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Abstract: The internal relationship between particle breakage and stress deformation of coarse-grained soils can be reflected by
the particle breakage energy. The change law of particle breakage of coarse-grained soils during triaxial tests is studied.
According to this law, the fraction coefficient M in the energy balance equation proposed by Ueng and Chen is modified to
solve the problem that the particle breakage energy calculated by the energy balance equation violates the thermodynamic law.
On this basis, a simple dilatancy equation for coarse-grained soils is developed. The main conclusions are as follows: (1) The
proposed mathematical relationship among particle breakage index, confining pressure and axial strain can describe the change
law of particle breakage well. (2) The reasonable calculation of particle breakage energy is realized by modifying the fraction
coefficient in the energy balance equation, which satisfies the thermodynamic law. (3) The test results show that the ratio of the
dilatancy energy to the total input work is very small, so it can be ignored in the energy balance equation. (4) There is an
obvious linear relationship between dE,/de, and M, and a dilatancy equation can be developed by substituting this linear
relationship into the energy balance equation, and this dilatancy equation can well simulate the dilatancy behaviors of
coarse-grained soils, and its mathematical form is simple enough, so that its plastic potential function can be derived, which
provides conditions for the subsequent studies on the fraction-order constitutive model considering particle breakage.
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Table 1 Particle breakage data

HLRE FlE/APa  SfAIRAE/%  BEREFRER B, /%
200 4.58 10.60
200 9.72 14.40
200 12.90 15.60
500 3.88 11.60
500 7.96 18.70
HAT 500 14.40 23.10
pap ot 1000 3.17 12.20
1000 9.40 26.00
1000 15.80 32.00
1500 2.05 13.20
1500 6.31 30.20
1500 17.20 41.40
1000 2.16 9.40
1000 7.84 16.10
1000 15.10 21.90
o 1500 2.41 10.20
tfaﬁiﬁ 5 1500 8.24 19.70
1500 15.60 25.70
2000 2.47 9.90
2000 8.61 20.30
2000 15.10 27.20
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Table 2 Fitting results of Eq. (1)

AR B @ 0 RERMR
HAMEAR 0417 19.5 5.42 0.962
ZaEEHER 0.260 21.4 5.18 0.980
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Fig. 1 Measured and fitting data of particle breakage index
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Fig. 2 Triaxial stress-strain curves of coarse-grained soil C
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Fig. 3 Particle breakage energy of coarse-grained soil C
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Fig. 4 Particle breakage energy of coarse-grained soil C

ME 4 hATBLE ), fERANRIE TR, ORI
PEFEREA PN T 0 ESL, SHEH. Bl AR
DU T IEARSRHIAE LA R R, 0 H 2R R 2E
i FUIRESIS, M =M, H130 (2) 751, M dE, =0.
FTEL,  EHTES  RORL B AR FE R A T LR R b
Ml 4 AN, Frek, SRAASCEIE A IR R E0T
SRCHS B RDRL B AR R fE A B«

4 BIRKTITE
4.1 BIRKGIERVIE

EHAEFFHERUREL C RUBURLAEFERERT, &
LY AKRAERELE A A JI s BT o5 I LE B/, 6
ERTCLABE AN, Wl 5 s Bl N T RE AR R
ATy BT R, RN T BT AKAERENE & dE, »
WA (2) ATLAE N

pde, +qde, =Mpde, +dE, (6)



902 = + 4 2022 4F
00sE KR H—TH, KL (8) RARX (7)) "TLAE R
—o— 600 kPa 10 J5 B K 7 2
1200k d,=K-n ©)
7 K, K=Ad+(1-B)M .
3 BRIAR (8 WA dE,/pde, 5 M 2IN%RA

O
-0.01F O©

0.01 1 1 1 1 1 J

5 BURKFERES SN IMTH
Fig. 5 Dilatancy energy and external work
RUEHAMERNAE, def /de? =de, [de, » HHANR
(6) g
_de)  de, dE;
Ede?  de, _M_nerdss - 0
IFIZS (7) SR RHABIIAT AT, 75 357
SEdE, [de, o K5 FEFOATT T3] T E,
55 il e AR AN T RN AR ) R IE S, Rl R SR A
dE, /de, M dE, [de, o IXFEIIA0EE 7 A5 75 55 24 1 B fi
TIREANSHEL i H A AR R . 505 FLAE
¥ dE, / pde, 1F—ABEAK, GId o 45 5 R AR 8
M IR RS R) T RARTIIKTTE . W, £
HRIVAE, [pde, 5 M 2 TR B0 & 2
K

dEb

pde,

Kb, 4, B NBRIFFERES L,  SARHMERUHG.

PUFRERL C ], RIS (8) AN FEFEET
dE, /pde, 5 M Z IS0 5, 45 RUWE 6 fror.

=A-BM (8)

251
o 300 kPa
o 600 kPa
201 © A A 900 kPa
o
1.5+
3| w
Sl
1.0+
dEy,
05k m =2.33-1.49M
R?=0.970
1 1 1 1 ]
0 0.3 0.6 0.9 1.2 1.5

6 dE,/pde, 5 M ZBINXF&R
Fig. 6 Relationship between dE,/pde, and M
MEL6 HATELEH, X (8) M & HhZ S kLR
C KR EAEMI & 1B, HAUE HIOGE 2808 0.970,
AL, 2 (8) TLARUF AR dE, / pde, 55 M Z 1A

F A, B AR (9), 1530 A SCEY K 77 F& 1 S50
28, IR 252 T BYMK L S5 A R s, i 7 B
Re TERE], ANFEEE TR S B RK Lz T
SR ES, AT XX, RS,
600, 1000, 2200 kPa [ & T (R 56 2570 B & 1 AA b
M4 0.3, 0.6, 0.9 NFA7.

M 7 FE LA, TEIRTEARR J1 /KT I8 A2 i B
FIKFR, 39 X F BYAK bE i 70 h 28 5 AR50 E
BNV, BEIIASCAS BT K 5 FE AT DL R A
HLRLEHA BT AR AT A

7 fERRL C SUAKEL ARG B S FUNE
Fig. 7 Test data and prediction of dilatancy ratio of coarse-grained

soil C
24,

1.8}

8 AHRIf} D BIAK ttrlz:l’\liﬂﬁﬁ'—ﬁ FnE
Fig. 8 Test data and prediction of dilatancy ratio of coarse-grained
soil D

4.2 BIRKTSIEANIE A MELEIE

N Y BB RAEA SR AR RE A& A, BB T
FURDEL D R =4l CD B V1AL E 4. MR D
B, RS T N 2.07 g/em®, i K4 60 mm,
R 2y 300, 600, 1000, 2200 kPa, H KA =4
I 45 HE 7K BT U6 (14 % AR 2 A P 9 s



51

RTE, G BTN RE R RLRDRL BT IR T RE0E T 903

10000 -
—o—300 kPa

—0— 600 kPa
8000 - —2— 1000 kPa
—v—2200 kPa

6000 -

g/kPa

4000 -

2000

0 3 6 9 12 15 18
81/%

(a) MR - %ol 1y L A A i 2%

e,%

—v— 2200 kPa
I 1

0 3 6 9 12 15 18
81/%
(b) HRBLAR - 1 BL AR e h 2%

9 AR D B =5 I ERE

Fig. 9 Triaxial test data of coarse-grained soil D
B, ML (3) WhEREE D llm SRR
M, N 1.69, Bla N 21.0. REHRIEN (2) ATLL
THEHHDRRE D ARTRIAERE R, A5 R 1R 10 o
600 -

—o—300 kPa
| —o—600kPa

500

400

300

Eyp/kPa

Y

2000

/¥
A‘A
/N
I
AN

100

0 3 6 9 12 15 18
81/%

10 AERIR} D B SBURLAR FEFERE

Fig. 10 Particle breakage energy of coarse-grained soil D

MEL 9 AT AE Y, tH R BRI AR RER
BNT 0 B NG, B e R AR R I
TIEMRMARLIER R, WL T EdH. ",
R A SO BEE R BB IE, S T RORLAR R AR e Y
HHEIE.,

B, R (8) BIAHURLR D (1 dE, /de,
5 um iR s, w1 . RE, BRI

(8) WME/ENN A4, BRANX (9 BEAIIKTT

TR TR B2k, 555K b5 8 7 b2 1l iR a6 (e i3k
frxfbe, Wik 8 Fim. ERE, ANFEEE RN AT
LRI L2 M PR i A, T X ik e
A, EE 8, #4600, 900, 1200 kPa [ JE T (RARE:
BRI E MRS A RS 0.3, 0.6, 0.9 MHLAT
ME 11 s UE H, SO G ES dE, / pde,
5 M Z MR RAEY) &4, A e 2508
0.992, AL, X (8) W LABAHERHHLF A FRLEL 1
dE, /de, 5 M Z {55 5. MK 8 FATLLE H, AL
B 7R IR TR0 28 55 BT K be R e o v R .
R, ARSCHIBTAK 5 72 AT DU AT MU R R R 1) BY
AT Ao
o 300 kPa
o 600 kPa

20T -,,?” A A 1000 kPa
WO & 2200 kPa

151

dE,
pde,

dE,
05k pae =218-127M

R?=0.992
I 1 I 1 )

0 03 0.6 0.9 1.2 L5
M
11 dE,/pde, 5 M ZBHIXFR
Fig. 11 Relationship between dE,/pde, and M

5 XToBUERTIR

AT R, T IEEARYE I T 6 BRI, H
a =631/, MH o HITIEHATH. CAHMRTE
B, RERDRHE N i FOIR 25 R BT B A8 K BE 15%~30%
XFTRRLRHT &, = lale 25 o HAA R AR 1 1/3 —
PRI, e AR 5 B AR AR _ERON IR T
b, B D RURDREZE NI SRS I P il 1] S AR 7R 24
7E 15%~30%, W& 12 frs. A 12 Pl sl e,
N 15%I, a N 42.1: He N 23%I, a N 27.4;
e N 30%EF, oA 21.0. AL, o BIE BB
B~ 21.0~42.1,

121
1.0f ___
_________ = gl :‘_:_'f—:_,f:_.f:—,_i._4=-_—_--:':_ plai
0.8 oA ! !
o XN i |
= L ‘R
s 0.6 //'/ ! glc=15"/:6, a=42:Ll
/
1 £16=23%, a=27'4
04t /i At
i Ne1=30%, a=2110
'’
0.2 Hr ! ! :
1 1 1
1 I 1
1 1 1 1 1 1 ]
0 10 20 30 40 50

81/%

12 R (5) RRHVEAZ
Fig. 12 Curves expressed by Eq. (5)



904 =

+ T B % ik

2022 4E

M (5, (6) 1[5, S8 a WHRTHUER W | B
PERE M RN, HE— 5 2 RO 5 S 0 Sk e
FEREBUE - LUHLRLRL C il 205K o BUK 42.1,27 4,
FH S A B (P ORL R RERE, Wl 13 Fion. A
13, 14 FATCUEH, o [EROK, T H B0 A A
REMUN . T8 o fHoN 42.1 3852 27.4, THEH I BURLR
PEFERE YD B ) .

250
—o—300 kPa
sl —o—600KkPa
—2—900 kPa
L 150
Ay
<
= 100
50
BAZ |
0 3 6 9 12 15 18
81/%
(a) a=42.1
250
—o—300 kPa
—o0—600 kPa
200 _A—900 kPa
L 150
a
4
-
< 100

50

&1/%
(b) 0=27.4
13 AERIRL C B BRI RS FE RE

Fig. 13 Particle breakage energy of coarse-grained soil C

TEER], MR R EE R B
WK TT R A B bn . RURRRERERE (1) & BT 5
R A RR BT IR R O e, RV SEBIUURE
WFERERI A 2 G, B R ORI BTIK T X
FERE BT IR AT 9 ROREAUL AR, T AR RURL s e #E RE 0 fE b
IR/ e N T BT o (B0 T AR SCBT K 7 B o & R 52
Wi, SRR DCHLRDEL C MBI, ¥ a BN 42.1 F127.4, A
M ) HAE AR o H N AE, /de, 5 M I
ARG A WA 14 Pos.

i (8) X T dE, /pde, 5§ M Z 18K F iR RO
g 73 (9 X THURDREBTIRAT N B ACR . K]
14 Al DEH, Mo 421, 274, 2108, X (8
XFTRUBLEL C 1 dE, /de, 5 M 18] IS R Ul & o
& RHT RN 0961, 0973, 0.970, A (8) Xt
T dE,/pde, § M ZIAR R A BOR AR, R
WKL FERESHL 4, B WEUE B A 2 572
BRI, o BFEBUEXT T (9) X THUROR BT IR AT NI

BRI BN, IEWE 7, 15 fim. B2, Ya
421, 27.4, 21.0 1, 20 (9) XFFBAK b A TN dh
2 5 HARIG S ORI, B o 76 H T B B
X (9 MBRISCER I EL A, PR ZBEANT .

251
o 300 kPa
o 600 kPa
201 A 900 kPa
© o 1200 kPa
1.5F
2| w
=
1.0F
dEb
o5t pde =2.65-1.63M
R?=0.961 Y
1 1 1 1 1 J
0 0.3 0.6 0.9 1.2 1.5 1.8
M
(a) a=42.1
25¢
201
1.5+
2| W
3=
1.0+
051
1 1 1 1 J
0 0.3 0.6 0.9 1.2 1.5
M
(b) a=27.4

14 FERIRL C B BORI R REFE RE
Fig. 14 Particle breakage energy of coarse-grained soil C

3.0
o 300 kPa
1.4 o 600 kPa
’ A 900 kPa
o 1200 kPa
18 — =0

<0 1.2
0.6
0
-0.6 1 1 1 1 |
0 0.6 1.2 1.8 2.4 3.0
n
(a) a=42.1

(b) =274

15 fHRR C BIRKEE BISEMME SHUE
Fig. 15 Measured and predictive data of dilatancy ratio of

coarse-grained soil C



5 RTE, G BTN RE R RLRDRL BT IR T RE0E T 905

6 & i

C$H T —ANTT DR O B 5 15 il 1
B REEL WX ROERAR, AR, ZART
5 B 4k = A 7)o e RS R SO 2 £k,
M,

(2) el B IR A A M, % Ueng 25161
352 L 01 il BT 7 R o P B R OIAT T B IE . R
T TE i PO BE 40 R MO O BRI O RE B A2 7 1A
M

(3) B FRAE A 7E R HOM T L 5 O, BB IE
JE I e B R R (BT AKRE RS 2, R S T
dE, /pde, 5 M Z 1AL R, BF T A CRLN
WA T RR . ZRIRAE, UK T R AT LA v b )
HURCR B IRAT R o

(4D STHR 9% SO IS 3 K 7 R M0 T
MR, R T RIRFRE T R, AT DA
PESA GRS, A R IURCE B 1 5 S B0 4
B e 43 Bl T A A 2 U ) 31 AR T 3
i

SE -

(1] FRPCE. KL TARRAE KOS M. &M - S KR
WAL, 1998. (GUO Qing-guo. Engineering characteristic and
pplication of coarse-grained soil[M]. Zhengzhou: Yellow
River Conservancy Press, 1998. (in Chinese))

[2] BKE-F, i Ak, B T, Wbf) UH BERY[D]. A R TRR%
%, 2016, 38(12): 2147 - 2153. (YAO Yang-ping, LIU Lin,
LUO Ting. UH model for sands[J]. Chinese Journal of
Geotechnical Engineering, 2016, 38(12): 2147 - 2153. (in
Chinese))

[31 YAO Y P, LIU L, LUO T, et al. Unified hardening (UH) model
for clays and sands[J]. Computers and Geotechnics, 2019,
110: 326 - 343.

[4] YAO Y P, YAMAMOTO H, WANG N D. Constitutive model
considering sand crushing[J]. Soils and Foundations, 2008,
48(4): 603 - 608.

[51 50735, SRIEAR, wURUR, 4. HDRL A R SRR FE BE S 5T
ik 5 REWF D). A £ F1%%, 2019, 40(12): 4703 - 4710.
(GUO Wan-li, CAI Zheng-yin, WU Ying-li, et al. Study on
the particle breakage energy and dilatancy of coarse-grained
soils[J]. Rock and Soil Mechanics, 2019, 40(12):
4703 - 4710. (in Chinese))

[6] UENG T S, CHEN T J. Energy aspects of particle breakage in

drained shear of sands[J].
65 - 72.
[71 GUO W L, ZHU J G Particle breakage energy and stress

Géotechnique, 2000, 50(1):

dilatancy in drained shear of rockfills[J]. Géotechnique
Letters, 2017, 7(4): 304 - 308.

[8] KibdE, ZEZE, BRA/K. TR REFE RHUBURL R A1)
BERI)). 5 TFESR, 2012, 34(10): 1801 - 1811. (MI
Zhan-kuan, LI Guo-ying, CHEN Sheng-shui. Constitutive
model for coarse granular materials based on breakage
energy[J]. Chinese Journal of Geotechnical Engineering,
2012, 34(10): 1801 - 1811. (in Chinese))

91 E L%, BRAEK, firhE, SRR BT IKRRRE 5
AMPRETI[N). SH5E 777, 2015, 36(7): 1931 - 1938. (WANG
Zhan-jun, CHEN Sheng-shui, FU Zhong-zhi. Dilatancy
behaviors and generalized plasticity constitutive model of
rockfill materials[J]. Rock and Soil Mechanics, 2015, 36(7):
1931 - 1938. (in Chinese))

[10] Wi, 3 Jek, EJIR, 55 HEAORMRIRL ) - RNARRFE
Je I S YR AR, TSR, 2011, 4109): 12 - 17,
104. (YAO Yang-ping, HUANG Guan, WANG Nai-dong, et
al.  Stress-strain  characteristic and three-dimensional
constitutive model of rockfill considering crushing[J].
Industrial Construction, 2011, 41(9): 12 -17, 104. (in
Chinese))

[11] B0, SRR, MR 5. 25 R TURCAB I 52 i Rk b A
FIRERI[T]. S5 1%, 2009, 30(11): 3261 - 3266, 3272. (JIA
Yu-feng, CHI Shi-chun, LIN Gao. Constitutive model for
coarse granular aggregates incorporating particle breakage[J].
Rock and Soil Mechanics, 2009, 30(11): 3261 - 3266, 3272.
(in Chinese))

[12] BRAEK, &, sk, 55— f R0 e ) 4 A
REo B AR L)), Ak TR AR, 2011, 33(10):
1489 - 1495. (CHEN Sheng-shui, FU Zhong-zhi, HAN
Hua-qiang, et al. An elastoplastic model for rockfill materials
considering particle breakage[J]. Chinese Journal of
Geotechnical Engineering, 2011, 33(10): 1489 - 1495. (in
Chinese))

[13] SKNER, BIAEZ, KR, HEAMREIE Rowe BIKTTHES
BIKMEAIT]. & L TREZM, 2007, 29(10): 1443 - 1448,
(ZHANG Bing-yin, JIA Ya-nan, ZHANG Zong-liang.
Modified Rowe's dilatancy law of rockfill and Shen
Zhujiang's double yield surfaces elastoplastic model[J].
Chinese Journal of Geotechnical Engineering, 2007, 29(10):
1443 - 1448. (in Chinese))



906 "+ T OB % M

2022 4E

(14] 6755, KRR, 230U KRBT KT RE S LR
ARIRETIRTFE[T]. 25 T TFE4HR, 2018, 40(6): 1103 - 1110.
(GUO Wan-li, ZHU Jun-gao, PENG Wen-ming. Dilatancy
equation and generalized plastic constitutive model for
coarse-grained soils[J]. Chinese Journal of Geotechnical
Engineering, 2018, 40(6): 1103 - 1110. (in Chinese))

[15] FhRK, w kb, B 2. B B RO AR
BRI, S5 TSR, 2018, 40(8): 1535 - 1541. (SUN
Yi-fei, GAO Yu-feng, JU Wen. Fractional plasticity and its
application in constitutive model for sands[J]. Chinese
Journal of Geotechnical 40(8):

1535 - 1541. (in Chinese))
[16] ROWE P W. The stress-dilatancy relation for static

Engineering, 2018,

equilibrium of an assembly of particles in contact[J].
Proceedings of the Royal Society of London Series A
Mathematical and Physical Sciences, 1962, 269(1339):
500 - 527.

(17] 873 5L RERL e S0 T8 e 5 A R B A A 52 L F 9 D).
B at: K%, 2018. (GUO Wan-li. Particle Breakage
Evolution Model of Coarse-Grained Soil and Constitutive
Model[D]. Nanjing: Hohai Universiyt, 2018. (in Chinese))

(18] E U, SKENE. 25 R B RS RN ) R S A s
BERFERT (D). S5 2 12, 2020, 41(1): 87 - 94. (WANG
Feng, ZHANG Jian-qing. Study of breakage behaviour of
original rockfill materials considering size effect on particle

strength[J]. Rock and Soil Mechanics, 2020, 41(1): 87 - 94.

(in Chinese))

[19] R=&, KR, 8 4 55 =HT Ui okoR
RSB AR AL IR BT FE[T]. o £ LRR 22 3R, 2020, 42(12):
2330 - 2335. (WU Er-lu, ZHU Jun-gao, HUANG Wei, et al.
Evolution law of particle breakage of coarse-grained soil
during triaxial shearing[J]. Chinese Journal of Geotechnical
Engineering, 2020, 42(12): 2330 - 2335. (in Chinese))

[20] PREVOST J, HOEG K. Soil mechanics and plasticity
analysis of strain softening[J]. Géotechnique, 1975, 25:
279 - 297.

211 RLE, Xk, &R, 25 HUROR 3 A T KR
= HARIGHT )], A& 1%, 2004, 25(10): 1575 - 1580.
(QIN Hong-yu, LIU Han-long, GAO Yu-feng, et al. Research
on strength and deformation behavior of coarse aggregates
based on large-scale triaxial tests[J]. Rock and Soil
Mechanics, 2004, 25(10): 1575 - 1580. (in Chinese))

[22] B0, IBHEER, B WR, 55 RLRL L MBLRAERE T K
o R &) A1, 2009, 30(7): 1960 - 1966. (JIA
Yu-feng, CHI Shi-chun, YANG Jun, et al. Measurement of
breakage energy of coarse granular aggregates[J]. Rock and
Soil Mechanics, 2009, 30(7): 1960 - 1966. (in Chinese))

[23] WANG L, ZHU J G ZHANG Z L, et al. Effects of dry
density on shear behavior and particle breakage for slate
rockfill material[J]. Bulletin of Engineering Geology and the
Environment, 2021, 80(2): 1181 - 1192.





