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Résumé

L’évolution de la distribution granulométrique des sols
granulaires est largement rependue en gétechnique, comme
dans le cas des barrages en enrochements, de 1’installation des
pieux et des fondations sur du sable agrains fragiles, etc.
L'@argissement de la distribution granulomérique permettra
d'accroitre la contraction, et de réluire la résistance au
cisaillement du maté&iau granulaire. 1l va influencer de
maniere significative la capacitéportante de la fondation sur
sol granulaire, ce qui conduit &une déformation importante ou
méme al'effondrement des structures. L'é&at critique est un
éat de resistance ultime et le comportement clé pour le
maté&iau granulaire. Par conseguent, I'éude de l'influence de
la distribution granulomérique sur le comportement
mé&anique des maté&iaux granulaires est néeessaire.

Par la méhode des éénents discrets (DEM), cette &ude tout
d’abord vise a étudier les mécanismes a échelles macro et
micro de la réponse mé&anique du maté&iau granulaire avec le
changement de la distribution granulomérique. La simulation
des essais triaxiaux par DEM sur quatre types de distribution
granulomérique est effectuée pour un matéiau granulaire
idel. Les effets de la distribution granulomérique sur la
contraction ou la dilatance et le comportement al'é&at critique
de maté&iaux granulaires sont ainsi éudiés. Le changement de
la ligne d'é&at critique dans le plan e- p' est confirméére lié &
l'augmentation du coefficient d'uniformitéCy du maté&iau
granulaire et la ligne d'é&at critique en g - p' ne change pas
avec la distribution granulomérique. En raison de certaines
divergences de l'indice de la distribution granulomérique Cu
et le sur la description du comportement meéeanique des
maté&iaux granulaires, un nouvel indice lgu est pré&entéqui
combine ala fois Cu et ls. Ensuite, les relations hyperboliques
entre les parameires d'éat critique et I'indice lgu sont éablies
et intégrees dans un modée @asto-plastique. Le modée est
finalement mis en ceuvre dans un code éléments finis pour
simuler la capacité portante d’une fondation superficielle.

Mots clés

Distribution granulomérique, &at critique, sable,
micromé&anique, méhode aux @&éments discrets,
meéhode aux éémnents finis.

Abstract

Grading changing of granular soils is widely taking place in
geotechnical engineering, such as Rock-fill dam, pile
installation and crushable sandy foundation etc. The
broadening of grading will enlarge the contractiveness, reduce
the shear strength of granular material. At a large strain level,
it will significantly influence the bearing capacity of granular
soil foundation, which leads to large deformation or even
collapse of the related structures. The critical state is an
ultimate bearing state and the key behavior for granular
material. Therefore, the study of the influence of grading
evolution on the critical state behavior of granular material is
necessary.

Through discrete element method (DEM), this study aims to
investigate the macro and micro mechanism of the mechanical
response of granular material with the grading changing.
DEM simulations of triaxial tests on four types loading modes
are carried out for idealized granular material. The effects of
grading on the stress dilatancy and the critical state behavior
of granular material are thus investigated. The moving of
critical state line in e-p’ plane is confirmed to be related to the
increasing of the coefficient of uniformity Cu of the granular
material and the critical state line in g-p’ plane is not
changing with the grading. Because of some discrepancies of
the grading index Cu and le on describing the mechanical
behavior of granular material, a new grading index lgu is
presented to combine both Cu and ls. Then hyperbolic
relationships between critical state parameters and grading
index lqu are established and embedded into an elasto-
plasticity constitutive model. The constitutive model is finally
implemented into the commercial finite element code
ABAQUS as a user defined model to simulate the bearing
capacity of shallow footing.

Key Words

Grain size distribution, critical state, sand,
micromechanics, discrete element method, finite
element method.
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PR & FREH R TR LA S RESUME

RESUME

L’évolution de la distribution granulomérique des sols granulaires est largement
dé&oule en géatechnique, comme le barrage de remplissage de roche, installation des
pieux et la fondation de sable cassable etc. L'@argissement de la distribution
granulomérique permettra d'@argir la contraction, et ré&luire la résistance au cisaillement
du maté&iau granulaire. A un grand niveau de la dé&ormation, il va influencer de maniére
significative la capacitéportante de la fondation du sol granulaire, ce qui conduit aune
déformation importante ou méne Il'effondrement des structures. L'éat critique est un &at
de ré&istance ultime et le comportement clépour maté&iau granulaire. Par conséguent,
I'@ude de I'influence de la distribution granulomérique sur le comportement mé&anique
des maté&iaux granulaires est neéessaire.

Par la méhode des ééments discrets (DEM), cette éude vise &&udier le mé&anisme
macro et micro de la ré@onse mé&anique du maté&iau granulaire avec le changement de
la distribution granulomérique. Simulations des essais triaxiaux par DEM sur quatre
types de la distribution granulomérique sont effectuées pour maté&iau granulaire idé&l.
Les effets de la distribution granulomérique sur la contraction ou dilatance et le
comportement de I'éat critique de maté&iau granulaire sont ainsi éudiés. Le changement
de la ligne d'é&at critique dans le plan e- p' est confirméé@re liée al'augmentation du
coefficient d'uniformitéCy du maté&iau granulaire et la ligne d'éat critique en q - p' ne
change pas avec la distribution granulomérique. En raison de certaines divergences de
I'indice de la distribution granulomérique C, et Ig sur la description du comportement
meeanique des maté&iaux granulaires, un nouvel indice lqu est pré&sentéacombiner ala

fois Cy et le. Ensuite, les relations hyperboliques entre les paramétres d'é&at critique et
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PR & FREH R TR LA S RESUME

I'indice lgu sont &ablis et inté&rés dans un modéle @asto-plastique. Le modde est
finalement mis en ceuvre dans un code ééments finis pour simuler la capacitéportante
de la fondation superficielle. La these est organisé& comme indique ci-dessous.

(1) Basésur des essais au laboratoire sur les mat&iaux granulaires reels, I'influence
de la distribution granulomérique sur le comportement meésanique, en particulier le
comportement d’état critique, est éudi€s. Relations non lin&uires entre les paramétres
critiques et indice de la distribution granulomérique C, sont éablis. La position de la
ligne d'é&at critique a tendance a@&re stable dans le plane e-p' lorsque le coefficient
d'uniformitédépasse 10. La ligne d'é&at critique dans le plan g-p’ peut &re consid&é
comme éant le mé&ne pour les diffé&entes granuloméries.

(2) Des essais numeé&iques par DEM avec sept type de la distribution
granulomérique (C, = 1,0~6,0) sont ré&lisées sous diffé&ents chemin de contrainte pour
éudier la réponse mé&anique du matéiau granulaire. Les réultats ont rév@éque, avec
les mé&nes conditions de charge initiales, le maté&iau granulaire avec une distribution
granulomérique plus large mais le mé&ne I’indice des vides contracte plus; et la
résistance au cisaillement non drainé diminue lorsque le coefficient d'uniformitédu
maté&iau augmente.

(3) L’analyse microméeanique sur des simulations numé&iques avec diffé&entes
granuloméries preeise en outre le méanisme interne du changement de la ligne d'éat
critique. Les réultats démontrent que, comme la distribution granulomérique dargie, la
fréguence du nombre de coordination dominant diminue et tend ase stabiliser a4.
L'indice de coordination moyenne tend aére stable dans un petit niveau de déformation
sous une condition drain€ mais en treés grand niveau de déormation sous une condition
non-drainée. L’indice des vides critique a une relation lin&ire avec le nombre de

coordination moyen essentiel pour chaque granulomérie. La relation entre le nombre de
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coordination moyen et la contrainte moyenne effective est unique et rérograde que le
granulomérie &argissement et tend &&re stable lorsque I’indice de granulomérie Cy
dépasse 10. Ceci explique le micro-mé&anisme de la macro phéomene du changement
de la ligne d’état critique dans le plane e- p'. En outre, par analyse de la contrainte-
fabrique-force acontact, il est conclu que la contribution de chacun micro variables sur
la rapport de contrainte locale est indéendant de la granulomérie. Ceci explique que la
ligne d'é&at critique dans le plane g-p’ est unique et indépendant de la granulomérie.

(4) Des essais numéiques ont éérélisées et montrent que l'indice de la distribution
granulomérique Cy ou lg ne peuvent pas deérire avec preeision le comportement
meeanique déend de la distribution granulomérique de maté&iau granulaire. Ainsi, un
nouvel indice lg hé&itant les mé&ites de indices Cy et Ic est dé&luite et d'unifier le
comportement dépendant de la distribution granulomérique. La relation non linéire
entre les paramétres d'é&at critique et l'indice lg, est introduite dans un modée &asto-
plastique. Ainsi, le modée peut &re utilisépour prédire le comportement mé&anique du
matéiau granulaire avec les distributions granulomériques diffé&entes. V&ifications par
simulations des essais montrent que le modéle am@ioré peut bien prélire le
comportement meé&anique du maté&iau granulaire avec une courbe granulomérique
donné.

(5) Le modele est finalement mis en ceuvre dans un code d'éléments finis ABAQUS
comme un modée défini par l'utilisateur. Le modée est éendu ala rupture des particules
en ajoutant une &juation de I’é&olution de la distribution granulomérique avec le travail
plastique. Simulations de la capacitéportante de la fondation superficielle sont effectuées.
Les résultats montrent que la rupture des particules réluit la capacité portante de
fondation des sols cassables; lorsque la distribution granulomérique initiale &argit, la

rupture diminue ainsi que la réluction de la capacitéportante.
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Dans I'ensemble, cette &ude fournit une ré&sence sur la recherche de la relation

constitutive et de I'analyse micromeéanique des sols granulaires. Problénes

gétechniques avec I’é&olution de la distribution granulomérique peuvent éjalement

ére béndici& de cette &ude.

Mots-clé: Distribution granulomérique, éat critique, sable, microméeanique,
mehode aux @ééments discrets, mé&hode aux ééments finis
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ABSTRACT

Grading changing of granular soils is widely taking place in geotechnical
engineering, such as Rock-fill dam, pile installation and crushable sandy foundation etc.
The broadening of grading will enlarge the contractiveness, reduce the shear strength of
granular material. At a large strain level, it will significantly influence the bearing
capacity of granular soil foundation, which leads to large deformation or even collapse
of the related structures. The critical state is an ultimate bearing state and the key
behavior for granular material. Therefore, the study of the influence of grading evolution
on the critical state behavior of granular material is necessary.

Through discrete element method (DEM), this study aims to investigate the macro
and micro mechanism of the mechanical response of granular material with the grading
changing. DEM simulations of triaxial tests on four types loading modes are carried out
for idealized granular material. The effects of grading on the stress dilatancy and the
critical state behavior of granular material are thus investigated. The moving of critical
state line in e-p’ plane is confirmed to be related to the increasing of the coefficient of
uniformity Cy of the granular material and the critical state line in g-p’ plane is not
changing with the grading. Because of some discrepancies of the grading index C, and
Ic on describing the mechanical behavior of granular material, a new grading index lgy is
presented to combine both C, and Ic. Then hyperbolic relationships between critical state
parameters and grading index lq, are established and embedded into an elasto-plasticity
constitutive model. The constitutive model is finally implemented into the commercial

finite element code ABAQUS as a user defined model to simulate the bearing capacity
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of shallow footing. The thesis is organized as follow.

(1) Based on laboratory tests on real granular materials, the influence of grading on
the mechanical behavior, especially the critical state behavior, is investigated. Nonlinear
relationships between critical parameters and grading index C, are established. The
position of the critical state line tends to be stable in the e- p' plane as coefficient of
uniformity of the granular material surpasses 10. The critical state line in the g-p' plane
can be considered to be the same for different gradings.

(2) Numerical tests of specimens by DEM with seven Talbot-type grain size
distributions (Cy =1.0~6.0) are performed under different stress path to study the
mechanical response of granular material duo to grading changing. The results revealed
that with the same initial loading conditions, granular materials with a wider particle
distribution but the same void ratio display more contractive behavior and also strain
hardening upon shearing; and the undrained shear strength decreases as the coefficient
of uniformity of the material increases.

(3) Micro-mechanical analysis on numerical samples with different gradings further
elaborates internal mechanism of the shifting down of critical state line in the e-p' plane
and its linear feature in the g-p' plane. The results demonstrate that, as the grading
broadened, the frequency of the dominant coordination number decreases, and tends to
stabilize at 4. The average coordination number tends to be stable in small strain level
under drained condition but in very large strain level under undrained condition. The
critical void ratio has a linear relation with the critical average coordination number for
each grading. The relationship between the average coordination number and mean
effective stress is unique and shifts down as grading broadening and tends to be stable as
grading index C, exceeds 10, which explains the micro mechanism of the macro critical

state line’s moving down in the e-p’ plane with grading broadening. Furthermore, by
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stress—fabric—contact force analysis, it is concluded that the contribution of each micro
fabric anisotropy variables to the micro stress ratio is the same for granular material
regardless of gradings and confining pressure. This explains the macro finding that the
critical state line in the g-p' plane is unique and grading independent.

(4) Numerical tests were performed and find out that one grading index Cy or lg
cannot accurately describe the grading dependent mechanical behavior of granular
material. Thus, a new index lgy inheriting the merits from both Cyand I is deduced and
used to unify the grading-dependent behavior of granular material. The nonlinear
relationship between the critical state parameters and the grading index lgy is introduced
into an elasto-plasticity constitutive model. Thus, the model can be used to predict
mechanical behavior of granular material with any gradings. Test verifications show that
the improved constitutive model can well predict the mechanical behavior of granular
material with any grading curve.

(5) The constitutive model is finally implemented into a finite element code
ABAQUS as a user defined model. The model is extended to particle breakage by
adopting one more equation of grading change with the plastic work. Simulations of the
bearing capacity of footing are carried out. The results show that particle breakage
reduces the bearing capacity of the foundation soils; as the initial grading broadens, the
breakage decreases as well as the trend of bearing capacity reduction.

Overall, this study provides a reference on the research of constitutive relation and
micro-mechanics analysis for granular soils. Geotechnical problems due to the grading

change can also be benefited from this study.

Keywords: Grain size distribution, critical state, sand, micromechanics, discrete

element method, finite element method
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Fig.2- 7 Membrane penetration effects for Erksak sand; (void ratio error is estimated assuming that

all volume change is due to membrane effects, i.e. that consolidation is negligible)
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Table 2- 2 Maximum and minimum void ratio of glass balls

Cu €max €min Cu €max €min
1.1 0.790 0.497 5 0.576 0.260
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1 0.9
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Fig.2- 9 Relation of maximum/minimum void ratio and coefficient of uniformity: (a)Hostun sand

(b) glass ball
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Fig.2- 10 Drained behaviors obtained from Hostun sand and glass balls
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Fig.2- 11 Undrained behaviors obtained from glass balls
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Fig.2- 27 Drained mechanical response of specimen with different eq (a) deviatoric stress vs axial
strain; (b) void ratio versus mean effective stress; (c) volumetric strain versus axial strain; (d) stress

ratio versus axial strain
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Fig.2- 28 Undrained mechanical response of specimen with different ey : (a) deviatoric stress versus

axial strain; (b) deviatoric stress versus mean effective stress; (c) stress ratio versus axial strain
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Fig.2- 29 Influence of stress path on critical state: (a) deviatoric stress versus mean effective stress

(b) pore pressure versus mean effective stress
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Fig.2- 30 Size effect on mechanical response of granular material
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Fig.2- 31 Parallel GSD on critical state (C,=1.1): (a) deviatoric stress versus axial strain; (b) stress

ratio versus axial strain; (c) void ratio versus mean effective stress
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Fig.2- 32 Parallel GSD on critical state (C,=1.4) : (a) deviatoric stress versus axial strain; (b) stress

ratio versus axial strain; (c) void ratio versus mean effective stress
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ball

777 b A R — ML e-pt I BRI SRS 2. B 2-34 WA
A HAE e-pt i b, X ARFEIR SR ECAR R ROATRL, I SRS LS ME— ), BraTH
N2 3R TR FAHFEIR B AN 50 B4 Cu ANFRIIATEL,  BEE RURLA R A
SIFH Cu WK, I SRS LB N2 . Im FRIRASLCR A Li A1 Wangl 1 il
M5 REREAT 5




FRE R & RFFTRBETORNY: Lt T BURAMRRCAH R 0 R A R 7T

N\
€es = Cler _ﬂ“(%} (2.3)

X ecs B FIIH R TT p 5t BLIG TR LR o eret SEXT L p'=0 kPa I )2 |
FLBRE, e TIRFUIRSL M ER. A #E TIRFDIRESLHIRIR (¢ 2MESH0E
HHCN 0.9, pa R KA 77, BN 101.3 kPa).

JETF BB Hostun B0 1 — S HE K RUARHEK BEUIREG 45 1, 15 200 FIR R
[l FURE S E S H LB LE e AIRLR L 550N RACHREL Cu IR RFIXWIE 2-35
FiR. ARSI eet IR 1 5 CuMIR R (IR 2-3 i) #A LU —4
ML O S0y

feo,zo =0y 0t beO,/IO X eXp(-CeO,/IO xC,) (2.4)
Horp fe 2077 TR erer BUE Ao @e0r Deos Ceos ano, bnofl crozd il EILE S, I
%% 2' 40
0.85 0.85 OCi=11_ oCu=14
Hostun sand BCusll o Cu=ld 075 L Classball acu=25 ocuss
+Cu=25 oCu=5 +Cu=10 % Cu=20
075 L ACu=10 xCu=20 0.65 %\E\
DN —
—a——a
. 055 | |
) m3 CSL
———o—Q |
0.65 CSL 0.45 ——— |
\4_‘,; :
2 s 035 b xy
]
0.55 1 1 1 0.25 ' ' '
0 200 400 600 800 0 200 400 600 800
@ b’ (kPa) (b) b’ (kPa)

B 2-34 REBE LB A e-p T @ _Ead ik K A & (a)Hostun &7 (b) 3k 753k
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Table 2- 3 Critical state parameters of two granular materials

c Hostun # RN
! Cref A Cref A
1.1 0.751 0.01 0.684 0.0064
1.4 0.740 0.010 0.650 0.0062
2.5 0.721 0.009 0.590 0.0058
5.0 0.702 0.008 0.477 0.0054
10 0.631 0.006 0.417 0.0050
20 0.610 0.005 0.335 0.0048
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Table 3- 1 Properties of the DEM specimens

S AFR Rk A
2 FE : kg/m3 2630 0.0
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EEMEZRAL u 0.5 0.0
FEJEH 2 o 0.628 —
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—a—Cu=1.20
80 1 —a—Cu=143
. —o—Cu=1.57
S 60 ——Cu=1.82
=X —o—Cu=3.60
3 40
o
20
0T
0.8 Grain size (cm) 8

E 3- 1 DEM %47 #9 Riks 4 BL
Fig.3- 1 GSDs for DEM analyses
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Fig.3- 2 Initial specimen of spheres
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Fig.3- 3 Influence of particle number on the stress strain response: (a) (b) response for specimen with

C,=1.0 (c) (d) response for specimen with C,=6.0

* 3-2 DEMiXA K M3 &

Table 3- 2 Information for DEM specimen sizes

WORLZREC  WHARALEREE B R(emd) Bk H
Cu,=1.0 0.835 96x192>06 3588
Cu=1.2 0.835 96x%192>96 4633
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Ci=14 0.835 88x176>88 5433

C,=1.6 0.835 80x160>80 5274

C,=1.8 0.835 80x<160>80 8170

C,=3.6 0.667 48>96>48 28676

Cu,=6.0 0.667 367236 28196
3.42 HANER Y
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7 A i 7 R I SRS B2, At PR i U BC (Cu=1.0 F11 Cy=6.0), RHI=
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1000 -6
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800 | / —q2 4
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g A o i ; —~ 0 —92
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o I‘ ~— 2
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200
4 C,=6.0
o 1 1 1 6 1 1 !
0 10 20 30 40 0 10 20 30 40
(@) £, (%) (b) &, (%)

B 3-4 RREFALA AR T XA 3 45t tb 8 ()t 2 7 gt s B K g (b) ARARE T o5
L O PSAL WA

Fig.3- 4 Shear behavior comparison between different random seed generations (a) deviatoric stress q

versus axial strain & for grading of C,=1.0 and C,=6.0 (b) volumetric strain &, versus axial strain &, for

grading of Cy,=1.0 and C,=6.0
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Fig.3- 6 Influence of loading rates on the stress strain response of sample with C,=1.0 (CIDE): (a)

g-&4 (b) e-p'(c) &ra (d) o/ p*-&a
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Fig.3- 7 Measurement of void ratio distribution in the specimen at different shearing stages (grading
index Cy=1.0, initial void ratio 0.687, cell pressure: 500 kPa). (a)front view of the measurement spheres
(b) planform of the measurement spheres (¢) & =2 % (d)&=4 % () & =8 % (f) &a =16 % (9) & =24 %
(h) &a=28 % (i) & =32 % (j) & =34 %
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Fig.3- 8 effect of initial void ratio on the stress strain response and the critical state of granular
material (CIDC):(a)deviatoric stress versus deviatoric strain (b)volumetric strain versus deviatoric

strain (c)void ratio versus mean effective stress (d)stress ratio versus deviatoric strain
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Fig.3- 9 stress strain drained compression response of granular material under different confirming
pressure (Cu=1.2:(a)deviatoric stress versus deviatoric strain (b) void ratio versus deviatoric strain
(c) stress ratio versus deviatoric strain
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Fig.3- 10 Mechanical response of granular material under different stress paths:(a)deviatoric stress
versus deviatoric strain (b)volumetric strain versus deviatoric strain (c)deviatorci stress versus mean
effective stress (d)stress ratio versus deviatoric strain
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Fig.4- 8 Contact normal distribution for sample of grading Cy=1.82 under compression shearing
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Fig.4- 10 Distribution of the contact normal force for samples under compression (&=4%, unit: N)
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Fig.5- 4 Effect of Gy on the deviatoric stress versus axial strain curve for drained triaxial test
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Table 5- 1 Values of model parameters

ZH Rl DEM LI IR Hostun b
/e i JEE 2 £ 9es(®) 19.5 20.8 28.4
e Go 263 60 34
Ko 350 80 45
Y Gp 0.004 0.004 0.004
B 4 D 1.0 1.0 0.8
K (Eref) ae0 0.354 0.338 0.590
beo 0.624 0.420 0.181
Ceo 0.356 0.201 0.123
IC (L) a0 5.6 X 10" 4.8x10"* 4.6 %1073
bso 4.4%103 2.0X103 5.8X 1073
Co 1.850 0.265 0.139
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Fig.5- 6 Model parameter calibration of drained compression tests on DEM sphere, glass ball and

Hostun sand specimens.
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Fig.5- 7 Simulations for drained triaxial tests of glass balls
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Fig.5- 8 Simulations for drained triaxial tests of glass balls with different gradings (a)g-(b)e-p’
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Fig.5- 10 Simulations for drained triaxial tests of Hostun sand
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Fig.5- 11 Simulations for undrained triaxial tests of Hostun sand
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Fig.5- 13 Simulations of drained triaxial compression tests for DEM specimens(a)q-i(b)e-p’
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Fig.5- 14 Simulations of drained triaxial extension tests for DEM specimens (a)q-&a(b)e-p’
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Fig.5- 15 Fractal limiting distribution (log-linear plot)
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generation of > stress change in initial
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Fig.5- 16 Method of preparation of DEM samples: varying generation porosity, ng, and interparticle

friction, tanu to produce different eventual packings
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Table 4- 1 Critical state parameters for using Model-Ig

Z4  DEMAFE  BEIEER  Hostun #b
eo,MW 0.654 0.497 0.556

ec 0.654 0497 0556
Aemw  0.173 0.3 0.368
Pesmw  506.5 506.5 5065
O 0.1 0145  0.148
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800 0.7
DEM DEM
(G2, py'=500 kPa) 069 - (G2, py'=500 kPa)
600 . !
0.68 r
® 067 |
200 e \OdeE-1gU 066 F  ———Mode-Igu
= == Model-Cu = == Model-Cu
O L 1 1 1 065 1 1 1
0 10 20 30 40 400 500 600 700 800
&g (%) p' (kPa)
800 0.72
DEM DEM
G4, p,'=500 kPa =
500 | (G4, py ) 07 L (G4 =500 kPa)
— {]
[
E‘;z/ 400 o 068
o
200 e MOde-IgU 066  "*°°°°
= == Model-Cu Mode-Igu
= = = Model-Cu
O 1 1 1 1 064 1 1 1
0 10 20 30 40 400 500 600 700 800
&g (%) p' (kPa)
800 0.696
DEM DEM
G5, p,'=500 kPa G5, py=500 kPa
600 | (G5, po ) 0692 | (G5, po l)
<
% 400 0.688
(o [«5)
200 e Mode-Igu 0.684 fesees DEM N
= == Model-Cu e MOdle- IgU S
0 1 1 1 0.68 === IV,IodeI-Cu, ~ 1
0 10 20 30 40 400 500 600 700 800
&g (%) p' (kPa)

B 5- 384 T4 A Model-Iguf=Model-Cu#y % 5|S24=S3 X A¥ 89 =4 37 47 vy 7 4% 4ok
Fig.5- 38 Simulation of the triaxial shearing response on specimens with series S2 and S3, based on

Model-Igu and Model-Cu
5.8 KBING

R = N SEER AT DEM S BIDAS 21 R RBURE 22 e -5 A R HIR SRS S B AR 4k
KA G BEFRE VAR, BABORL AR R AR B [ 77 2 L. 15 21 2 224518
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6.1 515

RRBAERIURE AR 51 (R b TR i) FUROR AR RO BT TE IR B o T S0 22 K
BUATTHENS SEE TR R BIEAT O T . A3 IR TTIEAF Ny — Pl BB 5%, #0
2 B T AR TR A .

HI I8 I % T ST AN ESUE 73 B 45t RURL AL AL 1 2 BC AR 5 e IR 77 224 1
HF R SEAH SRR A R AR AL o Dy 1 32— 25 R T 0 R R 20 B 501 1) UK 5 B
TRERIFEM, LUK 5 BERREA LS, it UMAT TR R A 1 5 NS R T
FEFF Abaqus 1, R FEA AR 3 Ay ) REHEAT fi 5 AL

6.2 BT EE M THAORR L

SCECH, VR R 7 AL BB 1T SRS I RURE R C IR AR AL s ORI AL BB B
SRR REBE A B KT AL T S SERR L AR BRI AR, Daouadji SMIL)
TR B BBAE H 5 )l 52 2% - 2 ) U SR SRAE AT B BIRE , R4 it S
BAVE D5 2T LA RO R 3o « 06l i Bt ik e i HH AR R
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BRI AL S R 5 BY D R ORI 2 A 2B DA A AE — BRI FR o AR SO
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BIF 5 8 3% 400f HURORE ZRIC AR AL BT AR LR R A 1 R B RO H b o #2006 1229 0
Hu 55835 R B4R by Br 55 B8 MR D S I SR R ROk i e FE . i AN I
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R IV D A, AL RBC TR b 5 EVE T2 18] /5% 20K B R URL AT BHE B 1)
RERE H ARURLAR R o 4 HTRTRIZRICTEAR lou 5 2B 1ETh wp )R R RIB T

| =P (6.1)

Hor By AL

T AR B 1 5 B ) A 2% I B A s 51 7S B0 TR A A e 4 DL B Vg £ 94 22 )
PR ALGLA0: 49, 231, 2320 S pRORUIST A 4 1o A5 v 1) A R B I BT AL ¥ 7 D) AR 51 RS TR A e £
BB o TR A Dy BEAT B IES N F

W, :I p'<dg\’f>+ng§ 6.2)

Horbde) AT ded 45 5] Y8 AR 7 A o 0 1l S A 190 <dg\’,’>%§/7< dey < 01,
<d£5>=0; dgs > 0K}, <d€5>=ds€ o

I, GG ERAHER, I ATRUR B AL A 2, T AT M
iR FURE A L A A UKL 8 B A2 51 5 A UKL A ) 77 24 1 224K

6.3 ARTAMIF X

6.3.1 Abaqus {48

VERIB R IR CFER, Abaqus 7R + TREF EA T ZHINH. HitHE
M EEHPAME YL R Abaqus/Standard & /> H i E AT Abaqus/Explicit {7~
SINTRERAE R, HA LN AL

(1) N E R Sk AR TR H AR 8, 21 Mohr-Column %4 . Druker-
Prager %4, Modified Cam-Clay #&%Y%%, A LA BRAS [F) 27 A4 i) K38 70 B g
AR R

(2) AFFUERTG, 7 LA A+ SRR 1 93 LA [E 45 0 b, Rk
Abaqus BEE I & H RN I THE

(3) RAL T WIUEN SPIRZS 28 Geostatics, @IL L8 T LLRIE . HER
b g S AR IR LN T IR .

(4) BARITAESRIIRE. W] LAt N 2 Mol FE 2% A DL S #far 26 AF, T LUORG fff
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PRADUT 72 S 3808 ol )32 25 R

(5) $Rft 7 — Ut RIhe HEA R P, W U5 (s /I P 7R
P2 CVE SRR AEAL 7 R Fr oK Ji SRR PP RO 588 77 LA A2 A [F) L T 76 3K

(6> Fortran 15 5 4 1 5 20 M P 82 1 F & MM 7 P REFP 4% 11 . UMAT
& Abaqus $EfL45 FH ;4T Abaqus/Standard #4REAKE ZRIF R I— N TR
O, A% O R USC BT R 2 SRS R AR AR R, 3 gE A s T AR
AR E

T RD L (R ) AR 5 R B R . BYK B4R R4, e BT D) #

JEF]RE R AE BRI . IXEUE R /2 Abaqus $R4E1 P B ASF R B AN e 42T 5 B8
(¥1. 29 730 Abaqus £E3X 5 T [ 73T RE ST, A SCOIT R T 26 RERIURL 2 e T AL Fr AR £&
P B P AR AT

6.3.2 UMAT Fi&F

UMAT FF &I Rig E

UMAT JF & Z&%F Abaqus 6.10 (x64), KH Fortran iIE5HSE (TR F &
Microsoft Visual Studio 2008+Inter Visual Fortran 11.1), {#i ] Abaqus H ¥ I
Verification DIREIEAT BRI, AT LAFF4G UMAT 1125 90 5 FIZ AT .
UMAT Fi2F451%

UMAT 8217 [ h RE & AR A% A\ R B A8 1 v 550 8 g 18 800 [R) 20 45 RS A
B (WHTLED, UMAT & CHIMELEAT Z RiThhe, 4.
(1> w T Abaqus/Standard FFAEAT ) /12204, BAEEE 1. Si71AIA T4
G, TR ERAAIS SN N AR o0 b 25 il

(2)  WTLAAN Abaqus FFIIEEMRIRE R, IEE . BIE R G
(3)  WAHTAANEEHER BT, . seikf (1~3 M Bl
B RHTT (4~6 M MEEsh 3l LURBER G 2T (AL
JEEN 8 NEH B 2.

UMAT FIEFBVE AR
T Abaqus 5 UMAT TR ZIEAFAEN S AR IREAR T, 8055
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Isc s, DL ZE UMAT FREFF IR AE 1 Se i SORMN A&, HEA BE R
#a, BARON:

SUBROUTINE UMAT(STRESS,STATEV,DDSDDE_SSE,SPD,SCD,
1 RPL_DDSDDT.DRPLDE DRPLDT,

2 STRAN,DSTRAN, TIME DTIME, TEMP,DTEMP,PREDEF,DPRED, CMNAME -
3 NDI.NSHR_NTENS NSTATV.PROPS NPROPS COORDS DROT,PNEWDT,

4 CELENT,DFGRDO0 DFGRD1 NOEL NPT,LAYER KSPTKSTEPKINC)-

Ce
INCLUDE 'ABA_PARAM INC'~
Ce
+
CHARACTER*80 CMNAME-
DIMENSION STRESS(6).STATEV(NSTATV),
1 DDSDDE(NTENS NTENS).-

2 DDSDDT(NTENS),DRPLDE(NTENS). -

3 STRAN(NTENS) DSTRAN(NTENS). TIME(2),PREDEF(1). DPRED(1).~

4 PROPS(NPROPS),COORDS(3) DROT(3,3).DEGRDO0(3,3) DFGRDI1(3 3)-
HE % DDSDE, STRESS, STATEV F&AnZ fm A A ERMZ 0. -

RETURN «

END-

UMAT A EFHRNT &

KT FiR UMAT 2 ZEBRME AT RA, BARVEN—L Abaqus #2742
BEROF B SO o 1K B 32 BRGA A U ) UMAT R R iR = AN 2 2 1 0 00 8
AR, EATTRM R RO & B R )

(1) DDSDDE: #f 5% L HiFE0AGIOAe, Foa SUAE 1 R [l 8 1) oK i ik 5 A Je i
AR E Y. DDSDDE RS20 sK i il @ W SSOd B, T 6T 1 B 45 S R

(2) STRESS: M Jjsks, fE—MEEP N, H Abaqus HIAWILHE, 1 UMAT
gt 30 D A RN BT . A T R ) EUE R T B B AR I G N
U AE R R i U2 A i 25 UMAT .

(3) STATEV: Kfpid 2 & EMREM MRS T AL E4 . W5 A
ol Hoe 5 AR AR K24

UMAT F2Fa91E
i B e AR, 75 1] e R e B A2k 1L Abaqus TR 51 078 12 ] 234
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17, IEHREXNSHOATIRE, TN UMAT 585 8458 FH AN 75 i
(1) i Abaqus 18 H & XK

7t Property fHtrh i BMEI 25, KIRHAT [Material] [Create], X 254
HanEl 6- 1 BTzt Edit Material XPUGHE, 7 AT DAFEIX BLIEREARI IR DL R v B
MRS TRT A € XA, $4T [General] [User Material ] 4, itk
i 7E Material Behaviors X1 Bl User Material, FHJE H & X EL. MRS
7t Data X181 [ Mechanical Constants] R4, ARIEHE & — k&N UMAT
T PROPS #4H, i A ZHH A28 NPROPS.. A8 3¢ H & SUBE AL 4
ANSHCN 8 A, WEBEEM s, HMSE Ko, Go, WS Gy, BIKSH D,
WELTEAR lou, BEREFEAR Bx, PIURFLBRLL eoo $44T [General] [Depvar] 4, ULHT
7t Material Behaviors [X 51 I Depvar, X ZMEPREAL & STATEV HdH, AL
H 5 R FPRSAE &N 5 4, X Abaqus HUIRZAZS & NSTATV A4 HE
—UAPRIEE S, LB R, s AR AR R E

Material Behaviors Material Behaviors

General Mechanical Thermal Other Delete! General Mechanical Thermal Other Delete’

User Material Depvar

User material type: | Mechanical B Number of solution-dependent SE
state val st =

“| Use unsymmetric material stiffness matrix
Variable number controlling

S e (S
element deletion (Abaqus/Explicit only):

Data
Mechanical
Constants
1 0.65
2 284
3 34
4 45
5 0.004
6 0.8
7 0.0043
8

B 6-1 Abaqus¥ &8 & LAH#E E
Fig.6- 1 Setting of UMAT in Abaqus

(2) J@id inp & AR
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£ Abaqus/CAE B E I H & XM B A HAN RS 4N inp (AL
P EHEERAE inp SO BEE B e MR B 5 240 T g SR = R
R EAE inp SCAFRRLE X IFAE TR 511785 -

** MATERIALS-
e

*Material, name=Material-1+
*Density«
1.8,
*Depvar-
5,
*User Material, constants=8.
0.65, 28.4, 34., 45., 0.004,0.8, 0.0043, 200.

(3) A UMAT 7R
21T Abaqus F&/F AT TH B A i 5F EERE R B A MBI (1) Fortran S, AILA
K LA py A7 2

® E TR IR R, W E TR S, W R, N A e A AT Job S,
T EAE Job #iE S, [Edit] XFMfY Job, 7E User subroutine file o7 & %%
H € X Fortran £/ UMAT.for. 58/ 5, RIATLAPAT J5£L1%) Data Check
LA A Submit.

® it Abagqus Command i217 inp LRI ANTE CAE HHR3Z inp BN .
THE I FEAE UMAT for 7255 inp S IE AR — A ek HH
()i FiE &) : abaqus cpus=N job=*.inp user=UMAT.for.

2, ASCHF R 7 RS URL 2R O AR A () 55 9B e AR AR B E. Abaquss H R AN

fEFN AL T KR I B % RIS SR I UE 2L UMAT 27 (1) & F AT

AR, Fris TR AR ) 8 A

6.4 ERIRIIEIE

N T BAEARL K] UMAT FREF AT SE M, @7 — A RGN Hostun
WO =S8, R Y SEIRZE Bt A RB A LBl 6-2 Fos. RNk
N 1.0mX1.0 mX1.0m. LR LARE A, BERMEHLRAKPAE. 5
R0 A C3D8R H#.yt, #yc%H 1000 4. 44 LL Hostun #, Cy=1.1, 14,=0.0043
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R, MR R ECA 1800 kg/m®, EE T INTEFEEL 9.8 m/s?. MRS EHLIEHE 5-
1 %1 Hostun i ZHkH .

B 6-2 =4 WX A RATEA
Fig.6- 2 FEM model of the triaxial test

RS TR H B AT HUBE 747, % 58 T 9 200 kPa TR A B 7
FEH Hostun BSRBERET = HIHK BT, JERAMASIN I 6- 3 Fimk. =M
SR RS -E7E BT U BB S R I, O % R I A R 9 T AL
O AL 46, PRI T B SBURE 0 A% T 0 R £ 5 AW B FL IR L 2
FRHIZE LT E 4. BEEAN AR, FORTRA R AR, FI A AT R
BERHOTRAR LRI, (RBP4 2 AR T R OR bR 7 T W b 0 R 4
B B {1 Y TR«

TSR, AR AT R I T 6, B R T B T
JIEALAT RS R AT REREATEL (B,=100) HIRLBIALAT S, WP 6-3b. T
R BE L LR 1 A B AL P SR R 2 7R3 RS 0.0 ), AR AT
BRI 52 MBI, FLBR RIS ROk, T B IBORL bR FE 5 3,
PBLR PEBE 2 PR AT RERERE R ORGSR (BN TSR, I 6- 3c.

] 6- 3ef HIRIZ HH T SR P AL HELA B Hostun 505 PR TR 45 5, 7R
B 2522 PO D RA B Y TR Hostun BOIRRE (B,=100) 92345 5
R, B SR, DR R 0 S 7 75 3 0 A (e K
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0.72 450
Hostun sand,dense
C,=1.1, p,=200 kPa
07 r /
- 300 | Hostun sar;d,dense
—_ C,=1.1, p,=200 kPa
. ]
o 0.68 . e %
. _,,_-—"" o
——no breakage 150 —no breakage
0.66 — -Bx=1000 — -Bx=1000
"""" Bx=100 - Bx=100
0.64 ‘ . 0 ‘ !
0 0.1 0.2 0.3
@ 0 0.1 N 0.2 0.3 (b) g,
0.74
Hostun sand —no breakage 450
middle dense —-Bx=1000 | | e
C,=1.1,p,=200kPa | - Bx=100 " """""""
0.72 300 - " Hostun sand
= middle dense
® < C,=1.1, p,'=200 kPa
07 r 150 — o breakage
— - Bx=1000
——————————————————————— Bx=100
0.68 ‘ . 0 ‘ !
0 0.1 0.2 0.3
© 0 0.1 N 0.2 0.3 ) g,
450
0.84 Hostun sand, loose
Hostun sar'wd, loose C,=1.1, p,;=200 kPa :
C,=1.1, p,'=200 kPa B
0.8 _ .-‘_/"_,'.--""'-
o Experiments 300 |
—no breakage
— -Bx=1000 =
° 0.76 |- %
o
150 o Experiments
0.72 ——no breakage
— - Bx=1000
————————————————————— Bx=100
0.68 : : 0 ‘ ‘
@ 0.1 02 0.3y 0 0.1 & 0.2 0.3
a

B 6- 3 Hostuna) &9 sk #5547 (a)e-&, % # (D) -6, EAV(C) -8 T HE () 9-&, T HE () €-83,
AN EY (f) Q-&a, AXES
Fig.6- 3 Breakage analysis of Hostun sand : (a)e-&, dense sand(b) g-&, dense sand (c) e-&, middle

dense sand (d) g-&, middle dense sand (e) e-&, loose sand(f) g-&, loose sand
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6.5 iR ERliAE HEHL

I A AR UL i ) B 451 O S R AS SCHR HE [ AR A A TR A AU Sk A
HHRURL AR AE 51 A6 F) 3 7 ) L) i

6.5.1 HHERBR TR

B8 ST i H A T8 A WP ), AT 5 AR 3R 2 S AR I . B e E|
PRI B RRE, KPS AR A, M RRENZR 1 4K g 1A 20 m, R IR
JilE 10m, Wik 6-4 froR. FEM AL S B RS R RS sh, 7RISR Hil K
SRR R PR AN T 7] o A R TG T T AR Y AL 7 800 A 8 15 A1) C3D8R Lyt Al 861 /M1
o LABINAL RS 0 2T AR BRI T T, JEAl 98 5 9 825 mm, it fin ' i)
TEALFEF T 1m.

u=lm

w ot

20m

B 6-4 %A A R TR
Fig.6- 4 FEM model of shallow footing

Hh IR IR BUR [ 2R A Hostun B8, 3047 BAF LA R A HITHE 4047

F5—: Cu=1.1, 13,=0.0043, #IEHFLEREL N 0.65. 0.73. 0.8, AN AFkifK
e, FERER YT L m;

Y| : Cu=1.1, 1,=0.0043, FJ4GFLBALE A 0.65.  0.73. 0.8, KA FURLAEAT,
WiWES % By BN 100, FEAETFYT 1 m;
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#=: Cu=5.0, 15,=0.3815, #IUHFLFRLL N 0.65. 0.73. 0.8, ANk A BRI
e, JERETRUT 1 m.

Z%1PY: Cy=5.0, 14,=0.3815, ¥J4HfLFR Ly 0.65. 0.73. 0.8, KAEFRLALH, ,
WS B BN 100, F:AERIUT 1 m.

AT Cu=10.0, 15,=0.4783, HIUHFLFRLLA 0.658, A A wEFN A A Tk
WA, BEESE B A 100, FEAE YT 1 m.

6.5.2 HREGRDR

(1) #is

Kl 6- 5 4 HIANE B S N AT RERE Cu=1.1 st IR T 1 m JERIAiRE
B393R AR 9 S0 () 46 0B o FERIA TR 3R 1 i 4K & 18 4k,
1 AP g o FERE AN ) ARG R B B . B M B SR PR,
Bl R A% 6T R 321 A B S i S L AR /N . AP 6- 3ab R DAE M, A R R R sk
FEE T A PRI AN ] R A e e = R B A R B T R e s 8 S R AT P A U LA
IR I R4t . A i b SRS (Y FRAIC, AR A0 SR A 0 R Ak B 5 Bk ke
/)N A0 ) 5 e S AR AT A /N s TR I AR TE A R B A TN Rl
S FEE v (1) b 25 b B m] 0 [ A% B SRl R 2 5| R B RSN

Kl 6- 6 25 T ATAERE Cu=1.1 HhBE H/ERAE T 1 m EMM A oAt ol. Xt
LI 6-5a F1E 6-6a i LAKR I, RImE L+ bR LAt R R X g+ R S i -
UNI=A P9 E -y I R N1 4 1 S el ot N = TV (= B 7 ) B 5 -0 NP - g B o U1
RLR ) P2 A, B B% e ) L Ad g — 20 bl e 4, A AR AL AL /N, Bl X e %o
/N o FEA T 78 5| JEC A 1) B KK RS AR T R I R 75, 4R B,
UL 6-6b. iZBIF T, BHRAE LR R RS2 B IR NER, PR R R,
PR B IEARZT 1 m FFAMX S 3R AR R R . BEAh DL B4R L PR AL T R 40k AS

Kl 6-7 45 7 RTBRE Cu=5.0 A1 Cu=10.0 Hu e +7E FLRl T 8% 1 m J5 BRI R 20 A
B, 5Kl 6- 6a XFELATLAKRIL, MHFEIWILEFLBREL T, BEE R 4 0R 20 e 1) 46
B, SERH T FE TR I LT BN . A R AEFLBR LL S LR, B
IR S P I+ B e i B it , R R b Eat Nt AL+
PP ) RE R R L A I, B 2 F T R AR ARR R 4 R OR R R, i
T[] AR AL F 2
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U, Magnitude
+1.028e+00

+9.420e-01
+8.563e-01
+7.707e-01
+6.851e-01
+5.994e-01
+5.138e-01
+4.282e-01
+3.425e-01

+2.569e-01
+1.713e-01
+8.563e-02

+0.000e+00

(a) Cy=1.1, 14,=0.0043, £,=0.65, no breakage

U, Magnitude

+1.012e+00
+9.274e-01
+8.431e-01
+7.588e-01
+6.745e-01
+5,902e-01
+5.05%9e-01
+4,216e-01

+3.372e-01
+2.529e-01
+1.686e-01
+8.431e-02
+0.000e+00

%

U, Magnitude

+1.000e+00
+9.171e-01
+8.337e-01
+7.503e-01
+6.670e-01
+5.836e-01
+5.002e-01
+4.,168e-01
+3.335e-01
+2.501e-01
+1.667e-01
+8.337e-02
+0.000e+00

(b) C,=1.1,1,,=0.0043, £,=0.73, no breakage

(c) Cy=1.1, 1,,=0.0043, €,=0.8, no breakage

B 6- 57~ 7T #k A¢ x Ak + 694245 3% (Cu=1.1):(a) €0=0.65 (b) €0,=0.73 (C) €0=0.8
Fig.6- 5 Displacement field of unbreakable subsoil (C,=1.1):(a) €0=0.65 (b) €0=0.73 (c) €0=0.8
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%

U, Magnitude

+1.020e+00
+9.354e-01
+8.504e-01
+7.653e-01
+6.803e-01
+5.952e-01
+5.102e-01
+4.252e-01
+3.401e-01
+2.551e-01
+1.701e-01
+8.504e-02
+0.000e+00

%

U, Ul

+3.268e-01
+2.996e-01
+2.723e-01
+2.451e-01
+2.179e-01
+1.906e-01
+1.634e-01
+1.362e-01
+1.089e-01
+8.170e-02
+5.447e-02
+2.723e-02
+0.000e+00

%

U, U2

+1.238e-01
+3.029e-02
-6.322e-02
-1.567e-01
-2.502e-01
-3.437e-01
-4,372e-01
-5.307e-01
-6.243e-01
-7.178e-01
-8.113e-01
-9.048e-01
-9.983e-01

(@) C,=1.1, 1,=0.0043, e,=0.65, breakage

(b) C,=1.1, e,=0.65, breakage, horizontal displacement

T

(c) C,=1.1, e,=0.65, breakage, vertical displacement

B 6- 6T Ak 04 (CmLl)(@) A ME (b) RFA(c) Bhikis

Fig.6- 6 Displacement field of breakable subsoil (Cy=1.1):(a) displacement magnitude (b) horizontal

displacement (c) vertical displacement
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%

U, Magnitude

+1.005e+00
+9.,208e-01
+8.371e-01
+7.534e-01
+6.697e-01
+5.860e-01
+5.023e-01
+4.186e-01
+3.348e-01
+2.511e-01
+1.674e-01
+8.371e-02
+0.000e+00

%

U, Magnitude

+1.010e+00
+9.258e-01
+8.416e-01
+7.075e-01
+6.733e-01
+5.891e-01
+5.050e-01
+4.208e-01
+3.367e-01
+2.525e-01
+1.683e-01
+8.416e-02
+0.000e+00

(@) C,=5.0, 1;,=0.3815, e,=0.65, breakage

(b) C,=10.0, 1,=0.4783, €,=0.65, breakage

B 6-7 TR B BB A EEH K £ 6942 45:(a) Cy=5.0 (b) C,=10.0
Fig.6- 7 Displacement field of breakable subsoil with different gradings: (a) Cy=5.0 (b) C,=10.0

6- 8 45 H T W BEFE Cu=5.0 Fl Cu=10.0 it + 1A f837. 445K 6- 6¢
A UK I LA T % S 8Ol _E 3SR B AR = A BB R . BE A M3 - ok 2 e
HI3h T, IR IEAE R AR N BRI R E TG K, i Hh R B A &N o
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(a) C,=5.0, e,=0.65, breakage, vertical displacement

U, Uz

+8.803e-02
-3.040e-03
-9.411e-02
-1.852e-01
-2.763e-01
-3.673e-01
-4.584e-01
-5.495e-01
-6.406e-01

-7.316e-01
-8.227e-01
-9.138e-01
-1.005e+00

U, U2 (b) C,=10.0, ,=0.65, breakage, vertical displacement

+4.443e-02
-4,260e-02
-1.296e-01
-2.167e-01
-3.037e-01
-3.907e-01
-4.778e-01
-2.048e-01
-6.519e-01

ARRRtEY
R

§ A RS
Ly WY
-

-7.389e-01
-8.259e-01
-9.130e-01
-1.000e+00

B 6- 87 #af b ik + 69 % &4z 45:(a) Cu=5.0 (b) C,=5.0
Fig.6- 8 vertical displacement of breakable subsoil: (a) C,=5.0 (b) C,=5.0

(2) FLEREE S5

WA A ST, O X2 2P S, BURLE B RS, S+
FLEREE R AL . B 6-9 4t 1 AN AR Y M R H AR SR EE A T4 1 m Ji5 B FLI EE 70 Ari
fHot. AL PR BOESE AL LE A, JREBR. AT RS,
JE T R AR, REAHB AT R AR LR EEHE K de KA AL T i i Rtk A M 2
AL A2 BB BL LT RIR o ANPTRSRE Cu=1.1 Mk B2 PRl A K -4 5
R RIFLBR LA, 32 T AN ATRERE I DL FOREEAT BT (1 BY AR 1k T 3 3801
MR LRI, 3 BUARULA R, iy FLEE ELis/N . ANRTRERE Cu=5.0 b
B AAEE RN, Bz Co=1.1 ik LRI R A
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sSDV1
(Avg: 75%0)

+7.275e-01
+7.203e-01
+7.130e-01
+7.058e-01
+6.985e-01
+6.913e-01
+6.840e-01
+6.768e-01
+6.695e-01
+6.622e-01
+6.550e-01
+6.477e-01
+6.405e-01

SDv1
(Avg: 75%0)

+7.140e-01
+7.079e-01
+7.018e-01
+6.957e-01
+6.897e-01
+6.836e-01
+6.775e-01
+6.714e-01

+6.653e-01
+6.592e-01
+6.531e-01
+6.470e-01
+6.410e-01

%

sDvil
(Avg: 75%0)

+7.161e-01
+7.096e-01
+7.030e-01
+6.965e-01
+6.899e-01
+6.834e-01
+6.768e-01
+6.703e-01
+6.637e-01
+6.572e-01
+6.506e-01
+6.441e-01
+6.375e-01

(@) C,=1.1, 1,=0.0043, e,=0.65,no breakage

(b) C,=1.1, 1,=0.0043, €,=0.65, breakage

(c) C;=5.0, 1;,=0.3815, £,=0.65, no breakage

B R
LS ASES

Sa

A W

B 6- 9 A + 89 FLIE b 47 (e0=0.65): (a) Cu=1.1, no breakage (b) C,=1.1, no breakage (c)

Cu=5.0, no breakage

Fig.6- 9 Distribution of void ratio field (e,=0.65) (a) Cu=1.1, no breakage (b) C,=1.1, no breakage

(c) Cu=5.0, no breakage

¥ 184 T
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A BRIC =TT R B fi LB IE

(3) MEFFXIE 4

Kl 6-10 25 Hi 1A N UT Im Jim 33 A ORISR R 2 AT 5 D0, BUE ORI
TRCRY R I

SDV11
(Avg: 75%0)

+6.977e-01
+6.396e-01
+5.815e-01
+5.233e-01
+4.652e-01
+4.071e-01
+3.489e-01
+2.908e-01
+2.327e-01
+1.745e-01
+1.164e-01
+5.826e-02
+1.277e-04

%

shvll
(Avg: 75%0)

+6.092e-01
+5.085¢e-01
+5.077e-01
+4.56%e-01
+4.062e-01
+3.054¢e-01
+3.046e-01
+2.53%e-01
+2.031e-01
+1.523e-01
+1.016e-01
+5.079%9e-02
+2.054e-05

é

sDV11
(Avg: 75%0)

+4.800e-01
+4.400e-01
+4.000e-01
+3.600e-01
+3.200e-01
+2.800e-01
+2.400e-01
+2.000e-01
+1.600e-01
+1.200e-01
+8.004e-02
+4.005e-02
+6.061e-05

e
L 1 e

:
y
-

(@) C,=1.1, 14,=0.0043, e,=0.65, breakage

(b) C,=1.1, 1,,=0.0043, e,=0.73, breakage

(c) Cy=1.1, 1,=0.0043, €,=0.8, breakage

6- 10 #4550 (Cy=1.1):(a) €0=0.65 (b) e0=0.73 (c) €,=0.8
Fig.6- 10 Distribution of breakage: (Cu=1.1):(a) €0=0.65 (b) €0=0.73 (c) €,=0.8
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T A 3 B 2 (1) o7 B bt 5 5 3 ) B8 ) 4 FRAR IE R . TR S Ak b
HHIBIIBCARIFL HUGRIERE N O E HE IR S R A, RO AL Ak sz
Befiti BT RAEN: SIFEAE Im JRAM X, AR > LA 6-
10a~cf & Jr bl 5 Mt 1 M BIRa, AT = A= PR UL AR A 1 128 T DRk 55

K 6- 11 45 Cu=5.0 1 C,=10.0 HhFE - ImmE Mtk il . 454K 6- 10a, A
DA I o 1 35 = SORE R BE ()4 B, AL R 51 R ORI o g g, L B
JE DRIAE T AT i A ) B8 22 i FH T He % v AN 35 5 A e - 0K 2 TR] 7 2 Bt
SDV11 (@) C;=5.0, 1,,=0.3815, e,=0.65, breakage

(Avg: 75%0)
+7.182e-01

+6.584e-01
+5.985e-01
+5.387e-01
+4.788e-01
+4.190e-01
+3.592e-01
+2.993e-01
+2.395e-01
+1.796e-01
+1.198e-01
+35.994e-02
+9.726e-05

b) C,=10.0, 1 ,=0.4783, e,=0.65, breakage

SoDV11 () u qu 0 g

(Avg: 75%0)
+6.023e-01
+5.521e-01
+5.020e-01
+4.518e-01
+4.016e-01
+3.514e-01
+3.012e-01
+2.510e-01
+2.008e-01
+1.506e-01
+1.004e-01
+5.024e-02
+4.631e-05

6- 11 ##5 (80=0.65):(a) C,=5.0 (b) C,=10.0
Fig.6- 11 Distribution of breakage (e,=0.65):(a) C,=5.0 (b) C,=10.0
(4) NMH—Izhk

Kl 6- 12 2t/ AFSRAM AL+ PRI N ) — A i 2. B th e LUE
HHTC 18 AL AT I A AN T A S R o, R I 2K B B o R T TR B R 19 i
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BN XTSRRI RS, M FERIG LB EE AR N, R R T B 2 kL
I ECEoN T P sl ENCib: B2 = o N o NP e/ ALV VY o 5l Y
R IR EE 2 AR TR R . RS ENBIESECT, "I Cu=1.1 sk
R L g — 77 38 B 46 5 AN PTRHCRE Cu=5.0 M FEARHE I, ARIE 1 Inagund 742 vh b i £ 44
PR 2 e T A R

Stress (kPa)
0 100 200 300 400 500
0 T H H 1
T e,=0.65
£ -0.2 C,=1.1, no breakage
e -04
[¢B]
e
g 08 Cl;uzll.(l,
= reakage
3 08
D \
1 b N
C,=10, no breakage
12 L C,=5, no breakage

B 6-12 R AR KL AKRE S
Fig.6- 12 Bearing capacity of different subsoil
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MK 6- 14 LIS, BEE S - RBUR R BC IR 98, HEE 7 AR O A A
55N TN S 7072 il 28 A FEMTOR BN o 3T Cu=1.1 fsthBE 1=, W] ATE R i
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Stress (kPa)
0 100 200 300 400 500

Displacement (m)

Terzaghi solution
loose sand

B 6-13 5K A KE A RBE L

Fig.6- 13 Comparison of bearing capacity with Terzaghi solution

no breakage

e,=0.65

Terzaghi solution
dense sand

@ Stress (kPa)
0 100 200 300 400 500
0 T T T 1
Cr~/l1
-0.2 no breakage
= N N NN\ e breakage
% 0.4 t
o
(5]
£ .06 |
3 €,=0.65
& -08 \
a // v
1T 6,=0.80
-12 bt €,=0.73
(b) Stress (kPa)
0 100 200 300 400
O T T T 1
~ :5
é -0.2 + no breakage
= -==~ breakage
g -04
8
S -06 €,=0.65
2
O -08
\
-1 :
£,=0.8 £,=0.73
-12 b

B 6-14 TF %% & T i A # # (d)Ci=1.1(b) C4=5.0

Fig.6- 14 Bearing capacity of subsoil

with different densities (a)C,=1.1(b) Cy=5.0
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