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UH model and parameter inversion for crushable sands
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Abstract: The effect of particle breakage on the critical state of granular soils is of great significance. The existing studies have
shown that the critical state line (CSL) of granular soils in the e-Inp space shifts downward as a result of particle breakage.
However, it remains a big challenge for capturing the degree of particle breakage and the movement of CSL. In this study, the
UH model for sands is modified by introducing the particle breakage parameter es and embedded in the real number encoding
immune genetic algorithm (RIGA) to establish the RIGA-MUH model, which proposes a new method that can obtain the CSLs
for the sands with varying particle-size distributions. The model is optimized and improved to obtain more accurate critical state
parameters by adjusting the weight ratio in the error function under the critical state of granular soils. The stability, rationality
and accuracy of the model are verified through the results of conventional drainage triaxial compression tests on the Toyoura
sand and Cambria sand. The results show that the proposed model can be used to obtain the CSLs with high accuracy under a
certain amount of particle breakage, which provides new insight into the constitutive modeling of crushable sands.
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HAASCHUL BRINT

(1) RIESHBICHE THE « 0 15 A i 7] Rk
170 HT, T BRSSO 2 BN ORI 2 5 e, A
FLRABH  WRBGEEAHA 0, 2 A 0, 1),
Forr, 2550 ) diE U .

(2) VR RESER . 200 (1)



1 RERE, 5. B RERI R R £ UH R I H S B i 137

5E MR5 SO S 00 BB N BEALAE i N 40 CSL S48, [ v
MK, I ERTEEFIEE, Fo, NORERAR .

(3 WHRIESH IR ZEE . R MUH AL
FORASJIRFNR, 13 2PN SIS HUL S R ZE R AL
PPN T, G2 IR ZEE. H
W, R R 22 PR KT S SR R AT VR A A

(4) P M HREHEE DN IRIESHATE R
k. HOPIR (3) TR RIMRZEE, WA ATA
AMEMNBIRATHET, 80T M 4 RIESEL R,
N R RAR I BENLME, 7R (0, 1D JEREIPN XS
AR M ANBENLEL, ERENLEUN TR RN p, o W
X O EAMAREAT AR TR, HoatHERIA N

(r.-05)-5 -C
Ci =Ci+—
e
s o FPEERES i AN 1 ONES | AMMERTE (O,
1) [ P TR AR B o NEFREG C
NRES A R KME S & MEZ % g, N
AL

(5) [RIHES ORI B o 76 ST BBl PN B AL A
1) N-M DA, FE5IE AR SRR A1 M A
et ERHTR .

(6) KILHIWI% A, BB ARERIE ¢ Hik
ZAEAERSE 10 RN T A, (5 1R, B 3&T
RIESH . BNERDE (3.

2.2 SINRBEBESHXH GA

KRICHFEIE GA TR R FAR I FE P R AE RIS
P, SH R, &SI RITE R %
RERLH, 7E RGA (LA 51 NI E R 5L o SRR
N FIAAERE 6 = MBS Huiroat. 5
B S S e AL B (RIGA), FF¥ MUH 7Y
WAH T, M RIGA-MUH B5, K 3 fix, B
PR VR R

(D EPEESGE (PR . RGA D%
(DOHIEFAERTI PN TR 5O 5 AR IR ZE I 2 4%
PEMZE G T ESebR, WREONBE . o, ek
SRV PR AR IR, T ERE N

du(e)=1 2 Seae) - (1)

Kb d,, (e) ARRERES | MMEREGREE, N it
MBL S(c,,c,) NH i DAERNEE j AR B
HitH gL N

(1D

0 (|E(c)-E(c))>8)
U (E)-Ee)|<6)

b & ARMLRE AR, B 9l & p A2 T A A
HIPPI FEAR:  E(c) N5 i DMMARIRZ(E .

S(c,¢;)= (13)

MR EERIE AP UE W, 4, B8, 5HA
F R AMAIRZ ;. [ 2 b o MON T ARIER R 2 R,
RLXT d,, AERK N REAT ], IR 4, (AR ZEE
RN R A . Rk, ASC RIGA-MUH #2784
& HH N B R R IR N

sm(c)=a-E(¢)+(1-a)-d,(¢) - (14)

Xb: s, (c) NFEEREE | N MERSIIE; o N
JilfE &%, H o<a <1

(2) NGy v FEHRAE o K o i 5 I U IS
BUNBIET M B RIESEORAT N IRE ], FERHEAN T
FEAR AT S S B4, 2 Bnh BEHE T DR B B v B
i, 193 M AL RAME. o, 5B R HE S RGA
AR S R AR A
2.3 RGA-MUH #&8Y%0 RIGA-MUH #R BN IEHR

LRI FRE S 3280 B RAR AR A % )
FHI, ORI FLBR LA S ) /R R AR 48 R o
FEh, T LB LA R A e R 20, AERIE
RERDRE S, TRV R 22 I VPN PR A (1) 1% 22 34T
kb3, H—RIEA N

o X~ Xoin M -M

X = max min

=M, o (15)
X — X

A x AR SEBRE: Xmaxs Xmin AN
A i ) KA B ME: x AR R IH— 5T
B M, M, 720590093 —A 5 BUE T L 5 A
RAEANL T/ ME, B 0 A0 1.

BEAh, EARAERZ A RE T, S AW A A ROk
iRE, PSD fE LI RE P i 21324k, BEZ CSL AL
¥, MUEGRIEFREE XAEEH . &, &
1978 T AL Gellm TR TE S0, INFERA VAR & K
ik 2k PSD RA R SRR, Bk, B hA
N 24 [ AR g 35 B3 — s A B e S A 1 AR I =
IEHZ PSD IR HIE FURES . SR mfha NAL e, KT
ey 5t ) IS i PR Fi b 7 A R OR ZE A AR ZE TP
b, T DA S CRAE R R B Y CSL S Hit i

NTIEFX—HE, AXAERERBFIINT —
ANHTEIFRBR B SR ZEAE we, HOWRT 1 HSEEL,
PR R ZE R A, HARIR SO

e, 4w 3«

1| & —
E= | 2led e 2
ﬁ¢:mikﬁ%ﬁﬁﬁﬁéﬁﬁ%@@%&ﬁﬁ%

A7 S 2 TR AR e [eu] 5 I FLIREL
25 20 LA 715 25 40 0B A — A5 A

3 RABSHMBESIRELDT
3.1 BUREMWE
N T EIE RGA-MUH 7 F RIGA-MUH 5 7,

e, |+ |eq[ |)

. (16)




138 "+ T OB % M

2023 4F

AR R FH Verdugo 25122556} Toyoura W2 7E )46 L A 500
kPa 1 B — i 45 5 (eo 4 0.810, 0.886, 0.960)
TERNSAEEIRE. R 1 AEE LSRRGS RS
Fab 1+ UH BA S35

%<1 Toyoura i} UH #2815

Table 1 UH model parameters of Toyoura sand

M X \4 V4 m A K N
1.25 055 03 0943 1.8 0.135 0.04 1.973
W 4 Frs, KIAEAE S 1 UH B
T 55, 22878 (Jop) S-Ji-e Z[E)H, Hb, (Jp)??
NEE AR RN Sk S N AR iR e
NFLBRLEL . G5 REN], fb-- UH BERGHIGIE BE 40
BRURIAT W] R Z AR ST RGA-MUH A28 A
RIGA-MUH #2347 561E

1200 ¥ m ¢=0810

® ¢,=0.886
¥ ¢=0.960
— T ’-

960 ‘

(Fp)*S/kPa

-80
0-840 501’5
880 P) Q\‘) e
¢ 2 0.96 \66 ‘\

4 Toyoura AV = H I 25 RANFUN L R T EE
Fig. 4 Comparison between triaxial test results and predicted
results for Toyoura sand

3.2 RGA-MUH ##F1 RIGA-MUH £ Il R IR Z

= w ITAE

2 O AL 2 AL A 5 > 1 o0 B AL IR 4y

RGA-MUH KRR & 5 JE AL R AN 25 RAF L, sk
2 P AT R E RS HIUE . [N, RYERIEE
A B0 N g [0 ) A ARFAE , K i 5 1] S A8 XN 20%

% 2 RGA-MUH 12EBS
Table 2 Hyperparameters of RGA-MUH model
SRR RGA ZHIUE
MR N 50
BAME p, 0.7
WFRAEJE A M 25
BRIETHL G 100
A RZHO, 0.5

FH T SR B R S AW 46 L S 500 kPa, FLAURL A
W] AT, BRI S e, N 0. HMCRARIE
BHEERNTN, EIORESE ENR—fl, 5
B AR ZEAE we N 1.5, 2.0, 2.5, 3.0, 4.0, 4.5,
5.5, 6.0, 6.5, 7.0 1 7.5, St FARZERE we FBUE
AT, T RGA RIS, FE RGA-MUH
REAY A 4 SR B B o, WO g5 R DL S A

HH AR AR 7 S AR 0 A ISP R R

Kl 5 AR FEFIEEFLER EL N RGA-MUH A5 844 H i)
I FUIRAS S HL y B TR 2R we AR LR R, Horp
RELFe RS bRARE (B ED 0.55. 45 BEW], EAFEYILE
FLBR EE I SRUEBE L T, B e SR ZEAUE we IR 0
RGA-MUH #5858 W46 R AN AR 5 I8 SR 386 K F
Fhase. EBEERN: RIS, THERRRER,
K TRZER— AR, RERAEN 1, Sl
PR BebriR 2ok (B 6) mithHiRER
NG L. SR, BEE we IRITIE R, B MR 1N R 252
55— M B e R IR ZE I EE AR K, Hh T8 —
FEM B we BN EUR FORS IR EE BN, MR

1.0 ——¢0=0.810 FRGA-MUH#L &Y
fi RIS
——¢9=0.886 FRGA-MUH#i%!
i IEAES
—+€9=0.960 FRGA-MUH#%!
08F Tz, R
=
06}
0.4 1 1 1 1 1 1 ]
1 2 3 4 5 6 7 8

5 TEIFIAFLBREL T y-we BRZE

Fig. 5 y-wecurves under different initial void ratios

> e0=0.810 F AR EE S
- — W BRE R —— AR

0 ¢=0.886 | iR K45
i - — B BEE R — AR

200 I 0 ¢=0.960 F XKL
! — — BB — A

1 1
0 0.05 0.10 0.15 0.20 0.25
€

(a) WRLS1q- R AR e K F

=0.06 b ¢=0.810 FRILE
0 ¢=0.886 FiRIEE R
-0.04 0 ¢=0.960TFAKLEH
- — M BRER — AW
-0.02  — —B—BrBREm — RAMR
- - BB EEm — AR

0.02 -

0.04 -

0.06 - ~ia

0.08 L L L L J
0 0.05 0.10 0.15 0.20 0.25

&

(b) fhRIARe, R AR e, 5

6 E—MBRRERSREMINEERIIEL
Fig. 6 Comparison of predicted results between first-stage stable

solution and final solution



1 RERE, 5. B RERI R R £ UH R I H S B i 139

AP 22 I KRR L /N T 58— i BOAR SE R R TR 22
BRlt, ZHGREFIE (R, BAMRRZE /N T 5
BAGEMRIRZE, MBI “RITF6EEE AR 5 RAR
HOR T ARE” I

HEh, HlmFHRERE we KTEET 6.5, 3 HH
Pk th a5 R TR B we il KA FEARIR 7
RS RZEAE LRZE TR o EE /N T SR A2 e A 45 S
[RASEE, i RGA-MUH BAYHT RIGA-MUH #5841 Il
TR ZEAE we EN 6.5,
3.3 RIGA-MUH #E& & ZilB S A E

BB RIS, NEEHBMEREM LR
P, BIN T WU R E o TR REL Ne FIARBLEE (i
ds 3 M ESE. o, WU REUR R A
RIOBE, HAEBOR, R RIF LR P EA
RIEMWRZ s Sl BB TR B U L BRI,
B 1A R FOC R PRI R AMA, AT DLORIE AR R
R ZRENE ;s AU B 2 R BETH AR R, BB
Ry R MEZ RN, K59 2RI
R IFNLREP TN, 3 DB S BN AR 2
FEVERZM T AN, SRR 2R B B R 2 B R
REPEBEATH 0, 100 5 RBOR AR ADLRE B A A et o
A2 H 5 2R RN BT R BT R SRS, TS
& e ZAEVE NI

Bk, ASCAFERE 3 A SH 2 AL AR
FIXTETIPERERIRE I, B — St 3 Fok-F, ikH]
Ly (3% IERZFK, HRESIMTEEESHES
PRI AT o ARAE B IERZ SR, RAWIZRFLBEEE )y 0.886
FISAEBER A AR, G FCRESE ¢ EA R
e 3R 35 TR ESE IR TT R AR

% 3 RIGA-MUH RE R EBSH TN T RRER

Table 3 Experimental protocols and results of immune

hyperparameter analysis of RIGA-MUH model

] ﬁgfg U ﬁgiﬁ s
1 1(0.3) 13) 1(0.1) 0.621
2 | 2(6) 2(02) 0.603
3 1 39) 3(0.3) 0.610
4 2(0.6) | 2 0.623
5 2 2 3 0.594
6 2 3 1 0.622
7 3(0.9) 1 3 0.597
8 3 2 1 0.596
9 3 3 2 0.597

MR LA s 453, AT LA H 243 2 % 5 0.9
I, RERGERIEAT AR, HEOvMEm. #52, %
Poih A BOPUE GE Iy, 7 [ JCBONAR LU BRELAE —

SEVGE NS, W= A EAE S8 RS R A (1
WM. e, TESSEgTE, Bl R
W%, KA FAEMATREWD N, &S8O0 205
W 4. FHFAG2EEE, TSR B2 KO
0.1 FREIEFE Fos(2, 2)=9.

R4 BERHFEDH

Table 4 Analysis of variance for each parameter

J7 7 RIR SR BmRE WEE F18
BWE RS« 0.000494 2 0.000247  5.501
TIREREIN.  0.000457 2 0.000229  5.100
AUERME 6 0.000284 2 0.000142  3.163
EHRE 0.0000897 2 0.0000449
Ry il 0.00132 8

SERRE, 3 MIEBESH F S ES/NT 9,
PLE 3 NSEOE RIGA-MUH B8V E V%A B S5 5200
AT RETES 90%, Rl RIGA-MUH %A By A % e e
PR S HUIT RL F B, 7 CAS 30 % S 506 R v
B 5 M 2 4 e o 1) 55 (PO A O s R B e
TE VR Ne FIARAUE BRIME s, WS A6 E TN 2
B . 3R 3 TN, B WU S R o R K,
RRAURS BE R 3G 0, T 5 P B N R, A
RURE RS RS0, MOERIE SR iR 5 8
(B HUEAE N RIGA-MUH F5875 40925 10 2 5011
3.4 RGA-MUH &80 RIGA-MUH #2 B85 E ML i

N T HHIE RIGA AR AER A RIFR . A0
ISR HE4E 73 F RGA-MUH #: 4! Al RIGA-MUH #
BT 10 REEIHE, WK 7 4 RGA-MUH #8 Al
RIGA-MUH #RSFase o ot o o, S (L u e
SCR/ANT R DU 8 Qi-1.5IQR B8k T _F DU 437 %
Q5+1.5IQR 14 .

0.75

. ¢ [IRGA-MUHER
0.70 | [ RIGA-MUH#
*
--- Pfu gk
0.65 -

o R R
055} @ i
0.50

*
0.45 L 1 I
0.810 0.886 0.960

€o

[ 7 RGA-MUH #5850 RIGA-MUH R B3 E M 5 A3t tl
Fig. 7 Comparison of stability analysis between RGA-MUH
model and RIGA-MUH model
B 7 28, LLYIARFLER LE o 0.810 1 0.886 [5G IE
KR SEE At NI, RIGA-MUH A58 (55 5 4 0 2 R
T RGA-MUH #5784 ; DIHIE LR EE D 0.960 G IESL



140 "+ T OB % M

2023 4F

W4 1E N NI, RIGA-MUH #8841 §a 52 1t 5
RGA-MUH # #1412, {H RGA-MUH FAIfEAT 2 —4H
WAEEIE N e A REAE, RPHLIJMLFEPREA
SRR R A BRI G . Wt JE B R AL AT LA A%
Hifif e GA IR BAIER, e IR E .

ek, K RIGA-MUH B84 fyf i 45 FAR\ MUH
AR AR r SoF B UF KR 1R I ) A OC R AT T, ] 8
It R BT &5 S 550 45 RS B

1200
s> D> - - === >-p> - -
o o - —f -0—
A Py £ -0
1000 & g 9°  Lao-o-
/g - 60 o ) /DE &
> @0 _~ oo
800+ % 4 L
Il> 7 DI:F
= o /P
€ 6000,/ &
0/ o — —¢p=0.810 FRIGA-MUHELE i 45 5
400 [b/d — —¢=0.886 FRIGA-MUHAL U Bl 21
(% — —e0=0.960 F RIGA-MUHHEI BRI TN 25 1
f > e0=0810 FikKsR
200g 0 ¢0=0.886 FIRIGEER
0 eo=0.960 FIABEL R
1 1 1 1 ]
0 0.05 0.10 0.15 0.20 0.25
&
(a) RLJTg-HhDiAE e KR
-0.05 -
0.04| — —€=0-810T RIGA-MUHALAITMI 25
- — —¢0=0.886 FRIGA-MUHA B il 45
-0.03F - - €=0.960TF RIGA-MUHARERI Fl 45 51
_0.02L D «-080FHEBALR
. 0 ¢=0.886 FiXILL R
-0.01 0 €=0.960 FiXHL5R - D>
s 0 NS
0.01
AN = 1)
0.02 o "Doo-oo..o_o_oo__o__
0.03 L . ™
~ Ebu
0.04 - S~ 0og
L ~-%0g =)
0.05 Maog o .
0 06 1 ]

) 005 0.10 . 015 020 025

(b) ﬁsmz@svimrmgl S

8 Toyoura bR 3G 45 R SR BUFNLE R

Fig. 8 Test results and model predictions of Toyoura sand
8 WY, TIGh RAE R A b AT DU b e v

TR IR Y, HAESUE EREON IR . KR
RIGA-MUH FARG 2] [l FORS S X BA SR,
ZRRPTIR, RIGA-MUH A EFE5E EALT RGA-MUH
R, HAZAER G 45 RO HERf, i RIGA-MUH
A E] LU T CSL S50 I

4 LB
4.1 HHEKIR

N T BOAIE S FE SRR R 25 N RIGA-MUH #5574
(AR M AR SR Bl e 2 5 CSL o B ARL i) ——
Westox &2, KA Yamamuro 25315 Cambria A0 (Y
HeK = 506 5 SR N S B AT b . %5241
AR BIIEFLRR L eo SN 0.52 1Y) Cambria Wb 7E [ & 4
%N 5.8, 8.0, 11.5, 15.0, 17.2 MPa FHEK =&

AR I 2 R B 56 FLAE 1A IR 4 1R 45 SR MUH
RS HORATIRE, HERWER S Fron. FE, R4
S E B K N 77 A 2GRS AL, EUl F3- 4l 1) AR
35%o.

% 5 RIGA-MUH &85 %
Table 5 Parameters of RIGA-MUH model
M \4 Z m A K N

1.45 0.1 0.61 3 0.112 0.0102 1.5578

KT RORLA A B () 7 B, AN SR HardinBHE
IR AR Br, HERIE N
Bt
B, :B_p o (17)
e By RWIIERURL LI 265 0.074 mm KifRZk 2
() (Y TEIAR ; Be Ay ia 56 Al 5 RO RIDRL R IC 1 2 2 T T A
i 9 Firzs, Po Ml Py mll MR FIRES f5 () PSD.

) /
NN: R 1\///////

xX
:}\3 ess
]ﬁ ,”/?7//
g} //7////// B
= N etsteress t
N /// :
N ” Bt B,
2 / s
& N
b Y A
< ’7//////////
] s
L s
0.074 OBORLAS /mm dinax

B9 B EX
Fig. 9 Definition of B:

Ak, 3 6 FIH T Cambria #P7EA R E T iA 2
I SRS B B . FTRVEH: ST 15000
kPa I, B Fifi ] 48 KT HRREEG G 2 Rk 2 15000
kPa J&i, BHaTHE, RYDBKLAFEA AT .

& 6 TREIEE T FHRARFEIER B:
Table 6 Values of B: under different confining pressures

s
/kPa

Br 0.151 0.247 0.280 0.341 0.340

5800 8000 11500 15000 17200

4.2 CSL ¥ FNLERIUE

W4 245 B 4 43 Sl %\ RGA-MUH #5584 Fl RIGA-
MUH #84 y%f CSL ST, 403k 7 Fros ks
RIFFINEE 5. i RIGA-MUH B8 F 45 S w40, fl
FH RN, PR ES H e, NWTHE K, F I
£ e-Inp 73 [A] N CSL [ A& BURLA B AN BTk AT 1T 4 8 1)
TR, FEEBILREAHE, BYPERH RIGA-MUH
B g 2 RO A 3L

N % EE RGA-MUH 5% A1 RIGA-MUH #5
R HERAPE Ll K. MUH A28 5 UH #5856 A7 78 B0k A



ERR AR, 55, B BRI IS + UH B K LS 141

RIS (PR R 0 A i s 3, AR ER 7 H CSL
SR, 0 SRR AR 1 B REAR O R IFEAT TIOI,  HEK
SRS S AMAL, ol B R (5.8, 8.0,
1.15 MPa) Flm &4 (11.5, 15.0, 17.2 MPa),

2 7 RIGA-MUH &850 RGA-MUH & & FiiM| 45 58
Table 7 Predicted results of RIGA-MUH and RGA-MUH models

. [ J£/MPa
% e
LS 5.8 8.0 11.5 15.0 17.2
X 0.886 0.899 0.883 0.866 0.843

e 0.072 0.090 0.114 0.215 0.237

X 0.827 0.883 0926 0.883 0.816

ey 0.115 0.151 0.088 0.228  0.266

10, 11 NPEZE R N HEZK =40 461000 45

W+ UH B3 F 0 &5 R . RGA-MUH #5 & i
RIGA-MUH FE R &5 S5 be K. %%, % b RGA-
MUH 8 F1 RIGA-MUH #84 Fii 45 5, 75 85 87 /54
for, P TN EG SR A — 5 (HA AR AR AR,
gy i) N AR R INE, RIGA-MUH 55 (14 9001 25 5L B d 5
JHERG . Ik, RIGA-MUH 5 7 F5i 25 5 4H b +
UH AP 5, FEARRARAR Al ] AR SEK
11 P 1 2 SN S Sl ek P L L Ay sV e s 1
] AR /N, TN R B B A . H RIGA-MUH
AEE AR T 5 SR AR b T DU b e e 2 A R B e
MG R (R AR S, fERUE BB ER,
BOAE 7 RIGA-MUH #5284 [ 14

40

RIGA

RGA

o 03=5.8 MPaiX B4 R
35F v 0,=8.0 MPaiR B 45 R
o 03=11.5 MPaiR I 45
30 — —UHER

—— RIGA-MUHARY
25F —--RGA-MUHAEH!

¢/MPa

20
15
10

(a) DWPLII gl AE e, KR

—0.06 5. 8IRIR 4R
o 03=5. &
-0.04 v 0;=8.0K%E R
-0.02 o o,=11.5R45 R
0 — —UHEER

2 —— RIGA-MUHERY
— - ~RGA-MUHAELR]

0.02 F\
0.04 |
0.06 -
0.08 |
0.10
0.12
0.14
0.16
0

(b) hRi%se,~HiAse, X 7
10 Cambria &) s Bl £ 4RI 3045 R SHEBUFUNEE R Xt L

Fig. 10 Comparison between test results and model predictions for

Cambria sand subjected to medium and high confining pressures

6or 03=11.5 MPaiX B4 1
v 0;=150 MPait 45 5
50F o 03=17.2 MPaiR IS 451
— — UHER

—— RIGA-MUHA{R!
— - - RGA-MUH##&]

40t

vvvvvv

g/kPa

30

20

105,72

(a) GBS q- Rl e R

-0.06 -

o0ak o 03=11.5 MPaiRIe &5
. v 0;=150 MPai B 45 R

-0.02 o 0,=17.2 MPaiXIE &R

0 — —UHFEA]
0.02 %@ —— RIGA-MUHF
g — - -RGA-MUHAELA]
0.04

0.08 [-
0.10
0.12
0.14
0.16 [
0.18 1 1 1 J

-
-
-
-

(b) ﬁiﬁjﬂv‘fsvimﬁjﬁeﬁé§

11 Cambria #SE EHIKIELE RSRBFUNLERITEE

Fig. 11 Comparison between test results and model predictions for
Cambria sand subjected to high confining pressure

HXFHEE 10 (a), 11 (@) WTRLEH, HEERN
5.8, 8.0 MPa I}, A BRI LS RELLT; 10 2 [
N 115, 15.0, 17.2 MPalif, i) AR /N (i B2 )
PRI LR, EERPRE: BORLERAR 3 B0 11k
FANARIG R, A3 H B NBT4i b B, SBULWI
IR SRR, ELREAE B AR, Wb L BRI AR
X HBTYI 5 B AR R AR Bk, FE
St ) S AR AL/ S i S R R T4 B DA
PR, a6 B (AR R 3 BT 4R RO e AR AL
BETI SR 7RIS I EAR . Jf Halie g RaE],
WIE B VIR B V- Bk Dso 34 KM HE R4, 724
WHFEH,  BEAE VIR B R AN WG N, 400 ROk i e
AW, AR AT N, SBCFERLAE Dso AT
N, ARSI AR, WERE T, R
St ) SRR /N R A 2 M S B R
4.3 FRIAETEESR B, 5 CSL L ERIX R

F2 7 ' RIGA-MUH KR #5321 CSL S50,
RN (5 v, F 21 12 Fros A [RUBURL AR 8 i
b5 B: TH CSLs, FKEAFE LT Cambria #0111 7
R R HIFE B CSL E.

GURRW, BEE B BIABIHER, XS CSL
£ e-Inp XX [MIARFEEFA T3, 2 B ikF] 0.340 J&,
RI7E p #id 30 MPa J5, Cambria # CSL iAFIBE % 5E



142 "+ T OB % M

2023 4F

BB, CSLTE e-Inp 25 (A NI B EEAARAR . Fi4b,
BE%E B, AT K, H Cambria fD (11 FOR S fXT B
I TG FARS L VI LRI AW, X —HEH
IOAE T B 8 T RN 158 CSL 1E e-Inp 7S [H Y K&
Az Al R R AR 12526,

0.4¢

03

Nﬂ 02F
—A R W - - B,=0.151
0.1} --- B,=0.247 —-—B,=0.280
—---B,=0.341 ---- B,=0.340

I FELFE F Cambria®b B FoRAS

0 2 4 6 8 10
Inp

12 Cambria #5AR[] B: TWHY CSL
Fig. 12 CSLs of Cambria sands with different B:

P 13 v Cambria B> CSL #i#E Zs 5 B. Z[H][H15%
%o G5 EW, p £ 0~30 MPa, Cambria i B, 5 CSL
1E e-Inp 25 10] N (IR Zos LR TME SRR DG, 5 AR
BIF 5 H R Xl 2 AR SR I — 3, R A AR S
WFFE RIS B AE (0, 0.35) 5 CSL 7E e-Inp =5 0] N 13K
PR TR, T AR Fe 2 4 B YG R RE (o, 1D
AR .

045

0405~
.. R?=0.87
0.35}

o030t
025+

0.20 - o p=0~30 MPa
---- MAER

o
o

0.15

1 1 1 1 1 1 ]
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
B

13 Cambria B R EIRUALAKIEIEHR B: THI CSL &R
Fig. 13 Intercepts of CSL of Cambria sands with different particle
breakage index B:

5 &

A% R R B RS 6 D - UH AR AT
1E, FEH IR RIGA B8, F g T AT DAAS 14
¥E 1 CSL 231 RIGA-MUH #i#Y . &5t Toyoura b
FI Cambria #5 HEK = FEAHRICLE R, b TS
et AEERHERYE, JFRE TP ERS p
£ 0~30 MPa JulH N, WMURIEFFEPS B: 5 CSL A
ZIRR, BRLUT 5 Mg,

(1) A 5N S5 e, XTHP 1+ UH BE%Y
BIE, S5REUMEL - UH BR, MUH BRI K
A RO 0 T G - [ ) AR 56 2R TN &5 SR 5 g i
B, ELOE T I SRS IR T 5 R B A

OFH T DI LR A i & S e it A% Bk A~
R ZREVERLALSR NS, FHAEARMII A S H s i T AR
TN, NJES: GA AR T —Firigiz.

(3) K Toyoura BbHE/K =l EAFRIG 45 R, *f
b 7 RGA-MUH #E#4F1 RIGA-MUH #584% 2 35 CSL
SRR ENE, WIFE T RIGA-MUH B &3,
N JE MR AR T RRIR AL T — Pt i .

(4) ARFEIE UH BB 2% RE BRI CSL
(&, K Cambria BEHE/K =5l 47 1056 45 SN
RIGA-MUH ##!, S5kb+4 UH BRI TS5 Fxd b, 5%
iE 7 RIGA-MUH A6 I FRA o e v,
S AT SRR CSL WF et — P 77 ik .

(5) it RIGA-MUH #ARIXAE B~ CSL 1E
e-Inp Z5[0] N (A7 BREAT 00N, WFFCRAH: 7ER— 4k
H, BEE BRI B (RS N, CSL 7 e-Inp ZF 1]
WAWIA F#8h; P ER ) p /£ 0~30 MPa, B
5 CSL 1£ e-Inp 7% ] P4 H AR S 28 PR 7 AH 5K o

S BERIE 5T RRE A SO ST 2 RE R R D
UH FASHE— 20 3 e 3 = 4k 8 325 ], St — A
J1EE4E T RS LR e G — ik .

SE -

[1] 5k, HERE, E 5 BUKLORE BT IR 5 5 mb 8]
58 LS WA B T[] A i, 2009, 30(7): 2043-2048.
(ZHANG Jiaming, JIANG Guosheng, WANG Ren. Research
on influences of particle breakage and dilatancy on shear
strength of calcareous sands[J]. Rock and Soil Mechanics,
2009, 30(7): 2043-20438. (in Chinese))

[2] TONG C X, BURTON G J, ZHANG S, et al. Particle breakage
of uniformly graded carbonate sands in dry/wet condition
subjected to compression/shear tests[J]. Acta Geotechnica,
2020, 15(9): 2379-2394.

[3] TONG C X, ZHAIM Y, LI H C, et al. Particle breakage of
granular soils: changing critical state line and constitutive
modelling[J]. Acta Geotechnica, 2022, 17(3): 755-768.

[4] WOOD D M, MAEDA K. Changing grading of soil: effect on
critical states[J]. Acta Geotechnica, 2008, 3(1): 3-14.

[5] HARDIN B O. Crushing of soil particles[J]. Journal of
Geotechnical Engineering, 1985, 111(10): 1177-1192.

[6] DAOUADII A, HICHER P Y, RAHMA A. An elastoplastic

model for granular materials taking into account grain



ERR AR, 55, B BRI IS + UH B K LS 143

breakage[J]. European Journal of Mechanics - A/Solids, 2001,
20(1): 113-137.

[7] BANDINI V, COOP M R. The influence of particle breakage
on the location of the critical state line of sands[J]. Soils and
Foundations, 2011, 51(4): 591-600.

[S]LIG LIU Y J, DANO C, et al. Grading-dependent behavior of
granular materials: from discrete to continuous modeling[J].
Journal of Engineering Mechanics, 2015, 141(6): 276-285.

(9] == WS, Z=i, HHHTT, . PINNs SUA LA TR
R TR [T]. A TR, 2021, 43(3): 586-592.
(LAN Peng, LI Haichao, YE Xinyu, et al. PINNs algorithm
and its application in geotechnical engineering[J]. Chinese
Journal of Geotechnical Engineering, 2021, 43(3): 586-592.
(in Chinese))

[10] HOLLAND 1J.
Systems[M]. Ann Arbor: University of Michigan Press, 1975.

[11] WANG L, TANG D B. An improved adaptive genetic

Adaptation in Natural and Artificial

algorithm based on hormone modulation mechanism for

job-shop scheduling problem[J]. Expert Systems With
Applications, 2011, 38(6): 7243-7250.

[12] EMGE, kR, Boe, & AT fupe R B i
SBR[ ADMBREEHLR S, 1999, 20(2): 117-120.
(WANG Xufa, ZHANG Xianjun, CAO Xianbin, et al. An
improved genetic algorithm based on immune principle[J].
Mini-Micro Systems, 1999, 20(2): 117-120. (in Chinese))

[13] HAN H, DING Y S, HAO K R, et al. An evolutionary particle
filter with the immune genetic algorithm for intelligent video
target & Mathematics With
Applications, 2011, 62(7): 2685-2695.

[14] YAO Y P, HOU W, ZHOU A N. Constitutive model for

tracking[J]. Computers

overconsolidated clays[J]. Science in China Series E:
Technological Sciences, 2008, 51(2): 179-191.

[15] YAO Y P, HOU W, ZHOU A N. UH model: three-
dimensional unified hardening model for overconsolidated
clays[J]. Géotechnique, 2009, 59(5): 451-4609.

[16] 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.
[17] YAO Y P, WANG N B, CHEN D. UH model for granular

soils considering low confining pressure[J]. Acta Geotechnica,
2021, 16(6): 1815-1827.

(18] SR, x| #k, 2 T, #bhr UHBLRY[I). 5 L TR
2, 2016, 38(12): 2147-2153. (YAO Yangping, LIU Lin,
LUO Ting. UH model for sands[J]. Chinese Journal of
Geotechnical Engineering, 2016, 38(12): 2147-2153. (in
Chinese))

[19] DE BONO J P, MCDOWELL G R. Micro mechanics of the
critical state line at high stresses[J].
Geotechnics, 2018, 98: 181-188.

[20] RUSSELL A R, KHALILI N. A bounding surface plasticity

Computers and

model for sands exhibiting particle crushing[J]. Canadian
Geotechnical Journal, 2004, 41(6): 1179-1192.

[21] KIKUMOTO M, WOOD D M, RUSSELL A. Particle
crushing and deformation behaviour[J]. Soils and
Foundations, 2010, 50(4): 547-563.

[22] VERDUGO R, ISHIHARA K. The steady state of sandy
soils[J]. Soils and Foundations, 1996, 36(2): 81-91.

[23] YAMAMURO J A, LADE P V. Drained sand behavior in
axisymmetric tests at Journal of
Geotechnical Engineering, 1996, 122(2): 109-119.

[24] &R, B M, XIPOE, 5585 BTRD /NS AR K] 4R BT DR
RIS )], AL LR, 2022, 44(2): 324-333. (SHI

Jinquan, XIAO Yang, LIU Hanlong, et al. Experimental study

high pressures[J].

on small-strain shear modulus of calcareous sand[J]. Chinese
Journal of Geotechnical Engineering, 2022, 44(2): 324-333.
(in Chinese))

[25] XIAO Y, LIU H L, DING X M, et al. Influence of particle
breakage on critical state line of rockfill material[J].
International Journal of Geomechanics, 2016, 16(1):
04015031.

[26] WANG L, MENG M Q, LIU H L, et al. Numerical
investigation on the effect of grain crushing process on
critical state on rockfill material[M]/Challenges and
Innovations in Geomechanics. Cham: Springer International
Publishing, 2021: 295-302.

[27THU W, YIN Z Y, SCARINGI G, et al. Relating fragmentation,
plastic work and critical state in crushable rock clasts[J].

Engineering Geology, 2018, 246: 326-336.





