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Abstract:

offshore wind turbine foundation should be strictly

The resonant frequency and the tilt of the

controlled at natural cyclic load such as wind, wave and
current, resulting in the fact that the characteristics of

small strain modulus of soil should be considered in the
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design. The hardening soil model with small strain
stiffness (HSS) parameters of typical marine sand in
Yangjiang,

Guangdong, including the effective stress

strength parameters and stiffness parameters, were
obtained by using conventional oedometer, GDS triaxial
and bender elements. The relationships among stiffness
parameters of marine sand were also analyzed. It is found
that the measured small strain shear modulus G, is much
smaller than the predictions made by empirical equations
based on clean sands. The method to predict the HSS
model parameters of marine sands in this area are

furthermore suggested.

Key words: hardening soil model with small strain
stiffness (HSS); marine sand; triaxial test; oedometer

test; small strain modulus; bender element
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Tab. 1 Physical parameters of sands
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Fig. 1 Particle size distribution curves of tested

samples
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Fig. 2 Stress-strain curves in oedometer tests
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Fig. 3 Stress-strain curves in triaxial tests

T T EYIR RN R
ARYR AR I X [ 45 56 B B E 2R R T R
JUIE U, S A% 3 518 25,10, 20 F1 50 kHz
() IESZ AR, SR FHRIIR v SR = 1 55 U ek
TR 50— B 10 kHz 4 ASTR B 181

3.3

M) (15 4) o T ZE I , T % S i on &
GEHEIR (5. 5 ps) , A F 7 B B 0L 0 25 25t e Tk
1o BE (RN T 2. 0 mm) R R 3 A1 11 45 i o 2>
e L

EA BRI, T po 25 i oo A R AL



856 A 5% K % 2 (A R B2 MO 5550 %
B E R *2 EHRBLERLCSE
(IE3ZBES) Tab. 2 Summary of test results

2 kHz /\
-—/“\\%9/\/

20 kHz /W\/\/
/\/\/\_/\_.

c'=100 kPa

HE / (V-mV™)

M‘/
SOKHZ | g 33k B 171539 s

0 200 400 600 800 1000

FE] /107 s

4 AHEW44-1-18 HIN T i TEBIES
Fig. 4 Receiving signals in the bender element test

on specimen W44-1-18

A — B R R BT DR G, TR 25 i
TR SRS K TR A IR . 2 i TRy U 7e
TR 25t BRERECHE , 45 il Tl G5 R
B TIE IE B IE S IS R I3 2,
3.4 KGRI SR

W 5 o, AH R &% L s 100 kPa LB L 4%
PR ARG fh oo g AR 1 G B B AT Sk [ 19-
21 I B 3k v B2 Tk S Sk b b + &
A A YGRS AR KR+ B
2 1R (AN F4 5] ZR BR324 JURE 15 it , DT 3
HAB WA s A SCAIR 6 25 2R 5 Twasaki 5 (57 25
W —B, B R IRED 1 G A W AR T 4lde b

N E.— ref/ E ref / G ref / E ref /
sp1 J ' 50 ur 0 oed
EFRGES ¢ ¢ MPa MPa MPa MPa N

W44—1—13 0.1 38.5 12.1 53.8 54.0 8.4 0.73
W44—1—18 6.7 34.3 20.3 71.6 62.9 11.6 0.68
Wi44—1—26 8.7 39.3 17.7 42.3 83.2 11.0 0.62
W3—2—5 0 35.4 7.7 45.2 47.4 — 0.81
W3—2—8 8.2 36.7 10.4 62.8 70.5 — 0.68
Wi44—1—22 — — 21.2 61.8 — 7.3  0.72
W3—2—6 — — 32.0 81.4 59.5 — 0.67
W3—2—12 — — 11.9 49.4 87.4 — 0.65
W34—2—10 — — — — 68.5 — —
140
100 kPa
120 ¢ s
+ ‘g
100 | NG 35
< y AX x e
£ g0l aFkEH A B
= O RN A A
S 60} ® FE R0 A A
®Fine grained-Kumar!'”? A
40 | @Medium grained-Kumar"*! A
® Coarse grained-Kumar!'!
20 | ©Toyoura sand-Suwall?!)
| x Silica sand-Suwall*!l
+ Hime gravel-Suwal®"] . . .
0 0.20 0.40 0.60 0.80 1.00

€0

5 G, 'Hie, T
Fig. 5 Variation of G, with e,

SEMARD - Gy R 2R T2 2 A 5 e AL Bt L A BTAE
PMBL . —SLE XX e R PEAT 18 4x T R T
TR T G Z ARt A, B e 3
s A BE TS,

#®3 GEZWITEANICE
Tab.3 Summary of empirical formula in predicting G,

e e
2
[BkL: G, = 7()0(2‘117%"’) 5
' e
Hardin and Richart'?’
g (2»97*5))2 o
kL G, = 326 T

]\/Ienqm4J

dx
20

;)\ 0480,
Go—67.1C 0L (ﬂ )
(] "\

Wichtmann 252!

Go=(1563+ 3.13C2%

)[1.94 cxp(—<>.066(7u)—e]2 . (p )‘”“”
1+e ‘

Senetakis 2126

RIRATYERY - Gy =( — 5.88C, + 57.01)

RAGYRD : Gy = — 9.45C, + 78.15)

Pi\

, (063
o'm )

0.28C, +0.98
e ( Pa

0.28C, +0.98
e

1+ Hardin 22047 2 kgeem ™25 Wichtmann 22208437 4 kPa; Menq . Senetakis 222043 4 MPa.



55 6 41 FREEE AR R L/ AR AL LA RIS IR T 857

W AYGRES 5 SOk g 45 R 3R 3 th & 350 Femwy ’

TN . . AR YRS i
SSIRAEFTHEEAT H S50 Hardin 2358 22 6 R 0%,
AR AR TR £ 1Y G (P 6) P oGP RR i SRR

e . . 250 | #
I 1H , Gg 7N TR o ichtmann =5~ enetakis 4 -
B, G R BN . Wichtmann %/ 1 Senetak L )
S ARG 2 1 I 2 0w 2 , T8 Meng ™ 114 CE20T A s sy

Y N o3 ) ) e = / i d
SR LG AR 28 30% LLPY , o] A A % 15 A e

SY WK VG2 FARTS £ G 7 3 A
iﬁﬁﬂlﬂgﬁfﬂéi%@i Gy E’J?ﬂ%ﬁﬂj{)ﬂ ( [gl 7) ° il > L7 - mFine grained-Kumar!"”

“ “  oMedium grained-Kumar
350 . 7 ’ *Coarse grained-Kum[%rl]
it V& 50 F 4 oToyoura sand-Suwal
J gigg%ﬁ; e xSilica sand—Suwa]miI
300 | . 0?55%5;[‘[201 s ‘ __+Hime gravel-Suwal®!
S 0 50 100 150 200 250 300 350
s | P250%, " 3
g 5 e Gi/MPa
/ * - &
g 2007 N~ SR E7 MenqAst* it HERE
’ +. -7
= ’ X 1Y .- 359 Fig. 7 Results using Menq’s equation™
5 150 | ha
//I é(+$ - g e
100+ /Aa t,@' #Fine grained-Kumar™! E.,,(100~200 kPa 5 I ) TR 4ati i ) (E,' 5 E5
/A XE 2 oMedium grained-Kumar ot . N ~ . N
g X o Coarse grained-Kumar Gom 5 Eurr( E,:J Hﬁ Wﬂ?@% 5 & ﬁﬁ}l:ﬁ EP E/‘J MEA Elﬁj‘j -
50 o Toyoura sand-Suwal®'!
[y xSilica sand-Suwal’®!] HLAE~1.0~1.1E,,.E,~ =~ 2.4~6.0 E,*
o . . +Hime gravel-Suwall?!} o . o ’
0 50 100 150 200 250 300 350 G~ 0.7~2. 0 E,".
GOE/ MPa ?ﬁﬁﬁ ’ ZIKYKEQE/\_TL\EP Esorer5 Eotdrefﬂg Hﬁﬁj‘j 1.4~

El6 Hardin 2T HZER(EHK)

Fig. 6 Results using Hardin’s equation™

RAGT T EA BT RIRED - HSS BRI
SR BB AR . R, ARIKR E, S

2.9, 5EA g I E £ Ey S Bl
AR IS A —E 22 . R, BFFE R B,
E5 5 EL B HCAR RS -2 0K RS o B 38 T g 384
AR B AR SC R (B18) o J34h , E
E5 B AR BERE FLER L BB R A W in (1&19)

*x4 BESHXER
Tab. 4 Relationships between different moduli

Pt D a3k
E. fj‘fmd”f%}fﬂ72 Jﬁ]:@fym,
Eo™~1.0~1.1E, Aik
E '~ E, " F PR Schanz 457
Ey“~E, ;" (hit}) h bl 2s)
Ey™ Ey“~ 1.1 E,J“(%if>) Jo g 245 10
Ey~1.1E, " Of#h) g
E;')z)m% 1 4’\'2 9 Eoedm[ z’gw—»\iﬂgﬁ
E a3 E, Brinkgreve %12
E,“~3 E5" (Kif)) R arales]
£ E, “a3~5E, ™ JE L]
E,"'~6.3 E,/" (H)) i % 1
E, 6.6 E," (}3)) ooty
E,“~2.4~6.0 E ™ AR
G 1~2 E,™ Benz
Gl G=0. 5 E ™ (¥t>) g sles)
. G(,M%(). 8 Ewm[ (kb)) mﬁa}&zﬁg&gp};[m]
G '~0.7~2.0E " AU

R T2 AL BRI, FLRIE
B TE 70 LI T T2
UG, — LT SR BRI L
HEE, e E AT T B, A SO Ss
E5 B RO, FADE L5 B

Z[8] P B P AR A R 2 30 6 R e T AN RE R 41
)EH o

B0 A7 T RARED HWIE SR G B B,
E " ZBIWARR LSO R, il 24 R AR
fei PR 2R TAE . (B 2RI B S



858 [ B K 2% 2 (A R RE 2% WD o5 50 %
357 7.0 ¢
3.0 A 6.0 I A A
25 ¢ 50t
- ! A
2220+ S L A
. ‘ i o ig 40 e = 6.95In x+8.42
22 15| ) 2= 80wl 52 30| P R=0.88
[S§] R=1.0 W AA
1.0 ¢ 2.0}
0.5 1.0
. . . , . " . . . . .
0 0.2 0.4 0.6 0.8 1.0 0.30 0.40 0.50 0.60 0.70 0.80
dso / mm €o
ref ref fut s
B8 E,“5E, HEkEd,THE B9 E,'5E,“Htt{ERe,ZLE
. . . . ref
Fig. 8 Relationship between the ratio of E;,” to E,. Fig. 9 Relationship between the ratio of E.™ to

<" and mean particle size d;,

8.0
7.0 A R REES
60 | A o B3
o R RS
o 507 o a
4.0 |
%530}  y=4.03Inx+1543 Ao
2—|
20l R*=0.69 .
H
1.0 }
0 50 100 150 200 250 300 350
E5 / MPa
a Gy HEG XA
12.0
10.0
; y=27.72¢ 1%
L Bl A R=0.89
W 60| A
T A0
40 AR
o B R0
2.0t oA {28 0
0 5.0 10.0 15.0 200 250
EX /MPa
¢ Gy'5EMMIRE
9.0
8.0 | A
OF AR .
TOT opggen 70
53 OO o mimggmie T A
W 5.0 F o fpEM :
3. 40| A
=30 y=13.03¢° 0
20t R=0.61
1.0}
0 5.0 10.0 15.0 200 250
EX / MPa

e Ex'5E MIX R

E,," and initial void ratio e,

25 ¢
AR
20 o wpRIRN0 A
A
s 15t SRR y=0.29¢00>
W =0.68
%510l A AAA
A
0.5} o
0 200 400 600  80.0  100.0
Gy'/ MPa
b Go SELHI*F
8.0
7.0 e A RS
6.0 Y o AR
o BRI
zg 30 o Prat
D40 -
3.0 y=30.59x07  OKTe A
20} R=0.63 A
10}
0 50 100 150 20.0 250 30.0 350
ES / MPa
d ERSES %R
35,
301 A KRR
4 o R
2] o BRI
T3 2.0t . o &M
5215t
1ot SY .0
y=111270%
0.5} R>=0.55
0 5.0 10.0 15.0 20.0 25.0
EXi/MPa

f Efy SEaifI% 5

E 10 Goref\Esoref\ E“rrefiu Eoedrefal‘]% g
Fig. 10 Relationships between G,”', E ', E,," and E ;"



5 6 1

WA AR IR AR T AL AR S E U AT Y 859

4 Zig

AR i A R 25 HE K Al 25 HE KO
TR o vfie [ 256 LA K 25 e By E sk i
DUE T T 7R BH T M DX PR D £ HSS B 1Y K
SISE I T RS R OC R T AR i
i DXL R A 408 1A Ay A S T AR 1A HSS A A 2
BOREFEHMKYE . AR H) R ZEER R .

(D)) AR BV DX AP = DA b RS R 32,
HRCE IS HC R 4, HARR & 7E 13 %0
~32 %220, WIHRFLBR ELAE 0. 42~0. 74 Z 8]

(2) M RSP £ HSS R BB E " 5 E, 1
WETE 1. 4~2.9Z 0 ,E," 5 E, M L TE 2. 4~
6.0 20, G5 E, M HAETE 0. 7~2.0 Z 4], E,
S ELW WAL O~ 120, Ho, e+
E 5 E 0 LR BE 2 -3 J0RE RST d B 38 i
B, £, Ey i HAEREE FLER H 38 R Wi
e ARYGRE L T KIAED + HSS it 250 A
LR S EAY /N WL SN/ e wh R (T
HEEA R S%

(3)HFTER RS + 1Y G W AR T B A B 58
P ALY X AT REJE T HE AR m A S R
R Z APk & i . R AR FH Hardin 256 05X
PEAT TR B 25 7= A B AR 22 25 450, G it
FFSE , ASSZI B AL T Menq $2 1 Y250 A 20K
WA B, (H 5 AR 4 0 sAT Rt — 2B AR 9T

{E& STmk = PR :

SR ARSI SO B HESUERY; SRS SGR A

WRAIG : (TR S B o A A SO R

o - 2 SR BT I A WP T S
WICH I KAETT

MR - AR AN SRR SR 2 R TE R 4 1e
SCPEMER T3 HF

ROEAR AR BHRI S SRS 2 5P Xe
SCHALR S0

SR RUGKIR A F SR SR s 2 SO e
SCERMER T30

Sk

(1) SRR, Wrigtl- ST, Bife s a0 B FHPEER =i
B 3T 1 X)L 0 i RS [ ). 2 b TR
##, 2009, 31(11): 1729.
GUO  Yushu, ACHMUS ABDEL-RAHMAN

Khalid . Estimation of lateral deformation of monopile

Martin,

(2]

(5]

[9]

[10]

[11]

foundations by use of cyclic triaxial tests [J]. Chinese Journal of
Geotechnical Engineering, 2009, 31(11): 1729.

BENZ T. Small strain stiffness of soils and its numerical
consequences [ D]. Stuttgart: University of Stuttgart, 2007.

JAl R 25 i N AR s AL 1 AR R ST I A b Y
REIID]. BRI : R /REE Tl R, 2010.

ZHOU Enping. Application of hardening soil model with small-
strain in deformation analysis for foundation pit [D]. Harbin:
Harbin Institute of Technology, 2010.

WRa . /N AR A AR BT B AT S R B RESTITZ AR TE P i
D] K, Kk, 2014,

CHEN Lei. Application of hardening soil small in deformation
analysis of foundation pit with earth berms [D]. Tianjin:
Tianjin University, 2014.

TR I AR R A A AR A 9 b DX R R AR R
[J]. 7 TR2ER, 2010, 32(S1): 166.

YING Ji. Application of hardening soil model with small strain
stiffness in deep foundation pits in Shanghai [J]. Chinese
Journal of Geotechnical Engineering, 2010, 32(S1): 166.
TRATH R A T FIE ST R S AT (D ] UM - #IR
2%, 2012.

ZHANG Xuechan. Behavior of narrow-deep excavation in soft
clay ground [D]. Hangzhou: Zhejiang University, 2012.
MR, BEERS , ST BT R o Wi O BT 25 R i 1
RO L] A TREER, 2012, 34(SD): 60.

MU Linlong, HUANG WU  Shiming. Soil
responses induced by excavations based on inverse analysis [J].
2012, 34

Maosong,

Chinese Journal of Geotechnical Engineering,
(S1): 60.

WU, 20K, BB 2, A5 MO SR AR H B 21
BB R AL SRR R B T (). B0 02 5 LR,
2010, 29(S1): 3184.

CHU Feng, LI Yongsheng, LIANG Fayun, e a/. Numerical
analysis of deformation of deep excavation adjacent to metro
considering small-strain stiffness of soil [J]. Chinese Journal of
Rock Mechanics and Engineering, 2010, 29(S1): 3184.
FBZR, EER, theh e SRS EUE S BT b L RRE AL A
SRR T[T A 015, 2012, 33(8): 2283.

WANG  Weidong, WANG Haoran, XU Zhonghua.
Experimental study of parameters of hardening soil model for
numerical analysis of excavations of foundation pits [J]. Rock
and Soil Mechanics, 2012, 33(8): 2283.

TGS , il , 2B, A5 A/ N AR R R 1 I 50
FELT]. FIPFRAE AR (A ARERR) , 2018, 46(3): 312.

GU Xiaogiang, LU Lutong, LI Xiongwel, et al. Experimental
study of small strain stiffness properties of soil [J]. Journal of
Tongji University (Natural Science), 2018, 46(3): 312.
Bk, WA, TEH, % . Bl XA HSS BB K
WEWFFET ], A TR, 2017, 39(2) : 269.

LIANG Fayun, JIA Yajie, DING Yujin, et a/. Experimental
study on parameters of HSS model for soft soils in Shanghai

[J]. Chinese Journal of Geotechnical Engineering, 2017, 39



860 6 3 2 2 (A 28 B 2% ) 5550 %
(2): 269. Soils and Foundations, 2013, 53(5), 735.

[12] BRINKGREVE R B J, BROERE W. Plaxis material models [21] SUWAL L P, KUWANO R. Statically and dynamically
manual [R]. Delft: Delft University of Technology, 2006. measured Poisson’s ratio of granular soils on triaxial laboratory

[13] 2k, BEER, BRIV /NN 2R A AL A R S8 U T 57 PR specimens [J]. Geotechnical Testing Journal, 2013, 36
SREET]. TR, 2021, 51(4): 172. (4), 493.

LUO Minmin, CHEN Yun, ZHOU Jiang. Research status and [22] TWASAKI T, TATSUOKA F. Effects of grain size and
prospect of parameter selection for the HS-small model [J]. grading on dynamic shear moduli of sands [J]. Soils and
Industrial Construction, 2021, 51(4): 172. Foundations, 1977, 17: 20.

[14] Wiwess , REH, BRz, 5. LA/ AS BT R A [23] HARDIN B O, RICHART F E. Elastic wave velocities in
SHIUE T S TR UE[T ). A 12, 2021, 42(3) : 833. granular soils [J]. Soil Mechanics and Foundations Division,
GU Xiaogiang, WU Ruituo, LIANG Fayun, et a/. On HSS 1963, 89: 33.
model parameters for Shanghai soils with engineering [24] MENQ F Y. Dynamic properties of sandy and gravelly soils
verification [J]. Rock and Soil Mechanics, 2021, 42(3): 833. [D]. Austin: The University of Texas at Austin, 2003.

[15] GAO D Z, WEI D D, HU Z X. Geotechnical properties of [25] WICHTMANN T, TRIANTAFYLLIDIS T. Influence of the
Shanghai soils and engineering applications [M]// Marine grain-size distribution curve of quartz sand on the small strain
Geotechnology and Nearshore/offshore Structures. Philadelphia: shear modulus G (max) [J]. Journal of Geotechnical and
ASTM, 1986: 161 - 178. Geoenvironmental Engineering, 2009, 135(10): 1404.

[16] BOLTON M D. The strength and dilatancy of sands [J]. [26] SENETAKIS K, ANASTASIADIS A, PITILAKIS K. The
Geéotechnique, 1986, 36(1): 65. small-strain shear modulus and damping ratio of quartz and

[17] JANBU J. Soil compressibility as determined by oedometer and volcanic sands [J]. Geotechnical Testing Journal, 2012, 35
triaxial tests [ C]//Proceedings of the 3rd European Conference (6), 964.
on Soil Mechanics and Foundation Engineering. Wiesbaden: [27] SCHANZ T, VERMEER P A. On the stiffness of sands
[s.n.], 1963, 1:19 - 25. [M]//Pre-failure deformation behaviour of geomaterials.

[18] GU X Q, YANG J, HUANG M S, et al. Bender element Stuttgart : Thomas Telford Publishing, 1998: 383 - 387.
tests in dry and saturated sand: Signal interpretation and result — [28] #fg, HE, &HMH, 2. BN E A KIE 1+ HSS BAIZ4L
comparison [J]. Soils and Foundations, 2015, 55(5): 951. SERWFTE [T ], WL Tl R4k, 2021, 49(1): 53.

[19] KUMAR J, MADHUSUDHAN B N. Effect of relative ZHAO Bao, TIAN Lei, ZHAO Weiyang, et al. Experimental
density and confining pressure on Poisson ratio from bender and study on parameters in HSS model for cemented water-rich silty
extender elements tests [J]. Geotechnique, 2010, 60(7), 561. sand in Hangzhou [J]. Journal of Zhejiang University of

[20] GU X Q, YANG J, HUANG M S. Laboratory measurements Technology, 2021, 49(1): 53.

of small strain properties of dry sands by bender element [J].



