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Shear strength and crushing characteristics of calcareous sand in
South China Sea under the influence of three factors

ZHU Jianfeng, LITing, JU Luying, YANG Hao
(School of Civil Engineering and Architecture, Zhejiang University of Science and Technology, Hangzhou,
Zhejiang 310023, China)

Abstract: Calcareous sand, a type of marine soil found in the South China Sea, is characterized by its porous
nature, irregular particle shape, and susceptibility to breakage. However, few studies have examined the
mechanical properties of calcareous sand from the microscopic perspective. To investigate the impact of vertical
pressure , shear degree and relative density on the strength and particle breakage characteristics of calcareous sand,
direct shear tests were conducted on saturated calcareous sand from the South China Sea. A comparative analysis
was performed with the test results of terrestrial silica sand, namely Chinese standard sand and Fujian intermediate
sand. It is found that both the trend of stress-displacement curve and the peak shear stress values exhibit a similar
behavior for calcareous sand under different relative compaction, which were distinctly different from the

influence of relative compaction on Chinese standard sand and Fujian intermediate sand. The calcareous sand in
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the South China Sea exhibit a noteworthy “similar cohesion”, a feature that distinguishes it from the non-

cohesiveness of terrigenous silica sand. This cohesion in calcareous sand is attributed to the non-uniform shape of

its particles and featuring interlocking between particles, presenting certain bonding characteristics.As the vertical

stress increases, the crushing of calcareous sand gradually changes from large particles to small particles. At a

shear degree approaching 50%, the crushing surface of calcareous sand occurs mainly at a relatively weak

position. However, at the shear degree approaching 100%, the primary crushing surface predominantly occurrs in

the middle of individual calcareous sand particles. The relative breaking potential demonstrates a strong

correlation with vertical stress, relative compaction, and shear degree The developed empirical model for breaking

potential, which takes all three factors into account, holds significant potential for practical applications in

engineering. The findings provide valuable insights for the construction of islands and reefs in the South China

Sea.

Keywords: calcareous sand; direct shear test; crushing of particles; relative density; breaking potential
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Fig. 2 Particle gradation of sand sample used in the
laboratory tests

BIAS, KR 3 PP G, € €min F153- R AN TR X 2385 52
BET BB iR 1 2 3 RN I i B IBCRH R T D I K
FE T R 4 FL B A B0 4R RN, e IR R TR0 bR )
(GB/T 50123—2019) ™ {14 161 F1 A% - [#] 45 e 5 128 5 %2
SR, 6 55 U) B BE A 0.8 mm/min, H 2RSSR .

(2)IEM iR 5

K TEM D 4000 £ 52 %ot B 1) 3k 8 v i) D A 11 3
fla R UEATHAER, AR TAE Ry 220 V, W 508G B Ry
1 um, 2R JF S5 R LA K (125 435 ) 0L 8 7] 3k 7% v A
5 85 B U1 1AL R A ) ORI 25 RN B 1 L o
13 KB HE

W 2 iR, Xt AS [6) A X 25 528 (D,) RS ) g
(o,) T 3 Fif AED + 347 L8950 . 53 4h, Wikts
B 2o A e R BT S ) A0 LV AL R, 3R T R
TR BB AR B (S,) T 45 Rb 9 TEM {56 .

RN, S =R DR E T I SR BY 5 R B e - 115 -
*F2 ABAHR
Table 2 Test project
RS g S/% D, o./kPa Sp/%
DS-1 ISOfik _
02,04, 50,100, 200
N > > > > > _
DS-2 FIZ#b 100 6.08 300, 400
DS-3 5 TR 50, 100

TE: SHIRFEEHUE .

2 HERBERSHH

2.1 P VEIRLRN S BT BB 0 4
2.1.1 AR )5

D=0.4 1, AN [A] % ] £if 2% (6,=50, 100, 200, 300,
400 kPa) T 1 F1 45 Jot &0 19 5 1 7 (o) -0 %% (s) il Ze n
3R ETH, OME o, B3, 1S 5
(1) A AF BY 15 7 (o) 38 K, I ELAH L () DA% % () (1.6,
2.6, 4.2, 4.8, 5.2 mm) Fll 5% 4% K 71 (7,) (8.410, 15.242,
49.218, 85.458, 104.824 kPa) 1 1% #i 3 K, X JE K A o,
R, A D R R R, LA A R, R [R]
(RIS F B, XoF B ) 7oy s WL IB TR R o L At
e RERD IR I S5 S h Y, QB o, 3K, 45 D
t-s M1 2k B 0 B3N, JUH 2 o, 15 3] 400 kPa 5, %
B R E . KRR RN W T, S5
Sk RS, TR [B) W £ T 8 25, 8 I b UK B 2 5 D) 1
WAL S, 59 U)im 5 32 2y R 8 ) R At R,
s M2 2L A BHE o, 32 880, 55 51 45
¥ H %, Ak fE B 1) T A 8 5 R R Bl % BT )
THT 18 AL B B AR, T AR E A0, A s IR AET

140
7=122.245 kPa
120 N
Peshsk
100
< 30
=
T 60 —o0—0,=50 kPa
——0,=100 kPa
40 —A—06,~200 kPa
0,=300 kPa
20

—— 0,=400 kPa

0 2 4 6 8 10 12
s/mm

B3 AE o, TRMFER r-s XRMLEL (D=04)
Fig. 3 Shear stress-displacement relationships of saturated
calcareous sand under different o, (D,=0.4)

2.1.2  FH T SR
Kl 4 K 0,=200 kPa T, AN[R] D, T rd ¥ 1 A4S 5T 70



- 116 - 7K SC L T

5534

W) -s X RMZ. mEPH: OARFE D, T, W F45 b
1) . B N, 5 D=0.2 %t N (Y =40 kPa A L, 24 D=
0.8 I 7. 3K B T 70 kPa, 3 K ME BEH 75%, K, 5 o, AH
b (5 R 8 4 i B8 1] 55 500% ), D, % 7 1 1 F 4 5 /b
BT K AR, @4 D, FIRAES DR s #hZk
BEHIEAMFE, H D=0.2,0.4, 0.6, 0.8 1 A5 T ab 1
s Ar IR 4.6,4.2, 4.2, 4.2 mm, F KAAXT AL H 9.5%.
@4 D, P SRS Y o ¥ T, 3 2 X ok 55 P13
T e AN T) 28 SIPR AAS 14 5 B AR T RO A R o HE
VA4 D, N S bS5 Rk T — 3

100

—o0— D=0.2
80 F D=0.4
—A— D06
60 F Dr:O.g

40 /ﬁfwwwwmwmmmfwm

0 4

7/kPa

1 1 1 1
0 2 4 6 8
s/mm

E 4 AF D, THRMBHEE r-s XRHL (6,200 kPa)
Fig. 4 Shear stress-displacement relationships of saturated
calcareous sand under different D, (6,=200 kPa)

AR P 4 2030 20 ) B 7R I AT 4G 31 g Vg P A 45 i
W0 B A RN BB A (o) VA R R T ()™, S5 2R L
%30
#3 TF D, THRAERBETKEEEIER

Table 3 Strength parameters for direct shearing test of
saturated calcareous sand under different D,

D,
SR AR
0.2 04 0.6 0.8
9'/(°) 16.22 16.38 17.17 17.33
c'/kPa 4.160 4.265 4.413 4.637

MFE 3 AT, OBEE D, (4380, e i 1 A0S i Rb
B o' Fl ' B WG, (5 D, A 0.2 B4 % 0.8 B, o' 1 ¢!
A3 S T 1.11°F1 0.477 kPa, 14 K 3R % A R .
KL, D, %t e vl 16 RS b o FE 8 AR e /. @5
o 48 Rk D 3 2 AR B R MRS (0=0) AR, R i
T AN TR Y 8% KT 0, BRI RIS, X £
B DR Ok B VS T D ORI IR AN 35 57, M G Z RN 1
e 7, PR el 4550 o b L — 7 1 AL 3R 0,
2.2 P IEEARURNES B0 5 R VR AR A B 5 R X L

Shy 1 — 25 0T 5% T U RS SRS 1) BY B R, BICR
P 70 [ JEURE D (1SO A0 A FIZ A5 ) A 56 X 52, 1 A
J& S I AN 6] ¢ 1] 1 H1 (0,=50, 100, 200, 300, 400 kPa)

FURE % 25 52 B (D=0.2, 0.4, 0.6, 0.8) F (1 B 87 4%, IF
SR ) 45 AT A T VA R o A 6 5 SR R AT X L
SEIRNE 5 iR

A & 5 AT A D ANIF 6, T, 1SO B 4 R BY 1) 45
(G, BV -5 ML VIZE L5 Al o e K, FIZ B0 IR 22, i 45
AP /N o 3K BT — T 1SO R B R 2% B A T
FIZ b, B HES B 5%, L H: G, & T FIZ s 53
—J7 1, ISO W5 FIZ Wb ¥ )@ T rEfD, PR A0 o B 228 bk
Fow TR RS, AR5 Uik B rh R R A e, HE
AT OB 22 18] 9 RS Bl R A5 R T Ay A, DT
G, Al o ¥ 75 T R g 45 TR AP . @Y 6,<100 kPa i, i
% D, Hn, 1SO wb i) ¢ 5 FIZ wb M 22 8/, 3F H. D, %t
W FRED 7, 1 52 AN SRR B 8 124 6,>100 kPa 2 )5, Bl
& DN, A A 2R W2, RIRTBE A D, B3,
PR P> < 3 38 I, X 5 i A T R RS BT D Y o
D, XRZWI AR, X2 BARN o, TCIEKS P Fh i
%5, PRt D, X 0 59 1 7 W (B S 0 AN 2 o, K
T 100 kPa Ji5, 1SO b 55 FIZ b & ¢ 1 52, 1 — 3 B 9t
B FE BY 3 B b AR kB B e, Rk, 1ISO b 5 FIZ b
() o B & D, 3 i B B 3. 34 6,<100 kPa i,
ISO Wi G, 5 FIZ i AH2E 58 K5 0,>100 kPa J57, —H Z
() ) 2 S 1 b 2 AT o 32 PRI A HE /N %8 ] i g R
AN, Bl AERD ORI A 5%, F ) 22 et 2 B
P T H Y PR R, IfT 2 1 AT AT, 1SO R Y kL 2 e
(C,=3.269) B4k T FIZ b (C,=1.443), M1 ffi 15 1SO #»
) G, 8. MBEE o, BYIGIN, Rl AR 2 05 %,
e 45 B 3L ST A 5% i 328 0855, 1SO /W0 5 FIZ /WP 19 G,
T —.

Kl 6(a) (b) 431K 3 Fah + 408 3 B 545 (o' il ¢')
B D, AR LRI

i A %0, O — D, F, ISOW K o' K, FIZ#
Wz, S Eeb i/, HBEE DN, 1SO# 5 FIZ
Y o 152 T 535 B8 5, TR AT BT o A 1G4 ke B
2%, 3 J& H N MR 4 Terzaghi 2527 A 57 45 5%,
TCRh G 1 1% P EE 4 A 55 0K [ 1 22 file 1 FRUAT G, X
i Y4k /0 (1SO #0 A FIZ 0 i 5, H Uk IR £ 2 8
BRIE, 0 W B A 32 P o B v 1 R A B G, TR,
Bl D, 3G 0, k0 S0 42 fih 1r0 B 2 16 K, RERD 1)
o TR R o T X T R S R I R, L Ao
LI 0 A R 0 O A, ORI RN B, BT ) 5
i v 25 e A W A, SBORE 2 A T A 42 A i B 2 B
ZREREDA, REREE D, XN, m s s
L 2% ik T RS — 2 ARG K, (EL 55 00 B A L 52 i) g



2025 4F RGN, 45 =D BB T I R 0 Y SR L R A A - 117 -

| D=0.8

7/kPa

0886888555586355

sssasnypansiit

320000,
o0,

A.g;fuﬂﬂsoua

4088040,

100
80

g 60

=<

% 40
20 HF

250
200

250
200

< 150
=100
50

7/kPa

350
300
250
£200
<150

(e) 0,=400 kPa
—o— FGTHR —o— ISOfiP —a— FIZAY

5 3 FIARIR L YIS X R i
Fig.5 Shear load-displacements of three kinds of saturated sand
FEABR, P, 42 v 1w 1055 B RD D, I AN 23 2 3% i i WEA5 S A B, UGB & D, B35, 45 AP oA
o o L HL R W AE SCHR [28 — 29 & B, IS0 W2, ML SR o e SO [28 — 29] ROBIFSE b i B
W5 FIZ wb ¥ 8 T B WAk b, WORLE R 2 2 R,
N iy BT o4 2m 0

W2 Ve A I, L0 9 o, e e o T e po i Sy DI RS A AR A A
PR ORI IR A B, A7 —E R e, S8 30 IEM K55t
AT “IBE R 17, I >0, D, X g 4% 5t b J50k: e 7 BB 3 R g TS oA URL i A 1k K



- 118 - 7K SC L T

5534

81 —O— FE[Hp
ISOfP
6 —A— FIZib
o—’o/o/c
4
<
=™
=
o
2 L
0 L
,2 1 1 1 1
0 0.2 0.4 0.6 0.8
D,
(a) ¢"-D,
40 - —o— R
1SO»
35+ —A— FJZI
_30f
s 95t
20
f
15 1 1 1 1
0 0.2 0.4 0.6 0.8
D,
(b) ¢"-D,

E 6 (afubtisiRERRIRG D, XRHE

Fig. 6 Relationship between shear strength parameters of
saturated sand and relative density

G4 o b T 5Y S BE 5 me LA, B4 B T R AN [E] D,
o, T BIYIRREE (S,) 4358 50%(s=0.5s;) F1 100%( s=s;)
) T VA A IS S D Y TEM 30K, 235 2840 ) LI 7—9,

(1)50% B8y F2 5

M7 T LA H, OAHIE D, T, B o, 135,
B IO A ) R R A T R RO B R B AR Ay /N R il
o 3R P S — 5 T, 5/ INORL A LY, 8 5T R R UKL
Z AW A A R R U, e B o AR b Az B BH
Ky o3 —J7 1, B L7 AT R AURL 8% ot 0 B e i, JHC ]
FEHE AT 19 25 BB K, 28 (R o0 A M2 ) A % . 7E Bk
PP PR 2R R R R, R R0k S i b B 5 o B i, 2R
LB 5 B AE SCik [15] B, QA o, AR D, %%
AR B R B A 5 A SRR AR R /N, U 0,=50 kPa,
D=0.6 B 1 4 1 45 Jo b YRR 42 R 1.7 mm, 0,=50 kPa,
D=0.8 B 2 1.5 mm, #7428 K /IMUAH 22 13.33%; 1l b &
o, [R5 0, B BAR 1 605 JO 420 A A A28 32 R DR /N, T o =
50 kPa. D=0.6 I fifg B4 (1) % oz 20 9 A ki 42 4 1.7 mm,
6,=400 kPa. D=0.6 B}/ 1.0 mm, ki K/NHEZE 70%.

B, o, X5 oG A0 A 00 B 19 5% 1) B2 58 F D, 3t 56
WE T RTAR K 3 FE 4 B ge g5 8. @ 85 i ab i 3 3
QW mEASH Y M ER —-EHRM. o=
50 kPa, D=0.2, S,=50% %% Jiz > 2 WL [l (1&] 7) 4y 3], 45
i E AR LR SN N A D S E A ]
M 15 7] B 45 5T b UKL FE 5 DD R HEAR 7 oA — 3, &
BEAEy R IAR WL, HERS K5 28—
SE e F

(2)100% P59 # i

H 1 9 AT %0, D5 S,=50% T4 ¥ 45 J5t b B 10 2
r 55 3 A & AR B UL RO [, Sp=100% B, B i K
2 i M AR BAEURE HR ) R, X R R R S, AR,
A 5 A e HE B DR, ELRE 2 Y U R T R
ST MR By 1) 8 S5 D Uk HE S A B DD T Ak, R B9
S RE X AN, RS 2R T R T, (AR B SORE ) Akt R A T
. @5 8,=50% L, 4 S, H# % 100% B, 7E[7]— D,
N REE o, A 3G 05 S5 AP 4 B B 2 T PR K SSUR % 1
7 Sy /INFURLB T, T AR [E] o, AN T8) D, 2515 B 1) 45
JoT A0 R A% /N AR 3 5 (B AE[R]— 264 F, Sp=100%
F S,=50% i 5 T A B 1 i TR R A8 T /70N
3.2 FE A SRS ORI

S JIURL 8 1 XoF e VS S A BY U 4 1 R i 1
FME, BT Hardin® $2 A A0 X B A% 35 (B,) B
A (1) X g T 1 R B D L B R 6 45 SR R AT A AT

B =2 )
BP

K B— WA R

B—— RS

WE 10 iR, B, ARIHRRIAR 5 A7 i £k CRFH B35 Y
[ 2% 5 B 85 D ) JORE 9 I il 28) 5 R4% 0.074 mm
e 2 BT Bl A 1 T AR B, R a6 AT S (4 B i R A T
D 1] 25 45 T B RN L B 3 50 58 U5 ) A o b R AR O3
i M 48 5 R0 4% 0.074 mm " 2% BT BB Ak A T FR

W BT VI 0 RE BEA TS T, 205 AR HERD SR 4T 0
4y, R (D T2 AT D, o, Fl S, 2 14FF 1 F 45 [
B0 (R RE G R AR 3, Z5 R DL IR 11
3.2.1 D, o, 1S, B30

K 11(a) A 6,200 kPa, S,=50% T H X} B s 4 5
FEXT 3 SC R S Rk, hELG J0, B D, 34 n, B,
B, (IS KA R, D, 0234 % 0.8 K, B,
AR R 1.108%, 31X 5 A D, X85 b 52 0 4 /)N 1k 56
Ziee—8.

& 11(b) N D=0.4, $,=50% F Br-o, X Z M2k, M




2025 4

RGN, 45 =l K B RT F IEE RD T 0 SR EE J  E <119 -

'
I mm X125 Iaims

b, >
’!'w 3
W%
e
1 mm x125 ., 1 mm

W uE
x125° 1 mm

LSy | AN
<1267 1 mm 1 mm

K |
x125 1 mm

(b) D=0.4

&
o~
Ny
{
[ S -

& \ S
1 mm x125 1 mm

[ b S5
X125 1 mm

N L
x125" 1 mm Linm

(¢) D=0.6

X
I

(A

- -~ [
I mm <125 1 mm

> o
<125+ mm

o> - | P L
X125 #1 mm x125 <}-mm

(d) D=0.8
7 iBFNSE R B VIR E (S,=50% )

Fig. 7 Meso-graph of shear fracture for saturated calcareous sand (S,=50%)

8 (a5 IR RIETREE

Fig. 8 Schematic diagram of shear crushing principle of

saturated calcareous sand

Il LI, B o, B3N, B, W His i, X & B
KB o, F 55 RS UKL S BN R %, 55 V) S
Tk B 5 [6 I, o, B 50 kPa 38 28 400 kPa I}, B, 1)
W 1.483%, B8 D, 28 AL I iE K, WIESE T R S
B VIR o, RIS T Do

11(c)H D=0.4. 6,=200kPa F B-S, X % Hth
o HERTLUE N, BEE S, N, B, Wi m, X i
HH A e V0 T TR A 5 D) oo AR b — R AR R, B
Sp>25% Ji , B, YA R H 2R, O R Y S, )N
B, A5 A 1)l R 2 B R A T B A B A A AR

T BE A Sy 3G 0, R 114 v /INES o b J50RE 4 B A, DA
M E S T B KR
322 ZEARAIRY ST
P& 1L AT, X R VS RPN R D, o, Sy 3
5 B A B EIEM M. MAREF D=0.4 Fl S,=50%, Xt
11(b) iR B 45 AT LA (& 12), 7]15:
B, =3.141/[0.854 + ¢ ¥ /m] _ 17 ©))
A p—HRiE R AR /kPa, i 101.325 kPa.
X () R E, 5IA D, X B, B F o, 7]
1RL55 7% 18 D, Ml o, 52 B, Rk N
B, = (1+a){3.141/[0.854 + ¢ *¥0=/m]1 17}  (3)
W E 6,200 kPa, S,=50%, € 11(a) % — D, F
() B, AR 285 AR A S (3) ] S 3 Y o, DTG A5 1 5 1)
¥ a5 D, R M2l 13 o
FRAE ] 13 Hp [l 9 05 A2, 7T A5
a =0.071e**"7—0.258 4
Fel i, 7E 3K (3) e hth B8 A S, X B, 1Y 52 M T
B, WARLEE & D, 0, X Sy 52 M) B, 2k K-
B, = (1+a)(1+B){3.141/[0.854 + ¢ *¥%=/m] _ 1.7} (5)




- 120 - K S H T TR M

534

\ / \
x125 1" mm x125/+1 mim

»
| L
X125 "1 mm

p -
<1251 mm

o1
x125 1 mm

. | " e
<125% 1 mm x125 L.mm

=y ]
x125 1 mm x125 1 mm

(a) D=0.2

B | BV |
1255, 1 mm 1 mm

(b) D=0.4

<125 "T:mm 1'mm
(¢) D=0.6

o L ~
x125 1 mm I'mm

(d) D=0.8

o | L NN
X125 1 mm

- P g L |
x]28 1 mm

:{:

% Gl . o
<125 1 mm

73

& ] i e
X125 1 mm

B9 (HFNsERAYETIRAEEAMNE ( 5,=100% )

Fig. 9 Meso-graph of shear fracture for saturated calcareous sand (S,=100%)

100 .
7 .

§ 80
=
W]EH 60
=
g
2 7 i
%
H{‘—‘ 20

() )

0.01 0.1 1 10

HFiAE/mm
E 10 EXHERITEEE

Fig. 10 Calculation principle of relative crushing potential

HH . H135 %E 0,=200 kPa Fll D=0.4, $ & 11(c) H—
Sp T B R 45 FACA X (5) v] S HE g, DA £ 2
14 Fios 8 B-Sp R R TR .
HRAEE 14 H i A 5 FE, AT A B oA
B =0.006 655 —1.031 (6)

Li LA SR FIE D, 0, X S, Y B, 2%
TR

B.=(1+a)(1+Pfa/lb+e ™™ +d) (T

)
z

a=Ae®"-C (8)
B=GSE-F (9
K(7)—(9)H, 4, B.C.E.F.G.a. b.c.d¥I N
RS 2B, ] 2ok D ST R R AT AR, A S
A=0.071, B=3.267, C=0.258, E=1248, F=1.031, G=
0.006 65, a=3.141, b=0.854, ¢=—0.856., d=1.7,
3.3 MEARIEGIIE
Sk B0 IE AR SR R AT R T g T RE M, 3430 O
JR& AN [ A X 28 S B | 158 ) N7 g RN BT VAR BE T A R VAR
S BT H BT . LA E:
(1)2% | 6,=350 kPa, S, =60%, D=0.5. 0.7 %} 7 if
oL R 5T A R AT B BT IR 9 O 5 2 (7)—(9) B 75 T
fEHEAT X L, S5 3 0L 4 MR 15, 2k 4l 1, A TR
o, Fl Sy T, SR FHAS SCRE i S5 H SRS R 500 4 B, 51K
B BT A5 e KA X iR 22 0 4.1%, B /MR ZEAUH 2.664%,
PR b A SO S A EL A e 1 T A B
(2)% H D=0.5, S, =60%, 6,=150, 250 kPa X 45 [



2025 4F ROV, S = A0 R Z 0T R V55 TP BT DT 5 B R A R - 121 -
5 201
o L
—e— 05,2200 kPa, 5,=50% BiE
— WAL
4 1.6
3 12k D=0.4
g o 5,=50%
q
| 04l B=3.141/[0.854+¢ 08560/m]—1.7
R*=0.998
0.2 0.4 0.6 0.8 0 1 2 3 4 5
D, o./po
(a) B-D, & 12 B-o.p, X ZE
3.0 Fig. 12 Relationship between B, and 4.,/p,
25 —e— D=0.4, 5,=50% os
< 0.6 F o
LS
q
1.0 04F a=0.071e**"7—0.258
S R=0.998
0.5 0.2 |
6,=200 kPa
100 150 200 250 300 350 400 Ul Sp=50%
o,/kPa
(b) Bro, —0.2 L " . .
30 0.2 0.4 0.6 0.8
Dr
2.5 —e— D=04, 5,=200 kPa 13 a-D, XZHZ%
20 Fig. 13 Relationship between a and D,
IS
= 15 151 .
o A
1.0 K0 S — 1V i

20 40 60 80 100
/%
(¢) B-Sy

11 B, 5 D..0,.S, BIFXR ML

Fig. 11 Relationship between B, and D,,s,, S,

T REAT 1 5 a6 235 R DL IR 16, T A SO e 4 AR Ry
(X 7—9) Fri3 w{E I 5 ik 1© 16 D=0.5, 6,=
150, 250 kPa | 181 Fl 45 T 0 L BTl g0 45 R . R 5 7]
Al ME D, A Sy T, A SCRE R 3 SR 7R T 000 245 SR 42
T 92 AR (e R R 52 224K 3.43%) , PRI A St

AR AT

(3) % H D=0.5, 5,=350 kPa, S, =60%. 90% X 45 Jii
AP VEAT BT 5, SN 5 A SO TR S AR X bb 4

0.5 L £=0.006 6555*1.031
R*=0.964

0,~200 kPa

—05F
D=0.4
_1'0 -
1.5 . . . .
0 25 50 75 100
Sy/%

B 14 B-S, XFZHZ%
Fig. 14 Relationship between B, and S,

LR 60 SRR LE A I, LR T 45 5 5 900 45
RS, PE— PRI T ARSI 4 Al FE4E:

25 b, AR ST B bR R X S | e ) IO )
B D) B 1 e T A Jo A B A T AR B A AR
ST SR, AT LRSS PR TR RS I



- 122 - 7K SC L T 53

x4 AE D, TrEIEFESRAEESESTE S BIUE
Table 4 Measured values and predicted values of South China
Sea saturated calcareous sand under different D,

F6 A[E S, TrEAFESRAHESSTNES BIE
Table 6 Measured values and predicted values of South China
Sea saturated calcareous sand under different S,

. RS s WS
' SEE T AXTR22/% SEE THm{E X R2E/%
0.5 2.048 2.132 4.100 60 2.048 2.132 4.10
0.7 2.852 2.778 2.664 90 3.679 3.578 2.82
120 R 77 (o) AL TR, TR 1 28 0 0 2 6 W .
100 - (2) P 55 I RD 5 i 7Y 5h U5 Ak /0 (1SO /b Fn FIZ
80| //’”“‘"’D% ) B 07 1 56 %) 4% 5 2 B 18G5 DT ik (G Al o,
£ ol P +gig:§ J7 101 1SO #b B¢ K, FIZ BB YR 2, 11 85 5/ /1N 5 D, Xt
N ‘ 1SO b i1 FIZ b (4 3 2 4 (A5 40 P9 BE B £y o/ RIS 5K
Vs FEIE 7 o) BRI RS BB T 6T VA SR D 1 o i ¢
Vs O /5 L T 5 R 0 D) S 450 SO 1] 4 -2 A4 D T
o ; ; : : S — i B 7
s/mm (3) B o, B8N, 55 R0 Tk B8 47 Pk 0k

B 15 F[E D, TEMBER r-s XRHE (6,-350kPa)
Fig. 15 Shear stress-displacement relationships of saturated
calcareous sand under different relative densities (¢,=350 kPa)

80
60

40 -

/kPa

20

—o0— =150 kPa

0,250 kPa
0 2 4 6 8
s/mm

B 16 FE o, TEMBE r-s XFEHL (D,=0.5)
Fig. 16 Shear stress-displacement relationships of saturated
calcareous sand under different vertical stresses (D,=0.5)

£S5 AE o, TEEBEMGRUEHFETUESHTNE

Table 5 Measured values and predicted values of South China

Sea saturated calcareous sand under different o,

RS
o,/kPa N - -
S A MR E /%
150 1.261 1.288 2.14
250 1.899 1.836 3.43
4 it

(1) #0I7 o, T, B4 AES B0 A AR D, F 59
L F3 (o) -0 A% (s) il 2 R UM R], HL 06 (L 95 J3E AH 22 45
AN WiE— D, F, BEH o, BYSE N, 16085 5D 1) 55 )
IO 3 WAL () S T 18 O, ELAR Y B WS A% (s,) FIBR A%

A g /NBORE, T AN [R) D, 1 W e 4 4% SRS FORERE A2 /)N
FHIE, o, Xt 845 SR UL 8 A 1) 82 0 2258 T Dys $p=50%
(14 415 o R UL (14 ik e = 2 A AR 3 55 Ak T S,=1009%
PR AL R i 1 = A 7 BURURE 5 [ A v ) 457 5 A 1
li) 57 3 MK UI3E RAE T, 45 i Hh B s i Jr
[ FEAS 55 59 ) 77 1) 52 B — 5 YRS

(4) B3 D, (93, BERES(B,) B @i N, {H3
TR EEA R, o, X B2 R RE W] 2 & T D, BEH S, i34
I B, % W B i, HUEAS YY) AR R A A T ORI A
S 57 B IR S BURY B T B BRI o, D, K Sy Y
SR, A] N 3R g v TR A R AR

2 E#k ( References ) :

(1] PEPABREDTRGARAEZEN HOPHSA
SR B [M]. db ot B2 i AR, 1996, [ The Nansha
Islands Comprehensive Scientific Expedition Team of the
Chinese Academy of Sciences. Physical geography of
Nansha Islands[M]. Beijing: Science Press, 1996. (In
Chinese) |
(2] FEa&, ER, X, 55 SRt TR
I HE5T (3], %5 + 712, 2017, 38(7): 2065 — 2070.
[ WANG Xinzhi, WANG Xing, LIU Haifeng, et al. Field
test study of engineering behaviors of coral reef
foundation[J]. Rock and Soil Mechanics, 2017, 38(7):
2065 —2070. (in Chinese with English abstract) |
(3] RKE, BRI, BB, 45, 45 b URE oy LB Y 45
FYRFAE S A (1], 4 42732, 2014, 35(7): 1831 — 1836.
[ ZHU Changqi, CHEN Haiyang, MENG Qingshan, et



2025 4F

RGN, 45 =D BB T I R 0 Y SR L R A A - 123 -

[4]

[51]

[6]

(71

[8]

L9l

[10]

al. Microscopic characterization of intra-pore structures of
calcareous sands[J]. Rock and Soil Mechanics, 2014,
35(7): 1831 — 1836. (in Chinese with English a
bstract) ]
SR, W E R, TERS. OB A% K 0 Ak X 4 5T b Bt
BT SR ST (7). A £ 1%, 2015, 30(7): 2043 —
2048. [ ZHANG Jiaming, JIANG Guosheng, WANG
Ren. Study on the influence of particle breakage and
dilatancy on the shear strength of calcareous sand[J].
Rock and Soil Mechanics, 2015, 30(7): 2043 — 2048. (in
Chinese with English abstract) ]
ZA, Wl VEAR, A BT ORI AR Y 45 BT U =
FE [ 2578 1 43 B (0], %+ 4 J1°%, 2014, 35(11): 3123 -
3128. [ QIN Yue, YAO Ting, WANG Ren, et al. Particle
breakage-based analysis of deformation law of calcareous
sediments under high-pressure consolidation[J]. Rock and
Soil Mechanics, 2014, 35(11): 3123 — 3128. (in Chinese
with English abstract) ]
BT, DR, X WRIE, 55, AN [RIN ) B AR R S AR Y
D125 RS TR AR IR ST (1], 55 + 715, 2023, 44(10):
2929 — 2941. [ZHONG Li, CHEN Xinlian, LIU
Xiaoxuan, et al. Experimental study on the mechanical
and deformation characteristics of calcareous sand
under different stress paths[J]. Rock and Soil Mechanics,
2023, 44(10): 2929 — 2941. (in Chinese with English
abstract) |
R, X, 2 fE A 8 B R IR 0B SR HEK
Sy U1 KL WETE (V). TR 52 41, 2024, 32(2): 378 —
386. [ HUANG Liang, LIU Xin, LAN Hengxing.
Investigation on characteristic shape of calcareous sand
and associated effect on undrained shear strength[J].
Journal of Engineering Geology, 2024, 32(2): 378 — 386.
(in Chinese with English abstract) ]
XU R, BRsEAR, IR . 85 BRb [E 45 HE K 55 O) Rk =
fih ik g5 (90, b 2% B o 4R, 2023, 36(1): 47 — 57
[ LIU Mengcheng, CHEN Maolin, WANG Juan.
Investigation of shear behavior of calcareous sand in
consolidated and drained triaxial tests[J]. China Journal of
Highway and Transport, 2023, 36(1): 47 — 57. (in
Chinese with English abstract) ]
LADE P V, LIGGIO C D, NAM J, et al. Strain rate,
creep, and stress drop-creep experiments on crushed coral
sand[J]. Journal of Geotechnical and Geoenvironmental
Engineering, 2009, 135(7): 941 — 953.
SRR, kv, X, A8 B 5 U0 R M I B 5T
0. F A hyoe 5 0 2 4, 2008(3% 1 1): 3010 —

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

3015. [ ZHANG Jiaming, ZHANG Ling, LIU Hui, et al.
Experimental research on shear behavior of calcareous
sand[J]. Chinese Journal of Rock Mechanics and
Engineering, 2008(Sup1): 3010 — 3015. (in Chinese with
English abstract) ]

BRANDES H G. Simple shear behavior of calcareous and
quartz  sands[J].
Engineering, 2011, 29(1): 113 — 126.

WANG Xing, ZHU Changqi, WANG Xinzhi, et al. Study

Geotechnical and  Geological

of dilatancy behaviors of calcareous soils in a triaxial
test[J]. Marine Georesources & Geotechnology, 2018,
37(9): 1057 — 1070.

S, R, INAT R, S5 B AR vh S B A UKL
S RE R A (V). il R A 2 4R (A SRR 2 i b 3
3C), 2023, 62(6): 11 — 21. [ GAO Xue, GAO Yan,
SUN Ketian, et al. Particle breakage and energy evolution
of calcareous sand during shearing process[J]. Acta
Scientiarum Naturalium Universitatis Sunyatseni, 2023,
62(6): 11 —21. (in Chinese with English abstract) ]
e, AR A, AR, SF L ST AR N ) AR T A R
L R H BT u B AR (D). L %%, 2022, 433
] 1): 321 = 330. [ GAO Min, HE Shaocheng, XIA
Tangdai, et al. Particles breakage and shear strength
characteristic of calcareous sand under complex stress
path[J]. Rock and Soil Mechanics, 2022, 43(Supl):
321 - 330. (in Chinese with English abstract) ]

EFH, BBUE, B, OB 0TS BURD 5 K
BB RE [, REHOR 5 TR, 2022, 22(15): 6240 —
6247. [ WANG Qing, HOU Heying, KANG Xinrui, et al.
Strength and particle breakage of calcareous sand under
direct shear test[J]. Science Technology and Engineering,
2022, 22(15): 6240 — 6247. (in Chinese with English
abstract) |

LU Yaru, LIU Jiagui, XIONG Ziming. One-dimensional
dynamic compressive behavior of dry calcareous sand at
high strain rates[J]. Journal of Rock Mechanics and
Geotechnical Engineering, 2018, 11(1): 192 —201.
ikFan, 4R, DA, S = RHEK BT VT S B Y
BURIEREARRE (], A 1 TS24, 2020, 42(9): 1593 —
1602. [ ZHANG Jiru, HUA Chen, LUO Mingxing, et al.
Behavior of particle breakage in calcareous sand during
drained shearing [J].
Geotechnical Engineering, 2020, 42(9): 1593 — 1602. (in
Chinese with English abstract) |

B, AL, M IR 25 REES 5 4b 4 WL UKL TR R 5 i
WA ) R BGR [1).55 1 1%, 2018, 39(9):

triaxial Chinese Journal of


https://doi.org/10.1061/(ASCE)GT.1943-5606.0000067
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000067
https://doi.org/10.1007/s10706-010-9357-x
https://doi.org/10.1007/s10706-010-9357-x
https://doi.org/10.3969/j.issn.1671-1815.2022.15.036
https://doi.org/10.3969/j.issn.1671-1815.2022.15.036

- 124 -

7K SCHb BT TR b S

5534

[19]

[20]

[21]

[22]

[23]

[24]

3203 - 3212. [ WU Ye, WANG Yin, YANG Qing.
Experiment on drag force coefficient of calcareous sand in
liquid considering the effect of particle shape[J]. Rock
and Soil Mechanics, 2018, 39(9): 3203 — 3212. (in
Chinese with English abstract) |

Wi, T, G2, %R A i D R 45 AR Y
R B 0 0 2 AEORATE 5T (7). %5 + 912, 2019, 40(10):
3733 — 3740. [ SHEN Yang, SHEN Xue, YU Yanming,
et al. Macro-micro study of compressive deformation
properties of calcareous sand with different particle
fraction contents[J]. Rock and Soil Mechanics, 2019,
40(10): 3733 — 3740. (in Chinese with English
abstract) |

XU Dongsheng, HUANG Ming, ZHOU Yang. One-
dimensional compression behavior of calcareous sand and
marine clay mixtures[J]. International Journal of
Geomechanics, 2020, 20(9): 04020137.

XU Dongsheng, LIU Huabei, RUI Rui, et al. Cyclic and
postcyclic simple shear behavior of binary sand-gravel
mixtures with various gravel contents[J]. Soil Dynamics
and Earthquake Engineering, 2019, 123: 230 — 241.

XU Dongsheng, TANG Zhiyuan, ZHANG Lei.
Interpretation of coarse effect in simple shear behavior of
binary sand-gravel mixture by DEM with authentic particle
shape[J]. Construction and Building Materials, 2019,
195: 292 — 304.

oA N R AR E AT B A S B 4 e Uy
bR ifE: GB/T 50123—2019[S]. Jb 5t [l 113l i pit ik,
2019. [ Ministry of Housing and Urban-Rural
Development of the People’s Republic of China. Standard
for geotechnical testing method: GB/T 50123—2019[S].
Beijing: China Planning Press, 2019. (in Chinese) |
MR, O, SR, S TR S A KR bR ED
Lo BRI BESY [J]. BRIERL A 5 AR, 2023,
20(10): 3789 — 3797. [ XIAO Jianyong, YAN Wei,
QIAO Shifan, et al. Experimental research on the

influence of dry density and moisture content on the shear

[25]

[26]

[27]

[28]

[29]

[30]

strength of standard sand[J]. Journal of Railway Science
and Engineering, 2023, 20(10): 3789 — 3797. (in Chinese
with English abstract) |

Peagid, A5, ek, & &K m T b e A
BB REPE B R R SRR D], MR 2R, 2021, 46(9)
2910 - 2922. [ YAO Qiangling, WANG Weinan, YANG
Shuyi, et al. Direct shear and acoustic emission
characteristics of sandy mudstone under the effect of
moisture content[J]. Journal of China Coal Society,
2021, 46(9): 2910 — 2922. (in Chinese with English
abstract) |

EHk, HIKA, ER, 5555+ BOk A 1E A LH
(1. A& + J12%, 2018, 39(9): 3113 — 3120. [ WANG
Xinzhi, WENG Yiling, WANG Xing, et al. Interlocking
mechanism of calcareous soil[J]. Rock and Soil
Mechanics, 2018, 39(9): 3113 — 3120. (in Chinese with
English abstract) |

TERZAGHI K, PECK R B, MESRI G. Soil mechanics in
engineering practice[M]. 3rd ed. New York: Wiley, 1996.
XA, whabAe, S 04rh, . =Ry U 3 b ULk
TR Rk B AR AT (). Hb T &5 () 5 AR 24, 2021,
17(5): 1463 — 1471. [ LIU Jie, YAO Zhihua, WENG
Xingzhong, et al. Particles breaking regularity and strength
characteristics of coral sand under triaxial shear
conditions [J]. Chinese Journal of Underground Space and
Engineering, 2021, 17(5): 1463 — 1471. (in Chinese with
English abstract) ]

(I L N N o < S i o Rl S i |
2800 FURLAR BN 5T (D], A 42 71 %%, 2020, 41(2):
581 — 591. [ YAN Chaoping, LONG Zhilin, ZHOU
Yichun, et al. Investigation on the effects of confining
pressure and particle size of shear characteristics of
calcareous sand[J]. Rock and Soil Mechanics, 2020,
41(2): 581 — 591. (in Chinese with English abstract) ]
HARDIN B O. Crushing of soil particles[J]. Journal of
Geotechnical Engineering, 1985, 111(10): 1177 — 1192.

YRtE: M A A


https://doi.org/10.1061/(ASCE)GM.1943-5622.0001763
https://doi.org/10.1061/(ASCE)GM.1943-5622.0001763
https://doi.org/10.1016/j.soildyn.2019.04.030
https://doi.org/10.1016/j.soildyn.2019.04.030
https://doi.org/10.1016/j.conbuildmat.2018.11.059
https://doi.org/10.1061/(ASCE)0733-9410(1985)111:10(1177)
https://doi.org/10.1061/(ASCE)0733-9410(1985)111:10(1177)

	1 试验材料与方法
	1.1 试验材料
	1.2 试验仪器及方法
	1.3 试验方案

	2 直剪试验结果与分析
	2.1 南海饱和钙质砂直剪试验结果
	2.1.1 竖向应力影响
	2.1.2 相对密实度影响

	2.2 南海饱和钙质砂与陆源硅砂直剪试验对比

	3 南海钙质砂剪切破碎特性细观分析
	3.1 IEM试验分析
	3.2 南海钙质砂颗粒破碎势计算
	3.2.1 Dr、σv和SD的影响
	3.2.2 综合模型的建立

	3.3 模型验证

	4 结论
	参考文献

