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Abstract: Falling ball test is widely used for determining mechanical properties of fill subgrade in the
field, but its reliability has not been adequately evaluated using theoretical analysis and verifications.
The whole process of the falling ball test is simulated by 3D material point method (MPM) with mov-
ing meshes. By changing the constitutive model, elastic modulus and strength parameters of the test
soil, the deformation and failure characteristics of the soil are analyzed, and the deformation modulus
and strength parameters of soil are deduced from the acceleration, contact time and displacement of
the sphere. The numerical simulations indicate that the elastic modulus estimated based on Hertzian

contact theory is in good agreement with the real one when the test soil is in linear elastic state; when
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the soil has large plastic deformation, the deformation modulus calculated based on Hertzian theory

mainly includes plastic deformation, and tends to be consistent under the same strength parameters.

The strength parameters estimated based on modified Vesic cavity expansion theory are quite different

from the real ones. When the soil is mainly subjected to elastic deformation during the test, the esti-

mated deformation modulus and strength parameters have certain reference value. When the soil is

mainly subjected to plastic deformation, the deformation modulus estimated by falling ball test is quite

different from those of plate load test, so there are some problems in its accuracy. The conclusions

drawn in this paper provide useful reference for evaluating the effectiveness of the falling ball test re-

sults and promoting its wide application in engineering practices.

Keywords: material point method (MPM ) ; moving mesh; falling ball test; geotechnical parameter

51

[l

“ VR BRORL DN A R — i B A P K
T AR A R SRR T N
ORI, B EZA TR E LEN A
A EN Y 2y N BR RO — 2 A
P& T gk IR A A A R Y 2 e e ] A 2
Q[ D ER TR S NIV o S G SR S NS A S o g
1R I YE R AR R AL T 2 N T
B S/ e SN L1 B G2 o b S AN D W& L B 3 e
SR SUAREY M RE . SR AR AN Bk S TR
A A Ml ) >f HE A TR BE 32 Y M AR o
W RE LM EZRE. T Y. WD R % Bk
W5 T AR]85 ARG TR 4 B i, 9 5 1 A 28 £ 3
A5 AT TR XA ORI T AL AT
LKA & RS T S 8 (R g B it | Il i it 6 R &
A R T TR B SR A B . 7R AL BT
Y. WuZE B IE T Vesic 25 B9 5K BRIE , 4K 5 78 TE AR
HORAEE AR ARG SRS, B AT, % BRI+
AR T P — FBOAR i 3 3 0 3K T B IT A = B
WM AN L B8 IE .

B BT R I BRI R i B SR AR AL T — b
WA AEAE G 1 A B T 5 v 7E A 3R AR T (] 8 A
A B 19X A% R AR 25 B SR A TR E o ) 0T A5 vk (M-
terial Point Method, MPM ) J2 fi Y& [5 4 71 2% K AR JE
(5] R0 1 — b BCQE A 00 3 o % T R DA R O A
iz B 1Y R S kS 5 (Particle In Cell, PIC) & J& 1
Ko AN Ok PIC ¥R 2 [ A 2,
PP AL BB T SRR, XA A
T RRPL AR A% B H A B R A, B AT R A A R
A5, SCREN T3 SO Sk A AR W S L AR TR

312

KALTE B R A2 T T Z . CL L Coe-
tzee S5 KL T O AR TS T S T L A O R T
RUBSE N AT iy s i # o o 1 SRR RO LK
B 45 R AT L, N. T. V. Phuong 45" R JH 4 i o5
R THERENEA kTR A RTRE. E T
Fern'" 3 2 ¥ BT s v, 43 M7 T & 18 A2 JE 5| ik b 1] A2
IR HLEE . e[ P, e S ER I T
S AT I IR N T I R E . NS
PESE R AN 120207 N T MES L 3 B 4
WIS TY R ROE B BR T LA LX)
IR, ) T T A A3 BT BRI A e A R AR
(4 RAZIE J5 T, 55 1% G R fEL 05 007 i AT L, A7
RIGHEH

A SR IR Bl R A% % v BRI B R AT T =
i W) AL RN R v A i B - A
F18 A AL D 6P A RS BE 2, 0 BT b AR B
T IR AR A, I ) P BR AR 0 0 32 J3E | 43 fh b [5) 40 £7
B R i A B3 R B9 28 B A i 0 B S 0, A ORE
1B R B 22 DA I BRI 45 2R B A R R IR
1 4 e AN R L AR T — S E

1 EIkENFEAKEE
11 THEBNGE

+ AR AR P B i A A 32 3L T Hertz £ il 3
Vo TE Z W 2 ol T FEE 488 R0 A v 1) s U8 B )
BT, BRAR 5 2 T PR 2 R) P A K A i A s
i O T ol B T M A 1) R R 9 AR AT
fifet o M o AR v Y R KR 46 A o L kB ] T
W R Rk
d=] 15(8, + 8,) mv;

- 2/5 1
16R"* : (v



(2)
Kp L, d NI KRR , m; TR BT[], s;0, =
(1= p)/E (=15 2, 53 5 %5 i T o 3K A F0 2 TG
B 22 ] M R G 52) ), Foh SRS L EC
PR, Pagom S BRI A BT i, kg s R A ERAR A9 2
T, m v, R BRAR 5 20 TG PR A R 5 R 1 A R
m/s.

TE A B T BRAG D AR i 3R 242 (R) Mt
BHREVE (E, 1, 0) R TR, 35 o, B BRAK A B T 7%
1o B H SR AR 3k 7E BR AR i i R I
F fub s [R] T, 2F TS 0K 0 R ORE RE M
(E,p)o 5B, A A k2 o Al s Ao
PR SRR ARG | DR IR R N T 4 3k R R [ R e
G330 R A AR Y )R] ok 4 5 A R 1 AR B

W E,, 38 1k 0] 55 5 F2 1% 45 fik B5F (] Sfe 4 550 (0] 5 A
BE, W,
T — 1432 5|0 0)m (3)
R,

K, 0, BT AR TE B R E, Bk ] s i EL AR
3 (2) sk i B, ok A

AR L — ERE AR 0.2(FF 1 +)~0.42
(Fhtk 4 Z 0] o X IR — 2 A= A, JAT 0 L A 722 Ak 7
TR G AR TE B A A B i /N DR E
HR R 4 IR B U T 3K (3) A B AR B
Bt Eoo

1.2 BESHHWEE

J0Y. Wu S5 R4 V5 BR -5 1 e 11 J=) 35 42 ok B
P XA B BBk LS AT R, AR B 4 A o
S, ZBEHEETUFBRE:(DERS L
A TR B AH BLAE 32 2 R PR R T 9 IX 3k (&
1);(2)ABCD X 3 ¥8 1 AR T2 X, 76 Y8 14 X 4= A Rif
713K 8] Mohr-Coulomb it BY 5% J& , ¥ 1 X (1) 4 B AR
A 4R A8 A 3R, B 7 iR A7 3l 4 284
1E 5 (3) P X LA i Ab F iR

iz N ARS8 (o) M X
% R, IR X IE L AL W) 1] 1 ) 6,

i _{ dR(3R — d)E, (1~ sing) }”(4)
. 4(1+ p)(o,sing + ccosp )(1+A)

K1 EIE Vesic 25 Y R BIR/R B
Fig.1 Modified Vesic Cavity Expansion Theory

_ 2y(R,— R) A 2 . T 9%
o, — 3 an(4+2)+2ctan(4+2)
(5)
R 4§in»¢
(potccotg)-(— )" — ¢ cotp =
RP
(1+sing)o,+ 2c-cosg | R,
. C— (6)
1—sing R
Y 3rRM(1— ) (1—cos2a)’ T 7' atb-E,
(7)

K, R, IR, myd AR KRG, m; E,
AR kPa, il i () TR s u o £
IR L el HARFE R 1 kPas oy R AR NI A
(°) ;A N IBAE DX P YR B AS 5 0, Ry BB DXIE 00 AL 1Y
YIm N J7  kPasy o HARE BE kN/m’; p, ol Bk | 12 4%
il T B AR 9] 1 T, KPas 2a Sy B X AR EE S
H a=arccosV 1—d/R;A,a.b¥ 5 LR XM
Y e
T4 BROR I B A W45 A2 B o 1H, AR 2 AR R i
K (4)~(6), BIa] 153 5 oy — 5% B S 50 HAb 2 4>k
T ) R R I B AR AN B AR S8
BF I AF AR5 2 B8 ), b & IE 25 I8 97 5k B8 19
15 el I T N 73 o N € SR T S Al N DB
PERAB AR SE . T SCE S =Y I AR B, XX
A ) AT BT o

2 YIRAEREAREE

TEY) ik v, T S R W — & 9 LA
a5 CH 52 30) 9y B s 485l o e 30 £ 8 (i
R Ry AL AR A ) ) IR R SR i dek o A A
S o TR — I )2 R S o {E e K T
748 A I SBT3 R R Y R i Bl B 5

313



B o TESR M 2l & 07 BRI, BT AR R SR I 52 4 [
i, BEMM— L a gl o B S A R R EORE A Ak
SRR B4 2 Sk TS 3 ) 5T, AR B A S
KT i Nl NP2 2R R N1 AP U R L A
R A A A5 B AUH TR sl B 05 &

21 HEFEHAFBEERESERX

T SEARAE ik 2 Py Ak Ak i R Sl SE R O R
do_ %0, (8)

T T o,
K, o I BEE B o R T xR A A A AR o, R

Cauchy . J7 5 g, o B BT LK 7 .

NFFFTRRA
v, (x,t) 20,(1) =7,(t)
(9)
U(,(I,[)nj a0,(1) =7,(t)

Arh,00,,00, 57 5 48 B AL ES 1 RN i R
0, R B 00, Ak B 5ok B 00, AN LT R Y
A ] T O IR 00 A TR T .

H Ak oy Ji 2 =X (8) 3fe LA 3 B oo, - 7E 24
H8k 2 B A3, R 43 3 AR 43 i e 7 B 75 3 55
W

jaw—da— J(‘ivzidsf [60.,0,00 +

[6v.0g.d0 (10)

0

22 ZTHBEBEMRSAEHR

Wy I 0 e 3 S AR A S () R AT A% BRI, A
K207 o SR i sl D7 BRI, W) K 15 75 55 0 4% [#]
T 2R S RS A 3 (D eR B O BB N (), 3R
T B A 23 18] B HOE 30

B2 TR MRS 5 R
Fig.2 Computational grids and discretization of material

points

314

B o, N o =dv,/dz HEEE 6v, 1] Fm N

v,(x,t)=N(x)z (1)
a(x,t)=N(x)a, () (11)
0v,=N(x)ov, (1)
K, v, a, 00, o3 0 EUE R TN R A
R B
B IDRA S E TR FIE(10), 3 P15
jN )a do= jN (2)7dS+
jN )ogdQ — jBT 0,02 (12)

A, B(x) HIE REUN () 1358

[Fi) Fof o 3 2 A B 1R — R AN W) T A, B L )
JoT 5T O R AR N ) A HO7E R
AR i B v, W B AN BT AR RS BB R SF E
H 3 e . AH LT A BRI R Y s B ARy 1
A PR W) 0T A R R AT B AR

Y R B U fﬁﬁi@ﬂ'ﬂﬁ.&:Ti’%ﬁﬂﬂ:

T)= Zm/,é\(x,*x,,,) (13)
p—1

A, n, R BT N ) T AR 5 m, W BT p 1
o, MW S 0 2 A AR BR 5 6 (&) A Dirac delta
PRIES

A 5T R SR T AR T B M

M= im[,N(&) (14)
p=1

K, &, W o s B4 JR AR AL AR
W 3 A8 W) B i A By, BR O3 BCEE D ) 5 AR
B RN TS i RR

o f B'(z

o, v, R SR s o, SR B S AR B R T
AN SR IR

S e = jN

)0, dQ = 2 V,B'(§,)0y (15)
p—1

)T,dS+ JN )og.d=

ZN (&) ZN Elp)r(x)HEM, ))&

bp—1
(16)
A, &, N T 7 31 5 BT A 08 SR 8 AR A 5 m, DRy 0 S
JCHT AR
P (14) ((15) . (16)fR A (12) , 3715
Ma, =f> —f" (17)



A I ) g A, R e s SRR 23 SR g 1Y 25 30
IR Y B L RO S, D, Sulsky 4
B A A B 0 T 08 A Lo Ml PR S BB AR E 1

3 EEKENL IR
31 BEHED

F T 9% BR ot R R — il o0 ik ) A, R FH 5
K2 AR TR 4 A% 4 B BR A JF & B9 Anura 3D
S T — A2 42 0.5 mL 55 0.6 m Y 20°%h X FR
IR B ot 3 i AR AT = AR R AR R R 1
JUTRSE I B 3 o, Heh BRK 420 48 mm, £ {4
WRER 0.4 m, BB HR0.5m, FERMEH, BRIk R~
AR A AR R AR KN B G AT BE B B e
MR 22% 7 CBRIS P it s . W0 R A A2 A
A SR FH U0 1) T 320 5 5 i 0 SR R DD e 3 e
SE 1 5 TOURS ThT X5 SR FH B8 i) [ 58 i B oR KA
LA VU 45 A Y T AR B TR B RO B X AR ER A
MR AT BEE 1A R T A R
JUE AN S VTR X N A 33 4544~ 1Y
TR BT, 88 481 AN At o Horpr, U 44 o ok ik
A B A% BT (BT I AS ) A S 5115, 25 S 724D
GRS T ARG o R B Ay b A BRER | A A 1 4 fih
ST [0 L, SR A% sh I A 1 R o AL T 1 B2 Ml AR
BS % T SRR 20 TR Ah BT 75 .

h=0.4m

P03 BRI () o A 2 R T s 20

Fig.3 Mesh discretization and distribution of material points

of falling sphere model

A BR A T v 5 b MR R AT A B AR (R Y A
ARTE R, LS PR 3 v 3 PR I R L I
AU AN 2 R i e B2 T O R D 0.5 m, BRIV filh
PR B 8 oM 3.13 m/so P BRI I B oM £k o

PR RE A 26 2 BB < 3P B B 20 GPa, I A [
0.27, % B 7 545 kg/m®; & PR A% ¥4 #E HY Je 2 40 1k
BUWL 41,4275 0 AEBUERE LRt im BiLE , HLoR H
Ko 4 i b (00 463 2 137 0 e, SR TR A AR
Ay BRI /N B R A 5 | A Y N T AR o

32 BIHME

o Bl 9 s 15 AR 75 5% A6 3] 23 S 7% 2 R0 A% X
PR 45 P A% DX (181 3) o 75 BRAAR $3 o7 - A i, 3% 3 )
6 DXL BRAAH [R] f) o 2 A% 2, EL AR $R5 DX R0 A
TEARANAE 5 T 47 4 DX AR 3T 503 7 b Rk AR AR TR, T
R A B 5 B B (B 3l R A% X AL 8% ) A ), i
(RSN S RN PN N A (R 7 D @ N D DAY S B A S
JIE A A ST, i R A A A I TE L L B
6 XY Bl o 2 T 4 DX AR TR B R I o R 3
A

TEREA T G AR op  BRAR S Bl 7 2 0A 2 PR 7 4
W TE R A LT U R A B TR B AR A 7
&, 7% 3l RS T LS AT A5t A5 3K A J] L) D s
BTG O0 o [T, phy 7 42 figh 35 6 B 2 5 BRAA B JL o] 25
FARW A PR FF T BRIA S A4 b dr o B8 8l R0 A%
S DY 07T 6= S w7 P S DT | R €29 1
TG A7 A RS 12 B B Bl AR R LU GR35 AR
5O G 00320 S 6 g TR S T A e A ) S5 R 3
ST A 2 0] R S WS B AT DAORIE T 5 i e v i B
AAFRORE B P, SCREWL /NS AC T o

4 BEHEMSEREITR

B AR v BRA S B R BT ROSE L 3.1 75
XTI e AR Y 0 ) — AR S AR SR R
BRI, L5 Hertz $8 o 4% filh 79 B LT X LU, 9720 5
R BT B R 2R A v . T, R R R
FRPEA R REAL , LA BT S () M8 2 5K ] Y
it 4 e

4.1 #EEIGIE

SR A PR A AU IR A A A s A i R L
5.10. 15,20, 25, 30 MPa, J4 ¥ It B 0.33, & )&
17.35 kKN/m”, DABEADLBR A 5 AN [m] A58 1) 8 H A i
it 2 fi o R

P A AL 285 SR v, Bk A b — g 5 S i
TR 46 B 2k A 4 TR . nl ILER PR AR b o B

315



40001 ——1 MPa
—=— 5 MPa
s ——10 MPa
——15 MPa
~ —+— 20 MPa
2 —— 25 MPa
E =30 MPa
!
1
=
E
0 4 8 12 16
[ (6] / ms
(a) HnEERE i £k
o
F i [E] !
1 e
&
1
_2 - I'
i
~ ——1 MPa
® 6 —+— 5 MPa
= —+—10 MPa
=z} ——15 MPa
—— 20 MPa
“10F —— 25 MPa
—— 30 MPa
_lz L 'l 'l J
0 4 8 12 16
B[] / ms
(b) 4R 1 Hs thik

4 i id 72 sk AR Y2 Bl ith £&

Fig.4 Curves of the sphere’s motion during the impact

fik = A 4 gk R v, R T L OE Xk £
HE A A S AR A A B R AR R A
Bk L IRE o, 2 ok s (DN L TR B AT
AT B RN A TE — SR . R 4
AU BRI B i et 5 IE K IR T #in L 5
Hertz 4 fil 1) B 1 46 i 2840 4% o

AP 4 e 35 BOAN [i] 34 A T K | ) 0 4 fik
B 1) R e K 4 2 8%, 520 (1D) L (2) it B g 3
i 28 E A7 0T b, L AR 5 R o BELZE SR R,
FEA TR FEARSET , HR0 5 K IR 01 8, DL JCER
A T 9 42 ik B 1) 24 5 Hertz 322 fish £ 38 4 (8 05 5 55 4
A A A, HE b e R 4 7 A A BB (B RS /N X T
fig & H1 T Hertz i J7 322 fol B8 oK 25 & 5 v 0% 3 19 g
.
42 CE¥BME AR

PR AR At S AR A | A AR 90 A e Oy
H1 Mohr-Coulomb Ji Il #E ), 4 A %6 & F7 ¢, PN BE 2
1 @ 43 WL =15 kPa,¢=30°, c=5 kPa.9p=30°,
¢=5 kPa,@=20, #iL ¥ 5 it 53 51| B 10.30.50 MPa,
DABE SR 7] 2 80 4 & 8 v 3k 5 1 09 b o 42 il

316

40
HertzE i$ # 28
O B
30F
£
&
0 20}
23
fesal
B
10
0 1 1 J
0 5 10 15 20
BRI / mm
(a) KRG X G B 2%
401
HertzHE 18 i 2%
O B
30F
<
2
i o0t
i
sl
B
10
0 ) : ,
2 6 10 14 18
$E et 18] / ms
(b) Beful i )% b 2%

A5 B TR 4 o2 7% R ik 1 1] 5 B3 £ A9 6 1L
Fig.5 Comparison of the maximum compression displace-

ment and contact time with the theoretical value

R

AN TF S HA AT SRR — 4 57 a5 0
iR M 2 a1 6 BT o bl fr 2 VR R AR HE
KA VIYEAR T | DR G R 6 v fin o B A6 B il R OR T A
B (1 T 5% Y, T 4300 R 46 5 ] 55 B B 4 A Bk A2
SRR . AR — R S ECT B A R R, R
Aib F R 40 B BB, G 45 2 ek 0 K e KR 4R
FE /N 5 A A A T [ 5 B st JHL (] g4 fik g N
[ 5507 B i /0N o A A B K i R4 FH BT Y
A% ] 3250 7 B 55, T U B E R 4 B B A R R
TR, S AR T 0 B S X0 AR R R 5 4
B3,

i AT B 4 K B 6 ek Ok Y n R it £, BT I S
S AR L 2 (1) 3R o B (3K | AR ) B2 fik )
NG 2, FLB SR BE S 800800 R A PR ] 32 ik
AN LRI [T o N SN R G VAL R TR B
(2) 78 FE 455 42 fis 3k 72 vb 3R 04 o 28 13 5 I B R 4 37
FE 10 358 Tt 38 K, AT U7 2 ek Gk B K S L £
AT £ 8 R AKX . Y4 =15 kPa,p=30°



1800 O—— 1200 LT —— 50 MPa
—— 30 MPa ~— 30 MPa
—— 10 MPa I 800F —— 10MPa
_1200f _ 800F _ i
e T Y 600F
p g4 p z " 0k
g sl R ESA® § ol g ot BREGENE
= b= i £ 200
il 0
0 4 8 12 © 4 8 12 16 0 4 8 12 16
Fif (6] / ms (8] / ms i (A] / ms
(a) e=15 kPa, p=30° 1 3 F&E ih 25 (b) c=5 kPa, p=30°[) i1 BF il £5 (c) ¢=5 kPa, p=20° {133 BE iy &8
Or 0 IS
—— 50 MPa —— 50 MPa —— 50 MPa
—— 30 MPa —— 30 MPa —— 30 MPa
—— 10 MPa -2 —— 10 MPa —— 10 MPa
_4 -
g g Y A Emng E
ﬁg @ -6 i i @ -8
& = &
_s 5
T _‘12 L
R4 B B 35 B
0 4 8 12 16 15 4 8 12 16 0 4 8 12 16
B A / ms B Al / ms B (A / ms

(d) e=15 kPa, p=30°f1) 45 G #5 i 25

(e) =5 kPa, p=30°{1] R 45 Gr 2 ih 24

(f) c=5kPa, p=20°1 k45 fir B th £

6 A [l 3 3 2 0T Bl A A o 3 2 R A R 1l 2%

Fig.6  Acceleration and displacement of sphere under different strength parameters

I o 58 2 il 2 3 L 5 TE AR R, HOAS [R] 5P R R
T EE R 46 B8 il 28 X 23 1 B 5 R 2 RO
A T B P A B TR I R TR 46 62 A% it 2k 2 T —
B, R T el el BB | Ao R IR 4
PR AR A T BRI AR TE

TEA [V 58 JE 2 80T, SR E=50 kPa i +
PR CERRTR J5 LA BLAR AR ) — W) Bt a5 #9437 22 4 ]
TH7R o e AR AN A 2 S ek I R B AR
BT G5 T I A 2R R 3 [ R 5 R T 3y £ ik

0.051

—0.15 —e—c=15 kPa, ¢=30°
;RS —e—c=5 kPa, ¢=30°
-020f —a— =5 kPa, p=20°
0 ) 8 12 16
Hf 18] / ms

P70 B AR 2 I AR o
Fig.7 Variation of volumetric strain of a material point in

ground soil

—%, =15 kPa.,o=30"0}, + 1Ak # 5 K JE 45 &
Joi AR B ORIl L g 26— % Bk R AR b 1 - R S
AR 5E 4x [l B A BT G R AR, U BH I
B A DL AR R Ry 32 5 T B R R S R0 R
Pt B NDE SR S CII o NI R Rl | 2

76 K ] 3Pk B B (E=50 MPa) T, A [ 5 J3 4
AR RS LR T BN AR Ay A W 8 P o 4
A D AR (] SCBY N A8 ) A4 W A8 BT L, 3K 31 fe KR
AR ARSI, A R 9 M X AR v 7 R A ] 1L A
DI, Bk A TR DX d 2 R 37 B ) b o A 2K, 3k 3
P BY 5 0 A SRR AR Y | 36 B R R N AR BRI £
1A 32 2 BR A A 00 1) 5 TR, 5 B R 2 A B Sh R .
X5 TY. Wu 2R A& IE Vesic 55 I8 97 5K # i
FEAKAAF  AFZ B0 A 25 18 R A 000 1T = 1 17 9 1k
B NP E e 7 N =1 e 7 N o . N1 N )
P TR Bz fih 0, RIBRR HE IR X880 TR R A B
iR

Sk T G Ml 5 R R i AR TR R Sk R AT %
B, AR SCE ST T B9 (a) i 7 1 il 0 R B8 (E A4S A8 7
[ I i 20 A ( LA 1 ) TO050 it o A7 % £ 28 DA Xt | 3
SR R UEAT VB R A 5, 15 3 A 2k — 1 RS ik

317



=15 kPa, p=30° v =35 kPa, p=30° T c=5 kPa, p=20°

0.06
0.05
0.04
0.03
0.02
0.01

(a) fRFAE

=15 kPa, p=30° | N Sany =5 kPa, ¢=30° =5 kPa, p=20°

0.012
0.010
- 0.008
0.006
0.004
0.002

-0.002

(b) PR
KIS f RIEA A% M S A 122 5y A

Fig.8 Strain distribution of ground soil under the maximum compressive displacement

LTI AR . =5 KPa.p=30WF £ IR Il (3) P R AR B E 5 AR
R — A AP 9 B 7 BRI BT 19 B ML R I SRR 1
WA 6 o JEBOR R ARG IR0 B el SRHOR (557 62800 B P BRI 30 MRS , L
SH BT BN . R IR I BCR R R
- AR T A 96T 0 AR B
05m B RN T LB B L 5
B 5 - 40 50 M AT — 3 P (LA
s SR TES 2
XTSRRI L 0 R B R
B RIS - HRAST B 5 A

i KRR 22 AR A — 5 B HCT AR R R E
(o) ARG RI BT -

T #, [ kPa
0 0 0 s FRLE 78 0007 T kA B K 0 B B, 48

4m

®1 THEESHITL
Table 1 The comparison of deformation modulus
il s SRPERCE  SPERARAT YEERAG T
ZH /MPa T ES
50 38.5 21.4
c=15kPa, p=30° 30 22.8 18.6
10 8.6 7.1

50 18.8 1.7
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10 5.6 1.7

Fig.9 Numerical model and results of the plate load test
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Table 2 Calculated values of strength parameters and

plastic zone radius

W ETMUR %E"f% s G 15

ZH E,/MPa -

c¢/kPa R,/m  ¢/(°) R,/m
] 21.4 9.2 00705 25 0.0665
szga’ 18.6 64 00755 23 0.0645
7.1 25 00900 20 0.0635
1.7 27 00655 7  0.0570
‘Zizza 1.6 29 00655 7 00575
1.7 29 00700 8  0.0605
5 & it

I = 4k J5t a5, % v KR 0 o A% 1 A7 250l
BEPL, 152 LL R 4598 .

(1) R H1#% 2l A% 32F 47 ) Jot A5 R 4L, fiff 75 Bk A
Joi) L I O oG At XA, AT /N T S AR, B2 v K
HHG R S

(2)BELEE R s, LR T 4 MRS i, 3K
PN B AR M B B AR R OE SRR e KR4 67 7%
2 fil 5} 6] 41 5 Hertz BRIS W) 5 B 4F o X T B AL+
[l 3 A 5 o 3 RS B 20 1y 1) A % R T B AR A
Y AR A i RIS B SRR —E S % L

(3) W) ot s vk B4 R R, Y IS Bk Bl A
Rk A BRI AR P B, 3T Hertz #8115 1)
IR RN, BER —RES BT BT —3; %
FAEIE Vesic 25 B9 5K BLIS A 550 19 58 B 2 505 S bR
HAH 225K

(4) 38 55 X H A IE Vesic 45 47 5K B 6 F AR 1
SR R BZ PR A7 e —SE SR R, L Wk B o oK 4%
fiuh J3 J5 A USB R AR O = T B R R K R 4
FLR Ay - AR BRBE R 25 o PG, o 32 BRI i
T ERAG I AR A —LEAR A5 T o8 .

SEHE:

(1]l . 35 1 9 R 2t 72 14 o T S8 66 it 1 Jo A )
ARBEFEID]. P42 KEKR¥, 2014,

He J. Construction quality inspection technology analy-
sis of slay embankment based on falling sphere test[D].
Xian: Chang’an University, 2014. (in Chinese)

(2] SR, SR, BEHT . LT Hertz 3% fil 38 A9 1R 58 - 3%
JEVERE RN T3k (7). RS+, 2008, 219: 49-51.
Guo Y, WuJ Y, Huang X. Concrete surface perfor-
mance test method based on Hertz contact theory [J].
Concrete, 2008, 219: 49-51. (in Chinese)

[3] WulY, HeS, Kitamoto Y, et al. Impact based test-
ing technique for measuring moduli of geomaterials
[C] //Proceedings of GeoHunan International Confer-
ence, Hunan, ASCE: [s.n.], 2011: 132-140.

[4] WulY, Kitamoto Y, Yoshita T, et al. Impact based
testing technique for measuring strength of geomaterials
[C] //Proceedings of GeoHunan International Confer-
ence, Hunan, ASCE: [s.n.], 2011: 141-149.

(5] JF&T, REH, K5, & ST e i LAk &K

P 2R R [T TR R 2Rk, 2018, 26
(6): 34-41.
Zhou G Y, Zhu H H, Zhu B, et al. Experimental study
on rapid determination of soil moisture content based on
fiber Bragg grating technique[J]. Journal of Engineering
Geology, 2018, 26(6): 34-41. (in Chinese)

[6] Harlow F H. The particle-in-cell computing method for
fluid dynamics[J]. Methods in Computational Physics,
1964, 3: 319-343.

[7] Sulsky D, Chen Z, Schreyer H L. A particle method
for history-dependent materials[J]. Computer Methods
in Applied Mechanics and Engineering, 1994, 118(1) :
179-196.

[8] Sulsky D, Zhou S J, Schreyer H L. Application of a
particle-in-cell method to solid mechanics[J]. Computer
Physics Communications, 1995, 87(1-2) :236-252.

[9] Coetzee CJ, Vermeer P A, Basson A H. The model-
ling of anchors using the material point method[J]. In-
ternational Journal for Numerical &. Analytical Methods
in Geomechanics, 2010, 29(9):879-895.

319



[11]

[13]

[14]

[15]

320

Phuong N T V, Van Tol A F, Elkadi A S K, et al.
Numerical investigation of pile installation effects in
sand using material point method [J]. Computers and
Geotechnics, 2016, 73:58-71.

Fern E J. Modelling tunnel-induced deformations with
the material point method[J]. Computers and Geotech-
nics, 2019, 111:202-208.

SN, TR, BB TR A T 1 W BT R
Progipk[T]. A £ TR, 2015, 38(9): 1678-1684.
Shi B T, Zhang Y, Zhang W. Strength reduction mate-
rial point method for slope stability [J]. Chinese Journal
of Geotechnical Engineering, 2015, 38(9): 1678-1648.
(in Chinese)

INEHE, KA. 12207 RN Yo dh BT, A 4
TREZER, 2018, 40(3): 441-448.

Sun Y J, Song E X. Dynamic simulation of “12-20"
Shenzhen landslide[ J]. Chinese Journal of Geotechnical
Engineering, 2018, 40(3) : 441-448. (in Chinese)
SKRE, B b, R, L BT S B Al B TS
AR R (D] TR M A 4, 2017, 25(3) -
815-823.

Zhang W, Shi B T, Shi B, et al. Material point method
of run-out process simulation of soil landsides and appli-
cation [J]. Journal of Engineering Geology, 2017, 25
(3): 815-823. (in Chinese)

TP, PN EIE, R AR LRI AW B R A S
RER AL LA M (7). A £ TR 24, 2019, 41(7)
1206-1216.

Zhang R'Y, Sun Y J, Song E X. Simulation of dynamic
compaction using material point method and analysis of

its energy conversion law [J]. Chinese Journal of Geo-

[16]

[17]

[18]

[19]

[20]

technical Engineering, 2019, 41(7) : 1206-1216. (in
Chinese)

Ci LY & i s i i P R TR S SR B R e O
[D].dbst: ik, 2010.

Huang P. Material point method for metal and soil im~-
pact dynamics problems[D]. Beijing: Tsinghua univer-
sity, 2010. (in Chinese)

Johnson K L. # i s = [M]. 4k Fel, ¥ dbat: &%
HA AL, 1992: 399-401.

Johnson K L. Contact Mechanics [M]. Translated by
Xu B Y. Beijing: Higher Education Press, 1992: 399-
401. (in Chinese)

Vesic A S. Expansion of cavities in infinite soil mass
[J]. Journal of Soil Mechanics and Foundations Divi-
sion, 1972, 98(3): 265-290.

Fern J, Rohe A, Soga K, et al. The material point
method for geotechnical engineering: a practical guide
[M]. Boca Raton: CRC Press, 2019: 27-34.

Francesca C, Alexander C, Gaia D C, et al. Anura3D
MPM software tutorial manual [ M ]. Delft: Anura3D
MPM Research Community, 2019.

Beuth L. Formulation and application of a quasi-static
material point method [D]. Stuttgart: University of
Stuttgart, 2012.

XA PR, B L 2 (% I b R R P e R
[J]. 0 == 6] 5 TR AR, 2010, 6(1): 88-93.

Liu Y L, Huang M S. Bearing capacity behaviors and
failure modes of foundation under highway subgrade[ J].
Chinese Journal of Underground Space and Engineer-
ing, 2010, 6(1): 88-93. (in Chinese)



