 03 5l (86 (SBlasl (BT (555 eblae Canly Cann 3 ol dlor

)w)g\»))gﬁg}ﬁ.l?d))d.).\s L;Lmu»”:\fu,hpu.bls ‘_?)JJJ.)J\J
S s g (gAdily oo i daily calises gl S (g il Jie
Oiee (o) )3 2 ab o 5 (owled (Slag s sl (5399 sl el
Slodges awyp |y UK 18l ooae slacsjlore I oslizal b ¢ )buns
5W 9‘)>] U"9) )l odlasiwl 1; [\Y‘] u‘)&@@ 9 uo.wlﬁ).w .[\\ 9 \Y]
@l 5 sibodae |y JS5 (el als asgeme (SolSo 15
& g by (K555 wmsly bl byl 3,8 duglie ,SaS5 L
w3 s b cou |y baly piaSTy 5 obp Cwslie ool e
95 5 5 895 Sl ©ygo 1y pmloly aygls 5 o edlisel 350
oyl idg0d duglio 5 gy 1y oyl ASS s JU8) 9 03,87 (3l Jus
DR S ye5 Joe g @9 p Sl dliae JSB 4 s dons ol
S V0] ousldyen g (vl 235 53T lanils ly90 5 2ol 56
s W50 (gilw e |y aaily Cabizee (sl IS5 (69, » (gy57e 50
slals wlas Hld) g ok 4 Llgi o aily (KbeS 505 &8 oo )l
@3te ilodde Bk 5l [0] oLKen o "Silg s )8 L8l cov |,
Candg g 955 S100y285 iy JSB b (spgome s slogstales]
b ) 1y ks las s 8, 5 JS5 ,8b [¥] iSen
59,5 U 93 ol idged s (5)7me s Slagialejl (s3lo s
(S 8y duglie bl g 0390 (ilua | dulo (595 38
O Slaen dal, S oSlis il i 5 5l SWla] 445
20,8 sl 1y iy & Jlasl (6551 9 sl
by 2 JS5 586 oy ] 48,8 S pg0 938G oS Slios o
dslic &y Gghano Logas ¢ alEiylojl (sla,l5 )5 baails o35 SlSo
@ dog b )b |l 0dg abe53,5 9 abeS i sladily o gl
ol b oy b Il las o395 daliske (cla S5 w8
S S 3 s @las 55 5 bl o 3] las g
S szl Jlos] colils o8 ()3, Jio S b guls Jubow 5 cilie

Sl Geios opl jo il Hbyes g SYL Cueal sl asl 1) sl

1 Lu & McDowell
2  Wang
3 Zhang

YY.y



YA L YY) dio AF ) Jlo & o)loud F 0)93 ey sl lpos swign 4 s

19 r3
0.9 4 u
F 2.5
0.8' —'-KO ,,‘
0.7 4 P
0.6 - oM -7 [
- =
= 0.5 1 P F1.5 3
/, g
0.4 A ’/ ]
03 "~ _
02 - T~
: PR e L 0.5
m - -
0.1 /’ = - — ol
Cd
0 T T T T T 0
0 10 20 30 40 50 60
(D(4_?.)¢)

1 SBhao! agly cons p M g K| ol )b Ol ) JSS

Fig. 1. Changes of the parameter pu, K and M in terms of internal friction angle

1 }O.S*U—D) r

n (=) _((05am(p-n)-1)d T
5 (Z—D)mO'OO’S (1 D)o_((OS (b-n)-1) 40 (\u)

se” =B L
¢ ﬁ[“ (- ud, o

o5k 5> baily o3lul i Ske | ails (sl Jloin! P (398 dlaily 5
slas s (_‘j slil & a8 i) bl dasuie s O, 9 iy
S8y 0amd (L S 039y Jomg Jae M il o (395 0 AYY s
WSl S8, M Hlade juds e .l ojlu] Cus p bl Caoglis
dw DL Sl g 03,5 o S 0jll ply 5 aaily cuglie (SuiSTy,
Al JSS s Py JUS

GI8 cups plyie a4 Gle ) ¢ =05xm(D =) =1 ops
algs C e 4 (S (V) ey oo b, a5 s g0 iy
ol 85 W e cuss 4y s, €20 31 &S Cogo i
Slcwloan,8 85 SB Sl g 0 i8S )0 &S Cunl gldlaly ailie
olis ly s,y Olo g 39 .\mb& Yb & gy (dove uJoo o5 Oi >0
0133,5 sanlie 6y ST (o)l cilisee wlinlejl )3 45 > sales
b aS 390 dalgs b g, oo wlow €<0 el > [FY-Y0] col
45 3905 Glagen 2 Ol il )W Cilbs 2RLLS
(Y JS3) a3l e €20 o)lg0

Y.y

BT 655 clolre Culy Cows 50 pgd dlos 048 oy 0 |y iy 4590
SO gylid L p e o e o L |y laaly cansls 5l b
9 boyled S pae bys Jlel b g by Sud jpame b (5o

bl o Cawd 4y 5 abail, L.;Lge {Yolo, =K o,

c,0e = _Lds
V(= p)

(v)
dlas SWhaol 4 wunly o0po y:%M(1+2K0) ol » oS
gl @ (V5] spdee ab)S Jai pl-sin(@) byl K szl
sl [YO] M =65in(g)/ (3-sin(h)) 5 0392 elaae L5 S1Slass]
4 (Sl (B (653l Camd oxins Lt ey cl 5 4y p5Y
A K s M bl s sl bl & Jlos] 5,1 S
bl oyd ) S g0 4 I3 Sl 4l;
81> Lol aygly e Lol b 33,5 o dlisMo & jglailen
FSp B SKlawl agl; polis o (S b o ial38l 50 1 Hlade
o go b Ly, +[FA e ;5 L el sy 5+
e (S jgame b gm0 S5 lojl 4y by po byl Jlasl b
S e Y] Jomg 5 VIV JUS 55 slacs o5 5l odlisal (rpiomen
225 I8 4 ] hBes 5 JghSe syoe SO (s pdueST s dble



D5 555 Ll 1y 2l Ll S iz ol 5 555 o
Wl 15 bl b cov Gus 4wl Cwglio g skl 4l
bl Jaled pudtine dlayly il Cug ) ST LM Hlade cplply .cd S

N Gl 30 Ll Cuoglin Hlude & duascine i °
(i 35 a3 bli dgag pae o 4 S5 (59,8 sladily e [ 2,
CogS b & CdS lpon cimdien LS 395 1) (it Canglio ylade
bl aalgd putiie dlaly baail

09 )b (S pwlas A3 SKlasl 4el; 4 1L el °
3l Gl b 4 Cond a8 (pleS o 5 4 JSS (555 s
CogyS Ll b lade 1V [YA] 2 dinles (g8 J3 SKlasl
b dalgs ials laasl

plod oo ) s (il (ioxio cond g9, 1D )y @
dadily cog,S il b e oplple [¥V] ] o s 4 oi, 1)
30l (£ U5 s (5iply iomie Loyt g L,imlS pdlias ks o
Abe S D jlude 10 sl

4 b S5 oy s Spgo @ g [ Pl o

88 4l e S5

i bof Y
dloyo cpl )3 sl @lae (g pheSlys (oo daly Jpa> i 4
Il s Sl doaily S5 556 qale gy 5 Je 25 sl
05 b 31358 )18 Gialesl 590 5 4 il o IS5 )3 b
OleSy slaojlal > (g ilises (b JSS )3 (b il las (8L
G P 4 (23Rl o3be S 51 3ol 53 1 a3l o Sn e s
o 3,5 ool (egian laaly cols dly pd STy o0
o il las (o ddod e 1 edlaisl (o Sl jelaie a
ol pobie plon 3 il S las g5 2 58 (rebie lagiles]
Uslyo 51 Sy b uwais & dsls] 4 .5, &9 e giucan (11> pdline

) .,\.m|5> odl> oy ;Y

2h Sty g o Y Y

Los) oy Saglas obj Cuoglio S 42 "y STy o081 o
Sl b pdlas 1 oolatol  Jaoro (5 j3 055, YA L duslis j3 059 Ve

1 Reactive Powder Concrete

Olad 5 gl Ka Jao )b 1 300 ey LY IS

Fig. 2. The effect of convexity coefficient on the behav-
ior of McDowell et al. equation

(€20) 135 ol ©iod s pogad > o axl Lol

148 3903 (GAbre> (k> (g oo

D>2/m+1 (%)

oS ol Ll (sl 0d l)) Laly, o el (5555 A5 ol 5D

als JSb 1 e csloyiably ) Y
2y oS (555,85 b w535 51 i JS oIS b
bogodg 0)S & dnd IS5 (ghyly 4is55,5 sladiliSiw [YF] 5,5 oo
opl G a8 Ll 5l g o atwlS )l Cog,S 5l o SbeS 5 Livl 58]
Srrs Ml oo sl e (SOl )1y 2 S5 b gy 2 315
eiin gl oS5 el o als JSb 51 5 sl il b o
S @ andy By 0p D cla el (IS sk ;05
I oYY V] b e il Hlade ladily cug,S (il58l L °
il slaojlul )5 ladily Cunsls Cuoglie jAin o (ouily oo 4™ jslailan
Sl sy Sl 5 3L salys 33 M ke a2l oo &y S5
Caxdg Py Oy Jdd 4y JSKb (6958 sladily jd &S cunl ezl 550
b gles b canslls Cuoglin polde o 61051 5l dai o > (iS5 xje8

YY.f



YA L YY) dio AF ) Jlo & o)loud F 0)93 ey sl lpos swign 4 s

00000
slelelele
slolelele

slelelele T
alelelele i

oJololol0
ololololo
ololololo
ololololo
ololololo I

‘(ik—Lm
1.21

t

be
—5—

oooooodgd
ODo0ooOoooond
opooogoogo
oooooood
oooooooond
OOo0OooOoooo™

AVANWVANVANWANVA
ANAANA|loDoooooooo
AVAVAVAWAWAY
ANAAANA|ooooooooo
AVAWAVAWAWA
ANANANNNA|ooooooooo

Eoan Bl Calw LB Y IS

Fig.3. Molds for making artificial grains
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Table 1. Values of the parameters used by RPC and granite in the analytical relation of compressibility
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Fig. 11. Comparison of compressibility behavior of RPC grains of same sizes with different shapes
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Table 2. Breakage values and energy applied to concrete and granite grains
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Fig. 12. Diagrams of breakage factor changes in terms of applied energy per unit volume of materials
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