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Four moduli incremental nonlinear model of rockfill
under the path of constant stress ratio
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XIANG Biao, ZHANG Zong-liang”, CHI Shi-chun
(1. State Key Lab of the Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China;

2. China Hydropower Kunming Investigation, Design and Research Institute, Kunming 650051, China)

Abstract: Current researches indicate that the stress path of rockfill dam during dam construction can be approximated as that the

principal stress ratio keeps constant. According to the triaxial drained tests conducted in large scale triaxial apparatus under two types

of stress path, which are isotropic consolidation tests and shearing tests of constant stress ratio, a four moduli incremental nonlinear

model was proposed. The model can not only present functional expressions of bulk modulus K and shear modulus G of rockfill, but

also calculate volumetric strain produced by shearing stress and shearing strain produced by mean principal stress with the coupling

modulus J; and J,. Compared with the test data, the model can present good predictions of the stress-strain relationships of rockfill

under the path of constant stress ratio.
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Fig.1 Particle size distribution curve of rockfill
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Fig.2 Loading paths of constant stress ratio
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p curves in isotropic consolidation tests

Bt KRB AR L MR AARR N AR B P34 32 1N ) p 1)
I, T A AR e th TS 2k
(IR — PO 2, FEUAREmM A OLEIE—
FENEBIEAES, Ehongk, HAHEE N
D Bk, (7 FOETHER EE N L,
T T B3 — PRI S A BN e A8
FEAE N ) WO R P2 =N ) p 2 B 3G
(5, DRI AT LASK FH I R U] 28 A U 8 (1 00 2 2 X
k.

32 RXHEE J,

AN LB AR SAE T, I AR P8 32
N7y p Kisl (D WHEAF BNV L AR K,
AR de,, = dp/ K, , TRERAAE de, 40
Wk de,, , WIAS30 R BY RN ) dg Jir = A AR AR 18 de,,
(de,, =de, —de,,) AP MHER J, (J, =dg/de,,) »
PREEHNIPIRE (p, @) KR, RIEELH
KRN, WK 5 PR, B/ J, a8 OB 5]
B, n=q/p ANIHAE, 1/J,-1g(p/ p,) REKR
XATLARR A

1 lg(p/p.)

= +¢ (8
J, a[+bllg(p/pa)

N, N H- M2 A a¥ AP —
K a b~ o ¥INBSEG p ALK
lg( / pa)
0002 0 02 04 06 08 10 12 14 16 18
0 T T T Wm!q-—'—!
g
~ 0002 b R PO T
£ 0004 s
0. | K
"’no x . 1]70.42
= 0006 [ = =075
-~ i a4 n=1.00
e 0.008 | o x =120
-0.010 } x =136
—0012 | * =150
-0.014 |
*
-0016 L

B5  1J-1g(plp.) KA itk
Fig.5 Relationship between 1/J; and lg(p/p.)

SEEH S AHMERIL, 5N ) HE G &R i Zeiir L
AL, & BRI AE, PG
R a 505, Wim AR E S, Wik i i 1/ b, ¥
Wl MESE WA o MERE, Hn] LU
ESHb ~ o NEAH, a HN )y ANETTARAL,
ST P S AR AR g B R R T B
25, S8 a BN Iy LA 6 Fios.

XFE, e MHuE L 2 MR K. J, K
P (5D FERCT BRI AR 43 IRk



1250 Fer + VA =5 2009 4F

18
43 a;=3.029n % 1.6
40 R*=0.994 14 F
g\&s 12 r
S < 10 F
Z30f 08
s 0.6
25 04 |

2.0 1 1 1 1 1 1 ] 0.2 1 1 1 1 1 1 J

02 04 06 08 10 12 14 16 02 04 06 08 10 12 14 16

Bl 6 BH a BERNII p BUKRR ML
Fig.6 Relationship between parameter a,
and stress ratio 5

3.3 EUIEE G AR XHEE J,

i 5 A s Ol i e fT A K-GO, kR 1
8 p ZHIHEKBIURAR:, R p BN ¢-
KRN, HakRmu (9), BEUMR G ME
i (100, Hha. by B, BHEISH, 4%
p =HhHEKEIYRRE +, dp =0, BTN AR H i dg
Az, ARSCRA FIRWFST ORI IA ABT VI

de, =——— 1 4 (9

* _3ﬁG (a+bp—q)

G, =—P;(a+bp—q) (100

FEREN I LR AR T, R av by B BHL
{8, ARG O SRAF B ) dg 5 1E BTN AR de,, »
A BTN AR de, TR dey, > RIAS3) B P38 1
J3 dp BRI B NAR A de, (de, =de, —de,,) » %
B A BT J, (), =dp/de,,) » R ENRE
(P, q) ZIAFIRFR, FIEBIF IR RN

1 —-a,

—_— (11
J, (az+bzp)2

A ars by YWWABRISE, R, BiE G, J, 41
] LLR N s R R FRIA, B (6). (10D, (11D,
R[5 31 B W A BB 5 R 1o

_ —-a, dp— 1 1
’ (a, +bzp)2 386 (a +bp—(])

de dg (12)

I S5 7> ek SR AR AN [A) A5 I g B i A R 5K
(12) MESHUE, RIMAEA R SERY 7 LR %4
ZH a by Bo RFFHEAE, a b BN JjtEn A
[F) A A A A, Wi 7. 8 Fw.

B 7 S%b BN g BURFR ik
Fig.7 Relationship between parameter b
and stress ratio »

600

500 | ay =212.656n "%
R*=1.000

400

ay/ (10° Pa)

300

200

100 L

B8 BH a, BN y BUKRR ML
Fig.8 Relationship between parameter a,
and stress ratio 5

XFE, i 5 M EoE 2 MR G, K
P (6) M5l T AL BY DI AR R AT (R IE o &5
A (5) ~ (8). (12), A LITG B AR (2
BRI

1 lg(p/p,)
1
d(_‘;:V p _;,_K[ al+b11g(p/pa) dp
d =| o p+ B 4
R SN S BN
L (a, +b,p)’ 3Bs (a +bp —6]) ]

(13)

Hf /D “HERINS L av by By, WHERX
(10) AT LUSRAFS D (WA BT UIRCE G {5, BEim
THEIF LA FAE N LA T g-6, KA A
K9 FTLLE Y, A5 N ) g e N 2iBTY] ¢- 6, RFR
HHERAHBL, BeATUeeddt, BYR ) 5 BT,
X5 p s i geig BTV g T AN, L
J PTRT REAE Bt AN N ) Bk AR AN, BT X
WAHPTZESR . RN HEInGE e b B ARiE AN
FUMIRE, BTN T ¢ —EIGIN, A HBLE(, BY
NAZ g, WBHHE g PIBGINITHE K. HFIngs R
T RSN, B N AR GO R, XA



55 il

R DRI OB PR UL AR P

1251

Bl O hHAR G R BL K, M0 4% p B ) R AR
p-g TNEEKFI, MBGERIBIRL GBI ) ¢
APTREAR, HBINAR & TIRBEHE g (AZALIITHE K,

P2 HELBY N ) g ETHIR SOT B geie e &,
FIrEL, TANTR N ) A T AU SE M2t 59 )50 28 th £&

4 BRZHGREIS

lg(p / pa)
0 02 04 06 08 1.0 12 14 16 18
0 T T T T T T T T 1
-0.001 e
e o 00 "‘:’."
-0.002 F* * * et
: u Ax‘x
& -0.003 [ u " "" s T
ksl X
S -0004 |, st x e o =042
I x 5 = = =075
~-0005 | X% . x n=1.00
B X x =120
— L o .
0.006 x =136
-0.007 F e 17=1.50
-0.008 *“
B 10 1/1-1gp/p) KA ML
Fig.10 Relationship between 1/J, and Ig(p/p.)

R E R .
8000
L]
7000 F
x [}
6000 [ .
)
5000 [ x x
§ | LT e =042
;4000 A& 3 m =0.75
3000 f %Ax“ a 17=1.00
| x x n=1.20
2000 (i . 136
1000 I e 11=1.50
0 1 1 1 1
0 5 10 15 20
&g/ %
B9 &N HBR TABT IR R M2k

Fig.9 Pure shear relationship between ¢ and &,
under paths of constant stress ratio

Ti5h, B ar by, HHEA (11D WTLLKRA
FHROP RS SR o {8, JE 2 R RISE R )
BAT T 1/J,-1g(p/ p,) KEMEZ, W& 10 frox. 7
T 5. 10 2RI, A8 XHEE J, FJ, B3 1g(p/ p,)
Ak BATAH [F] (AR A a3, ARAE th 2 B E R B
EAT AR, XA AR ST R I A AL X
J, = J, MG, HANEASRER L 2 [ E R,
M EBBGE J, = J, Wil Bl A 45 BRI %= .

SRS S 0T 2 2 PR a e R, RITA% 1 [ &%
IRIGFNEZER g L = HR G . XA 5y, H8 P
) [ S8R5 e, p R HRZE, XX (7)) NN
LB~ B~ Koo RN
WS a, ~ B~ K SN S8 32 80
Jydp PR ERIA AR E dey, . FREAENAER de, IR,
1FBIBYN ) dg 7 AR AARAE de,, » BEPEHAS OB
Jys R (8) M N RiER RIS S a, s b ¢ o
XFTBYRARER 4y, AEAE I ) LA T Sl 45 21
Wit de, v dp. dgfCAR (12), &b Rk
ZHa,~ by~ av by P o BEIL 11 ASERET
4 MR K T« Ty Gy SERCT MR T iR AR
IV )N ARRAR G R I e (A . SEE R 1, 1L
H S8 a - a,~ b RNy AL, Hihs
HBOhHEAE, WELRWE 11, 12 Prors.

x1 4EEEASHE
Table 1 Model parameters in four modulus expressions
K Ji pp) G
Ki/(10° Pa) ax/(10°Pa"y B/% a1 /(10°Pa) b,/(10°Pa) ¢ /(10°Pa) a,/(10° Pa) by / 10 Pa/ 10> a/kPa b

66.45 3.70x10™ 0.43 3.0297703% 38.75 -243x107  212.6565"%%  583%x107  -0.69 10227 1.0465"°7

8000

7000 [

6000 [ ¢

¢ =042 .

p 5000 . =075 « =042
< 4000 s 7=1.00 - '7:(1)~(7)(5)
> x n=120 4 n=1

3000 x =136 x n=1.20

2000 e n=150 x n:}gg

— TR £ * 17=1.50
1000 LR TR 25 — U R £
0 1 1 l 1 1 1
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
&/ % &/ %
B 11 SR RN -k R A 2 B 12 FNA B RS RR LA ik
Fig.11 Comparisons between predicted and measured Fig.12 Comparisons between predicted and measured

stress-strain behavior under paths of constant stress ratio

volume change response under paths of constant stress ratio



1252 = L+ 5 % 2009 4F
WL 11 12 AT th, B AR T M) 10y 2225,
ANTRIAENY: g FE AR BNV ) - B AR - AR 5 AR 2k
EARTERN L n=1.50 IS A i e Rl 45 B 53R GUO Cheng-qgian. Several developments of rockfill
5o CREHUE A — e 1 22, (B AR T b e e 1 dam[J]. Water Resources and Hydropower Engineering,
HARHHEYS, TS ) H B A B T AR o5 200105 2225
AROR, Uk T PURTE RS B A Rk ' ' '
5w [5]1 akbRVE, XUZRON, HENE. SR J) HEER AR AT T Ak
i e
(K9 g - I AAEPE[T]. KI5 4 T, 2001, 25(4):
(D T AN Lk AR DU 1 SR 2k 464
PRI, BRALS T 4 MR ABIBCR K. BT '
i G A XA Ty Jho 12N BEMSHEIA AR ZHANG Lin-hong, LIU Rong-pei, XIE Wan-li. Properties
ey faraginy 2 AT W AR
EBUAIRE] jmﬁttﬁ%(i? L) -REBE R AR I of stress and strain of rockfill under the path of equal
F T A oot SEAE A
(2) EBR N TGN, YA K, 5 stress ratio[J]. Dam Observation and Geotechnical
YJFEN T p R MU R Y . FES5EN ) Tests, 2001, 25(4):46—49.
LR AR T, A8 X Jy F J5 BE Y. ) AT AR [R] 1R A2 6] TRUESDELL C. Hypo-clasticityJ]. Journal of Rational
B, (HRECR AT, ST . Hypo-elasticity[J]. Journal of Rationa
(3) 2Ny Hehn# & Faisi Y] g- &, RF Mechanics and Analysis, 1955, 4(1): 83—133.

0 B AL SR (T S ) B ‘
TG 18 LT, A P25 p WA INES, oy g geme & rop). BAT MBI AR R
T FR g AR 3 S M 21 BT 1) 0% 2R il 2 1) E 22
ES (R 14 s SR M]. DG PRI A,

& £ X Wk 2001.
G, WA, IR MR ) LB =
] E R LR, ) G SO RIS Hel e = B
FR224, 1995, 17(4): 56— 60 FARZRPMERAL]. L IREER, 2008, 30(9): 1322—

XU Ri-qing, GONG Xiao-nan. Nonlinear stress-path 1326.
dependent behavior of soils[J]. Chinese Journal of XIANG  Biao, ZHANG  Zong-liang, CHI Shi-chun.
Geotechnical Engineering, 1995, 17(4): 56—60 Three-modulus incremental nonlinear model of rockfill
2] EBGs. [N EE AR AR A AR Z ], under paths of constant stress ratio[J]. Chinese Journal
TR, 1995, 17(2): 75—82. of Geotechnical Engineering, 2008, 30(9): 1322—1326.
9] Bodtte. =R g R AR R KA T[0). A

QIU Jin-ying. Effects of stress path on stress-strain
behaviour of sand[J]. Chinese Journal of Geotechnical
Engineering, 1995, 17(2): 75—82.

[3] DUNCAN J M, CHANG C Y. Nonlinear analysis of
stress and strain in soils[J]. Journal of the Soil
Mechanics and Foundations Division, ASCE, 1970,
96(SM5): 1629—1654.

(4] UK. A IR T RED] AKFKHER, 1998,

[10]

+ 732, 2000, 21(1): 16—19.

YIN Jian-hua. Three moduli incremental nonlinear
models and generalization[J]. Rock and Seil Mechanics,
2000, 21(1): 16—19.
JEER, TR, X0, A FALAEIL DR
DU B8 5 92 M. bt oh KR 7K R A,

2002.



