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Influences of particle shape and degree of compaction on shear
response of clinker ash
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(1. School of Civil Engineering, Guangzhou University, Guangzhou 510006, China; 2. Faculty of Engineering, Yamaguchi University,
Ube 7538511, Japan)

Abstract: The clinker ash is a kind of granular waste produced after the combustion of coal. It has been used in slope and
foundation engineering as backfill materials. The single-particle crushing tests on the clinker ash from six different origins are
carried out. The results indicate that the clinker ash particles own much lower single-particle strength than the natural sands and
exhibit larger crushability. A series of drained triaxial shear tests are performed on the clinker ash to examine the effects of
particle shape, degree of compaction and effective confining pressure on its shear characteristics. An increase in the degree of
compaction strengthens the initial stiffness and the peak shear strength of the clinker ash. Compared to the natural sands, the
clinker ash possesses larger peak friction angle and provides higher bearing capacity as foundation materials. As the effective
confining pressure increases, the peak friction angle of the clinker ash gradually decreases. The results suggest that both the
particle shape and the single-particle strength are important factors affecting the shear strength of the clinker ash. In addition,
several particle shape parameters of the clinker ash are decided using the digital image analysis method. The clinker ash has
smaller roundness and sphericity indexes due to its complex particle shape. The analysis results show that the critical state
friction angle is well correlated with the particle shape parameters. A general and new particle shape index is employed to
correlate with the relevant parameters associated with the critical state and its position.
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Table 1 Physical properties of clinker ash

. WA R | AL BUMURE | AR FEIRLE ) R
B Gs €, €nin C, ds, /mm o, /MPa
CAA 2.072 1.748 0.949 20.3 0.570 4.27

CA.B 2.151 1.646 1.010 12.5 0.210 1.99
CA.C 2.173 1.618 0.883 13.8 1.300 2.56
CAD 2.132 1.488 0.887 21.2 0.220 1.04
CAE 2.151 1.422 0.752 26.7 0.710 4.75

CA.F 2.110 1.425 0.769 21.0 1.750 3.12

SR FHRE fh (8 JROHE 20% IC P 2 K78 70 A1 7 7 2 T2 2
PTG E AR i BE TS AR G A QR AP v RURE - PR KL JEE

ey
oA tE L.
100
B3
R
80 |
S
Iﬂ%ﬂ
4o 60
&
BR
£ 40 —— CAA
Gl —o— CAB
kil —— CA.C
% 20| —— CAD
I —— CAE
< —— CAF
0 azk==—r=7" 1 1
0.01 0.1 1 10 100

R dImm
1 KPE R R ST TR 2%
Fig. 1 Grain-size distribution curves of clinker ash
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Fig. 2 Electron scanning images of typical clinker ash grains
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Table 2 Particle shape parameters of clinker ash

B K3

SR

Lo BREE MR

s R A, N C MY p
CAa 0402 0715 0781 0947  0.711
CAb 0375 0708 0707 0930  0.680
CAc 038 0663 0810 0935  0.701
CAd 0414 0645 0801 0949  0.702
CAe 038 0676 0747 0935  0.686
CAf 0387 0652 0751 0941  0.682
CAA 0379 0645 0814 0929  0.691
CAB 0366 068 082 0916  0.697
CAC 0408 0704 0820 095  0.723
CAD 0362 0625 0823 0928  0.684
CAE 039  0.68 0821 0942 0712
CAF 0384 0714 0817 0945 0715
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Fig. 3 Mean crushing strengths of clinker ash and natural sands
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Fig. 4 Variation in dry density of clinker ash with water content
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Table 3 Experimental conditions for drained triaxial shear tests
e o, /kPa SRR SEE DS Y% e o, /kPa SRR SEE DS Y%
50 83.5 88.1 96.9 50 83.6 87.3
CA.A 100 88 97.9 CA.D 100 90.8 100.7
200 83.4 87.4 99.1 200 85.0 101.4
50 88.1 90.1 103.4 50 84.6 87.7 100.1
CA.B 100 92.7 104.2 CA.E 100 85.0 86.2 102.9
200 86.0 93.7 104.9 200 90.0 98.0
50 83.8 88.2 96.8 50 85.0 88.9 100.3
CA.C 100 98.6 CAF 100 85.0 92.0 99.3
200 83.0 101.0 200 99.9
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Fig. 5 Stress-strain curves for clinker ash under different test conditions
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Fig. 6 Stress-strain curves for clinker ash under different degrees of compaction
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Fig. 7 Variation in peak friction angle of clinker ash with varying degrees of compaction
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Fig. 8 Effects of particle shape parameters on critical state friction angle of different granular materials
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Fig. 9 Relationship between mean regularity of particles and

critical state friction angle for clinker ash
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Fig. 11 Relationship between mean regularity of particles and
critical state line position parameters of clinker ash and
other natural sands
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Table 4 Critical state friction angles and geometrical parameters of

critical state line for clinker ash

ke RS ESE MO,  #HET R 2
CAA 39.95 1.541 0.121
CAB 40.15 1.589 0.117
CA.C 38.82 1.596 0.097
CAD 40.10 1.576 0.132
CAE 39.02 1.598 0.114
CAF 39.54 1.609 0.102
CAa 38.77 1.619 0.098
CAb 39.45 1.621 0.108
CAc 39.04 1.545 0.121
CAd 38.60 1.655 0.114
CAe 39.16 1.591 0.111
CAf 39.21 1.589 0.127




2228 R 2021 4
[2] xfEE, FHEY, SRANFE, &5, fPod B e Tk i 2 2
4 %5 it FREER MR IO 7 [T]. 5 TRE4R, 2010, 32071 2): 517

3 R K = AR K B 56 A U 2 s S AT
FURL T PO BT U RRE Ao o DX RORAA IR, T
JEFE TS UM B RE R 204, AT 2 i
BRI Z FIEIRS L, PRI RORL L TR 2 B I
FURZSRIE LU SRS LA B S B Rk, 155
5 mAR.

1) JP ks -+ A — AR BUBURLA RE, - ok
DATVERIECN) 2. SRR AL, HrERR
Fe s 2NV 2. KT8 p 225 KE w R
FEANBY,, A s SRR AN 7R B R RURE - 1) K
FHPATRFR T, XA TR BN Ao — g

(2 fy i DAL - PR ~F- 85 B JURE 8 A o FEAIR TR
SRID -, XU T RO A T R R R . AR BT
BRI L, WA IR BN R 2%, H R AL
B EL emax AR /NFLBR EL emin tRETK

(3) RFEYERAFEESRE Do, REBIERIE
FIURE - (R AT 40 I FEE LA B VAL P o 5, /N7 B o P
35 B VEEAE IS X 7 Rl ) AR AT, I 2 1 i e
FIBTAKAT . FEBURML IR, IR A 5 24 R 5 O W

(4 JHURE TR PR A~ 25) B R 56 2 2 52 1) 4 8
R sR T E R R ERIRHEET, BkE
PR A UL - (R B 9 AT S B . i B (1
S, ORI RS B U3 L IR R A a5, e
T URE - (10 970 BY 95 P52 S TN A T 1~ 4 AU R A
.

(5) JURLF-BIRUNE p A9 5E B VE BRI AR
WS, REWLERGHERKELL. FEE. BREAM)N
FESETARS B2 . B8 UKL T B RN o (193
Ko P EERURL - (K TR EE R A 5 i TR e B
SR B T REH. a2 vnaRaX, AF
DB TR 2 Bt RE L (A T s JAE = )l SRS
SREES . AHIETOR YRR - AE L AN B R TR
P 9 AR AR A PO TN A — € A4 e

SE -

(1] ENHE, 2 3, wKatat, 55, AP ER R G RHE
RIS TREN )], A TR, 2015, 370381 1):
6 - 10. (YAN Shu-wang, LI Jia, ZHANG Jing-jing, et al.
Experimental research and engineering application of lime-slag
mixed materials used in foundation treatment[J]. Chinese
Journal of Geotechnical Engineering, 2015, 37(S1): 6 - 10. (in
Chinese))

- 520. (LIU Chuan-xiao, TIAN Hong-ye, ZHANG Jia-wang, et
al. Test on grouting homogeneity degree of slag to replace soft
soil foundation[J]. Chinese Journal of Geotechnical Engineering,
2010, 32(S2): 517 - 520. (in Chinese))

31 &, WREE. TR NE LR ERED]. a2,
2013, 34(34 1) 1): 54 - 59. (ZHANG Ding-wen, CAO Zhi-guo.
Strength characteristics of stabilized soils using industrial by-
product binders[J]. Rock and Soil Mechanics, 2013, 34(S1): 54
- 59. (in Chinese))

[4] CONSOLI N C, HEINECK K S, COOP M R, et al. Coal
bottom ash as a geomaterial: influence of particle morphology
on the behavior of granular materials[J]. Soils and Foundations,
2007, 47(2): 361 - 373.

[5] WAKATSUKI Y, HYODO M, YOSHIMOTO N, et al. Particle
characteristics and strength, deformation characteristics of loose
clinker ash[J]. Doboku Gakkai Ronbunshuu C, 2009, 65(4): 897
-914.

[6] WINTER M, SUESHIMA T, YOSHIMOTO N, et al. Effect of
particle characteristics on the shear strength of clinker
ash[M]//Geomechanics from Micro to Macro. Macro: CRC
Press, 2014: 1099 - 1104.

[7] CHO G C, DODDS J, SANTAMARINA J C. Particle shape
effects on packing density, stiffness, and strength: natural and

sands[J].
Geoenvironmental Engineering, 2006, 132(5): 591 - 602.

[8] XI55, Wi fH, BUDHU M, %. #b 30k IR &1k &
S SIEFRRR R BT[], A R, 2011, 32(84F) 1): 190
- 197. (LIU Qing-bing, XIANG Wei, BUDHU M, et al. Study

crushed Journal of  Geotechnical and

of particle shape quantification and effect on mechanical
property of sand[J]. Rock and Soil Mechanics, 2011, 32(S1):
190 - 197. (in Chinese))

[9] YANG J, LUO X D. Exploring the relationship between critical
state and particle shape for granular materials[J]. Journal of the
Mechanics and Physics of Solids, 2015, 84: 196 - 213.

[10] ZHOU B, WANG J, WANG H. Three-dimensional sphericity,
roundness and fractal
Géotechnique, 2018, 68(1): 18 - 30.

[11] ZHAO S W, ZHAO J D. A poly-superellipsoid-based

dimension of sand particles[J].

approach on particle morphology for DEM modeling of granular

media[J]. International Journal for Numerical and Analytical

Methods in Geomechanics, 2019, 43(13): 2147 - 2169.
[I2]NIEJY, LID Q, CAO Z J, et al. Probabilistic characterization



12 =

Mo, . ORI S REXT P ERORE - 70 27 Rk OS2 2229

and simulation of realistic particle shape based on sphere
harmonic representation and Nataf transformation[J]. Powder
Technology, 2020, 360: 209 - 220.

[13] 7L A= FOORLTEAR R S L Iy 24 Jo 5 1 P R
TR, AR %5 TREAR, 2011, 30(10): 2112 - 2119.
(KONG Liang, PENG Ren. Particle flow simulation of

= #y
o, 22

influence of particle shape on mechanical properties of quasi-
sands[J]. Chinese Journal of Rock Mechanics and Engineering,
2011, 30(10): 2112 - 2119. (in Chinese))

[14] SRAEAR, JE/NSC. Rb R0k = 4E I RASH B o Sk it 7L
[]. A+ TAEAAR, 2015, 37GE T 1): 115 - 119. (ZHANG
Cheng-lin, ZHOU Xiao-wen. Algorithm for modelling three-
dimensional shape of sand based on discrete element method[J].
Chinese Journal of Geotechnical Engineering, 2015, 37(S1): 115
- 119. (in Chinese))

[15] WAk, S W, & 6, 55 BORLIRR KR a] BE £ £ 0f
AR AT IR, A L TR, 2012, 34(4):
646 - 653. (CHANG Xiao-lin, MA Gang, ZHOU Wei, et al.
Influences of particle shape and inter-particle friction angle on
macroscopic response of rockfill[J]. Chinese Journal of
Geotechnical Engineering, 2012, 34(4): 646 - 653. (in Chinese))

[16] MA G ZHOU W, REGUEIRO R A, et al. Modeling the
fragmentation of rock grains using computed tomography and
combined FDEM[J]. Powder Technology, 2017, 308: 388 - 397.

[17] HUANG Q S, ZHOU W, MA G, et al. Experimental and
numerical investigation of Weibullian behavior of grain
crushing strength[J]. Geoscience Frontiers, 2020, 11(2): 401 -
411.

(18] FE Z&, BRMERK, & Wi, 55 2T 3D fTEIRTSURIRIAR
S R R K T, 5 AR, 2020, 42(9):
1765 - 1772. (KANG Xin, CHEN Zhi-xin, LEI Hang, et al.

%1

Effects of particle shape on mechanical performance of sand
with 3D printed soil analog[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(9): 1765 - 1772. (in Chinese))

[19] ALTUHAFI F N, COOP M R, GEORGIANNOU V N. Effect
of particle shape on the mechanical behavior of natural sands[J].
Journal of Geotechnical and Geoenvironmental Engineering,
2016, 142(12): 4016071.

[20] LASHKARI A, FALSAFIZADEH S R, SHOURIEH P T, et

al. Instability of loose sand in constant volume direct simple
shear tests in relation to particle shape[J]. Acta Geotechnica,
2020, 15(9): 2507 - 2527.

[21] JIS A 1224. Test Method for Minimum and Maximum
Densities of Gravels[S]. 2009.

[22] YOSHIMURA Y, OGAWA S. A simple quantification method
of grain shape of granular materials such as sand[J]. Doboku
Gakkai Ronbunshu, 1993, 1993(463): 95 - 103.

[23] ZHENG J, HRYCIW R D. Traditional soil particle sphericity,
roundness and surface roughness by computational geometry[J].
Géotechnique, 2015, 65(6): 494 - 506.

[24] NAKATA Y, HYODO M, HYDE A F L, et al. Microscopic
particle crushing of sand subjected to high pressure one-
dimensional compression[J]. Soils and Foundations, 2001, 41(1):
69 - 82.

[25] MCDOWELL G R, BOLTON M D. On the micromechanics
of crushable aggregates[J]. Géotechnique, 1998, 48(5): 667 -
679.

[26] KIM B, PREZZI M, SALGADO R. Geotechnical properties
of fly and bottom ash mixtures for use in highway

embankments[J]. Journal of Geotechnical and
Geoenvironmental Engineering, 2005, 131(7): 914 - 924.

[27] BOPP P A, LADE P. Relative density effects on drained sand
behavior at high pressures[J]. Soils and Foundations, 2005, 45:
15 - 26.

[28] YAO Y P, HOU W, ZHOU A N. UH model: three-dimensional

overconsolidated

Géotechnique, 2009, 59(5): 451 - 4609.

unified hardening model for clays[J].

[29] YAO Y P, SUN D A, MATSUOKA H. A unified constitutive
model for both clay and sand with hardening parameter
independent on stress path[J]. Computers and Geotechnics,2008,
35(2): 210 - 222.

[30] YAO Y P, ZHOU A N. Non-isothermal unified hardening
model: a thermo-elasto-plastic model for clays[J]. Géotechnique,
2013, 63(15): 1328 - 1345.

[311YAO Y P, LU D C, ZHOU A N, et al. Generalized non-linear
strength theory and transformed stress space[J]. Science in

China Series E: Technological Sciences, 2004, 47: 691 - 709.





