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Numerical analysis of degradation evolution of structured loess under loading,
unloading and wetting by discrete element method
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Abstract: The breakage parameter evaluation is analyzed for structured loess under loading, unloading and wetting by distinct
element method (DEM). First, the breakage parameter is defined based on the discrete medium, and the expressions for
breakage parameter in representative models for structured soils are introduced. Then the evaluation of breakage parameter for
structured loess under loading, unloading and wetting is measured by the micro measurement technique of discrete element
method. The relation between the breakage parameter and the macroscopic parameter such as strain or stress is presented, and
the forms of formulas for the breakage parameter in representative models for structured soils are examined. Finally the
formulas for calculating the breakage parameter under different stress paths and wetting paths are proposed. The parameters in
these formulas are few and the formulas can predict the evaluation of breakage parameter for structured loess under loading and

wetting well.
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Fig. 1 Particle size distribution of loess sample in DEM analysis
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Fig. 3 Breakage parameter evaluation of existing models in one
dimension compression tests

XFEEEL 2 (b)y 3 (b) AT, HERIAARRRL o )
WSEEGFRANIN ) pa R R AR S H S
LARINPA PN (&N (VSN AR DR RS A i W (1Y
WS D TAREE R A R
TE RN ST oy B SRR 0, AER T &k
W32 Je s 5 1 N (X A R 2 Mo R HA
KRR AR AN [

0 (0,<0,)

b =
c,ln(&ﬁ

y Pa

J (0,=0,) 19

Hrh, o REKFEMRE, HrEopry

)

o,/p,=¢,x10 “ye,

(16)
K, e e 3 ca BB SEL SRR T
M
3.2 AR E AU E e it I

AP 4 Frross s ORI s 4 iR HH AR e [ 45 78 30
TR BT DR > BRI R I AR, i 45 s g S 7K A
K [ &5 53 5 1 ARG o B A C(14D%F w=21.3%
BUFEBT UL R R B A T, SRR 1 PR,
CIEREAE GG i 2 e A AT A



%6 FeWIBE, A& KPR T @k s R R (K s Hoe o i 993
[ e, PR LB AR, AR 0 L)
”;ﬁﬁs;;£;::=:=== BYDVRESRIN 0 1, U ORI R4 2o A, (o0

FE| 200 kPa : a . . , s .
- FE100 kP A N AR R AR b, R B NAR g 5l e, SRR
< RSO kPa AR SR, AE A ) [ 255 T e, =0 T
BIE25 kPa WSE =N, BCRH e kKL, WK 5 (b) fios
AR S5 50 N8 b s ATHH— A BRECER R -
| | | by, 4 =1-exp[—c,(&,-¢,)] - (20)
’ o 15 EFR AR S K EARE, %3 (18) 1 (20) i
() w=34.6%ikRE SR, AR A B KRR S U B R
10 WS
FEIFE400 kPa 1—exp[-14.9(¢, - ¢,)] (0,<0))
08 b o
= [0.307In — +| 1-
o6l FEUE300kPa Dy (307x10 =28 4+0.191)p,
b 0.307In [ 7i }[1 —exp(-14.9¢)] (o,= c,)
(307x10 2% +0.191)p,
21
o= w=346%
—o—w=21.3% b=0.2701n(c:/19.3)
1% 0.8 i ::::-g: R2=0.992
(b) w=21.3%ikk: - w=16:9%
[l 4 XUHhFE AR08 R AR IR S AR 2 [ 2 R 2 AL A L e N A vy
Fig. 4 Evaluation of breakage parameter in biaxial compression = oa 230-3595;'71 (0e/177)
tests 5=03321n (0:1256)
F 1 w21 3% RBEMIRSREER (13) MRISER 02 fiﬁﬂmw
=0.. n(oc
Table 1 The simulation results of breakage parameter for samples 0
10 100 1000 10000

with w=21.3% by formula No. 13

Ik Wk QeS
/kPa R

25 b — 1 _ e().l035(8\,*0.083)*0.0072(85*0.515) 0980
50 b — 1 _ e*0.320|(8\,*0.137)*0.0078(85*0.403) 0957
100 b — 0033 + 1 _ e*().()982$\,*0.0|3lé}s 0999
200 b — 0166 + 1 _ e*().()4298\,*0.01628s 1000
300 b — 0296 + 1 _ 670'05125\/70'0159% 0999
400 b — 03 85 + 1 _ e*().()473$\,*0.0|53‘5‘s 0996

Vs RS A A%

FAIISAN R AR AU G A B AR 2 5t 5 K
AR A . A T HIH R BOE R, et
blby, =b, +(1=b)by, ., (17)

A, b AR SRS R B, WE S (@) Fix,
JEL5 B s A S e S M N 1 ) SR A T FRBASE (15D 10

PREE AR

0 (o.<p,)
bC = a GC ’ (18)
aln(2r2) (6,2p,)
y a
o, py HEKEII% R
1
&:cz x10 1-289w +c, , (19)

P,
X, (=be) K S5 )5 EUR LR IR, b e

o./kPa
(a) FZ51IEMBSE b B S S RA

by

€1/%
(b) w=213%kF by, ,, BERIRARHYAE AL

5 WIS b M b o T

Fig. 5 Evaluation of breakage parameter b, and b,omatized
15 p - q 0, WARSE b WA W E 6 Fiw,
IS5 HE R B () B3 0 T AR AR, TR AR
e BOEA, Rk
)4
P ey e %2
X, pe B p - g RN AR SE b AEHINS p G
LR p (H, ' =(0,-0,) /0, +0,), n AJEMRIH
MRS E, n, =sing.
AR S HRE pe 178 A A BV 400 2 550 [ 45 1 )
Ak, g REWH R HOEA S (18), (19) A,




994 P

2014 4F

NFH (18 o, B pe, AP
0 (pc <])ci)

b= G m[ Pe j (P.>pa) ’

ci

(23)

L 21D, QRIS ba 55 K F R £
s 31 BB AR SR ) s [ R BN S H MR 2
i BV IR T AL E DL, AR AL Bz i
WS HEHE TS, < LB BT V1A AR S B AR,
X AR U TR AT A5 B A5 T ATl 17 N AR &, R R

250 —
—=— w=34.6%iAFE0=0352  HAIEY
—— w=21.3%1XkE: h=0.166 FESREEAR
200 — —— w=19.6%iA¥E »=0.095
& —o— w=18.3%ikF: h=0.065
= —¥— w=16.9%AEE5=0.061 n=12
& 150~
| |
o
L 100
=
50 —
L 7 3 Ead A d v l
0 200 400 600 800

P(p="152) IkPa
(a) bVEEEAAE (n=12)

250 — —m— w=34.6%iAREH=0.352
—&— w=21.3%iRkE»=0.166
—x— w=19.6%AEE h=0.095
s 200 o y_183%iRHES=0.065 TR
e —— w=16.9%iXHEh=0.061 PEIR
& 150 -
| N
-
L 100
=
n=292
50 | 7=2.10
=1.02 \[=18
=1.1 |
0 200 400 600 800

P(p="1372) IkPa

(b) EETABAT (1 RABAE)
6 WIRSH b FEp - ¢ TEMFEERMBEE

Fig. 6 Isosurface and fitting surface of breakage parameter

3.3 RZAIEHIEM. = p FE p WiHELEIRE

J¥ I PR 100, 200, 300, 400 kPa 13 #i
55 p Ay p XU AR B VIS RE S b oy o p - g
RS EIman 7 Fros. AT B fE e e S
N R AR TGS H b wrwes H3HME p - q 7B [AAFAE
IERE 2 & AENTTR
3.4 ZFNALRALE

P 8 2t 7 A5 g L XUl Hs 4 1050 B )3 7 v
TS b B ) N AR R AL S RPN 2 24 {E I
MG R F S il ) N AR R R ANBEH] b e
Fon, R 3 RN AR T glp AR E B EAR
WA, HIREG T g/lp 1E5E, o148 1) i 45
[Fi)A5F PR B i) D225 AR AR A« p — g 2 IA) RO A 2
HEE AR S B 6 8L, PS5 R ) ks, &
P ) T eR s, AN T N AR ) R R R

by g,

£11%
(a) by, g, BRI REAE 2 A

200 —
A o WHEGBE
FEREELR A ZpRGHE
& U B FE FE 45 s %
% u
%l
& 100 —
1§ b=0.17
s
— 5=0.095
5»=0.028
| |
0 200 400 600 800

p(p=21722) IkPa
(b) p- q Z RS HEEEE
7 ARMNAEET b nMHIRSHEET

Fig. 7 bnomalizea and isosurface of breakage parameter under

different loading paths
1.0

0.8

0.6~

k=0.5

=

0.4

0.2

0 5 10 15
£11%

(a) w=213%RRMARS L b KRl RIAE 1 42 J

60 MM B RER AL
50 w=34.6%
© —a—h=0.05
[-™
g pb —o—=0.10
= —a—b=0.15
Ny ——5=0.20
1 |N30
&
i w=21.3%
S 20+ —=—b=0.05
—0—$=0.10
10 —A—bh=0.15
—o— 5=0.20
ke | | | |
0 200 400 600 800
01+ 0,

p(p=—7—=) lkPa
(b)) BARS L TE p - g2 MK S{E TR
8 FHEM AN LLHRETHRIRSH b BT UME
Fig. 8 Evaluation of breakage parameter b in constant stress ratio
tests
3.5 —HEEMEIRIE
AR 2 Hs A a0 XU e ik PRt B S B B 5



6 M

B, S5 AP BCRUKAE T SR PR S R 1 2 Ot 20 995

IR 45 = AR LW 9 (a) Fios, SCHR[L, 4,
ST S 4B 5 7K R AR R R 5K (9b) (90D,
(11e) (11d) fR, (e RIMORnny, Bei(Eia
B 1, BEECI SRR R A S R A G,
JE SO, WS EEr 1. WS E b BEE KR
AALIIH— A XA H
0 w<w)

w—wj =y o Y

w,—w

b / bmax = [
1—-exp| —¢,

et (24) rSH—M R WK 9 (b)) FiR,
Al LR O PG RO AF, (HX (24) 5 b
HOE R s, Hikak E35 %2 . RHES
BN e, N (16). (17) B ¢=0.307,
c2=158.9, c3=1, ¢4=0.958 15 2| —4E il fa ik FE b i
WS E A 10 Bros, 59 (a) ftkmar
DA% 28 A B A b 22 58 9 i R v £ 5 R B 5 R
e

1.0~
O'v
—=— 200 kPa
0.8~ —e— 400 kPa
—&— 800 kPa
% 06 —%— 1600 kPa
@
g 041
021
| 1 |
0 10 20 30 40
w /%
(a) BBSH b BES/KIRIG KA
1.0~
0.8
—— 400 kPa
—&— 800 kPa
0.6 —x— 1600 kPa
<| &
=
04 b W—W,
— =1-exp(-1.67 e )
max
o2 R?=0.987
/
| | | |
0 0.5 1.0 15 2.0
w—w;

(b) WS b l‘ﬁg;g%ﬂ%ﬂ:ﬂwa*ﬂﬁé%\

B 9 —HEIR PR PRSI S H b BIT UM
Fig. 9 Evaluation of breakage parameter b in double-oedometer

tests
3.6 AT XL

B 11 & T XU e A AN [ g 7K1 R
SHIEERE RN KR R B EOTIT 8RB IR 2%
TR i g N 7K R 05 B S A 5, [ 5 R A
KB, A S BT 1, X 530, 4,
S]eple BV RTN B AIE 2 1 AR SRS H b B
IR AL AT A4 A

W—=W,
b=£$+(hmx—bg{l—exp[g‘v &j} . (25)

A by IRBATTINGS [ S5 MR s wy LRI
IR wo AVIIR T 7K buax FI I BRI 1) 4544
A0 o SR R AR S 500 B D 1 ek 4, I (22D (23D
(20) AT, B €,=0.307, ¢,=307, ¢5=1, ¢,=0.191,
n=2 , XU R e 45 2 E i o i 11 P,
XPECE 11, 12, 0] WAZ A AR B Hh 4k B i F v
WS H AR, M (25) b, fig
X Q25 FIfBE—XRWE 11 (b) Fias, v ik
PR U BOR L, (HK (25) B buaxs ML
ST 25 AN N ) ek, DRIt A SR % .

1.0

0 10 20 30 40
w 1%

B 10 X (14) FUNmMSEFESKEHTL
Fig. 10 Relation between breakage parameter b and water content

predicted by formula No. 14

10
08| ® R0

—e— R,=0.25
ogl T Rs=050

~
04
02
0 v, 1 ]
10 20 30 40
w /%
(a) BHRBH b BEAK TG

(b) BARBH bl &K FBALMEA— KR
B 11 BRI S 8 & K R AL

Fig. 11 Evaluation of breakage parameter b in biaxial wetting tests
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