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Experimental investigations on volumetric strain behavior of saturated
sands under bi-directional cyclic loadings

ZHAO Kai, WU Qi, XIONG Hao, MAO Wen-bo, CHEN Guo-xing
(Institute of Geotechnical Engineering, Nanjing Tech University, Nanjing 210009, China)

Abstract: The dilatancy of sands highly depends on the cyclic stress path. A series of axial-torsional coupling shear tests are
performed on the Nanjing fine sand under isotropically consolidated condition by using the hollow cyclic apparatus (HCA). The
dilatant behavior of saturated sands is investigated under complex stress paths, using the correspondent mathematical model.
The results are summarized as follows: the volumetric strain of sands is composed of a completely reversible component and an
irreversible component. The cyclic stress path has significant effects on the development of the volumetric strain. The
equivalent cyclic stress ratio (ESR), which is defined as the ratio of the mean value of the maximum shear stress in a loading
cycle to the initial effective confining pressure, can be used as an index to quantitatively characterize the cyclic stress paths of
the soil samples under bi-directional shear loadings. The volumetric strain increment may be uniquely correlated to the applied
ESR, which accumulates linearly with the increase of ESR. By introducing ESR, a normalized incremental model for
volumetric strain of the saturated sands under bi-directional shear loadings is proposed. Retrospective simulation of a laboratory
test using the proposed model shows good agreement, calibrating the reliability of the model. However, the Byrne model based
on the data of direct shear tests significantly underestimates the volumetric strain accumulation of the Nanjing fine sand under
the axial-torsional coupling shear loadings.
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Fig. 1 Stress conditions of hollow cylindrical soil sample
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Fig. 2 Grain-size distribution curve of Nanjing fine sand
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Fig. 3 Schematic illustration of typical loading path
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Table 1 Drained bi-direction cyclic loading test schemes

e D, =35% e D, = 50% e D, =70%
RFEGS RFEGS RFEGS
alb  BI(°) CSR alb  BICC) CSR alb BI(° ) CSR

E-35-1.0-45-0.15 1.0 45  0.15 | E-50-1.0-45-0.15 1.0 45  0.15 | E-70-1.0-45-0.15 1.0 45  0.15
E-35-1.0-45-020 1.0 45 020 | E-50-1.0-45-020 1.0 45 020 | E-70-1.0-45-020 1.0 45 020

E-35-1.0-45-0.25 1.0 45 0.25 | E-50-1.0-45-0.25 1.0 45 0.25 | E-70-1.0-45-0.25 1.0 45 0.25

E-35-1.0-45-0.30 1.0 45 0.30 | E-50-1.0-45-0.30 1.0 45 0.30 | E-70-1.0-45-0.30 1.0 45 030
E-35-0.5-30-0.15 0.5 30 0.15 | E-50-0.5-30-0.15 0.5 30 0.15 | E-70-0.5-30-0.15 0.5 30  0.15
E-35-0.5-45-0.15 0.5 45 0.15 | E-50-0.5-45-0.15 0.5 45 0.15 | E-70-0.5-45-0.15 0.5 45  0.15
E-35-0.5-60-0.15 0.5 60 0.15 | E-50-0.5-60-0.15 0.5 60 0.15 | E-70-0.5-60-0.15 0.5 60 0.15
E-35-0.5-30-0.20 0.5 30 0.20 | E-50-0.5-30-0.20 0.5 30 0.20 | E-70-0.5-30-0.20 0.5 30  0.20
E-35-0.5-45-0.20 0.5 45 0.20 | E-50-0.5-45-0.20 0.5 45 0.20 | E-70-0.5-45-0.20 0.5 45 0.20
E-35-0.5-60-0.20 0.5 60 0.20 | E-50-0.5-60-0.20 0.5 60 0.20 | E-70-0.5-60-0.20 0.5 60  0.20
E-35-0.5-30-0.25 0.5 30 0.25 | E-50-0.5-30-0.25 0.5 30 0.25 | E-70-0.5-30-0.25 0.5 30 0.25
E-35-0.5-45-0.25 0.5 45 0.25 | E-50-0.5-45-0.25 0.5 45 0.25 | E-70-0.5-45-0.25 0.5 45 025
E-35-0.5-60-0.25 0.5 60 0.25 | E-50-0.5-60-0.25 0.5 60 0.25 | E-70-0.5-60-0.25 0.5 60 0.25
E-35-0.5-30-0.30 0.5 30 0.30 | E-50-0.5-30-0.30 0.5 30 0.30 | E-70-0.5-30-0.30 0.5 30 030
E-35-0.5-45-0.30 0.5 45 0.30 | E-50-0.5-45-0.30 0.5 45 0.30 | E-70-0.5-45-0.30 0.5 45 030
E-35-0.5-60-0.30 0.5 60 0.30 | E-50-0.5-60-0.30 0.5 60 0.30 | E-70-0.5-60-0.30 0.5 60  0.30
E-35-0.0-45-0.15 0.0 45 0.15 | E-50-0.0-45-0.15 0.0 45 0.15 | E-70-0.0-45-0.15 0.0 45 0.15
E-35-0.0-45-0.20 0.0 45 0.20 | E-50-0.0-45-0.20 0.0 45 0.20 | E-70-0.0-45-0.20 0.0 45 0.20
E-35-0.0-45-0.25 0.0 45 0.25 | E-50-0.0-45-0.25 0.0 45 0.25 | E-70-0.0-45-0.25 0.0 45 0.25
E-35-0.0-45-0.30 0.0 45 0.30 | E-50-0.0-45-0.30 0.0 45 0.30 | E-70-0.0-45-0.30 0.0 45 030

20

- N:
oontog 2 _ mwk
ﬁ'o.-a D
10+ o i® &
o lo 4
92 / -~
6° & &
& or 09‘ o° =
OQ’ O =
o-l ,ao'o #
-10+ ¢ o -
0@ o SLWHME
°°SO-OD~°‘° —— WiME 2 ) ) ) |
-20 | L L ) o1 0 0.1 0.2 0.3
~20 -10 0 10 20
(G- )2 i REAE &%
(a) Lo- (b)
201
08f
£ 10f L
.§ 206 0.82 °
W 8 Y _
o 4L 1=1°(
& ° 2 04 0.80
& £ud
0.78 | Evdlir
-10r- 02F l
(l)(l)() 161 162 163 164 165 166
_20 1 1 1 1 1 J 1 1 1 J
2015 -0.10 -0.05 0 0.05 010 0.15 0 100 200 300 400
BYNAE/% PPN

(¢) (d)

4 HoKWEFEE IR B EI I AR
Fig. 4 Typical results of drained bi-directional cyclic loading tests



1264 H O+ T OB % M

2019 4F

1Eo): @ ey, MARNWEFBLEIEIA MBI PTG BECK
B AR A B R AR 0 AR B R T () R 1A)
AL @FEETRIIRINIIEM, &, R AR
W /N ET0, BIIE B FUIRAS .

SN B UE AR I6 I A5 A B (1) A P S RIS 25t T
5 HE-50-0.5-45-0. 20 A FELEHE K A BT U1 FE o £L
BEL K Ayl RE 2k o el B AT, 7 i ) LS R B 6 A
B RE R, ALK R S AR R TE400~401
kPa, FFI%H B FLEK E 71 BRI R =g, X
KW, WREFLBK AT AR A B HE s, 20
ATULEA, A VKAREG SR A (12 Nk 00 ma st 4D i) 44
I AR B HE A 2T

404
L 4021
]
2 100 AR
l:El 400
%
&®
= 398 -
396 1 1 1 1 1
0 10 20 30 40 50

IR 775
5 FLBE/KESIRTR2rRZ
Fig. 5 Time-history curves of pore water pressure

NRE— R IR N R AR S B R AR AR
LA AR N AR ) FE S, XD, = 50% LA
SRS AMEL T Ay S AR PN a6 AN A HH BT A g
W, I EHICSR = 0.20. 645 H D, = 50%[111
A G AERPAEAE [T L AT DL WA R & BT Y04 H
Fe, SNIRAML.

121
D,=50%
1.0}
§g 0.8
,é;( 0.6
‘]21
%04
f— SRR, o/b=0, p=0°, CSR=0.20
0.2 A BRI, a/b=0, p=90°, CSR=0.20
WA YR, o/p=0.5, f=45°, CSR=0.20
1 1 1 1
0 100 200 300 400

PEFBN
6 ERNNBRESE—NNBRERA TN

Fig. 6 Volumetric strains of saturated sands under complex and
single stress paths

H1 6T 1, 55 0 ) R A BT U1 R A AT R s A
&gy MIHE SRR — 2, 2B B s ai I BTE T ¢, #0
BENEIE TG R, H. e, B KOE ZFHNIE RS e
N, ARIEBEIET0; HCSRAHFIN, PFhER—RN )
AT (AR 52T VER N IRAER &, BENEII N
FEARFE — 2 BN BARE ] TR 6, BIER
THB AR 6 o XKW, DR T

—N kAR (Al EBAEHEDD (ARG ET FACAY T
bt e, MR R SEAE, AR AR B ik e,
BRT ARG UEH TR e, MAHBIHE
MR &, EARSF N0, XRHT 6, RHMA
ARG RERR S p Bl
2.2 iAFNRL T BURKERME R SR E R

T, (EHEVER R A TR UG v, SR N = 15
I (RIS (&, s TR M = 7.5 20 F iR,
AT BN IR RAR (6,4, )y R (8,415 HEATIA
—Bf, H— G IR R (6,4, )y /(6,05 )15 HIZEREFR
SEE—MNERERTEE N, IR RR BN N
IR RAEES 2T BT FREAR, X 1S AR MR
AR (&4, )15 BEAT 20 BT SRATF 50 52 244 407 40 R L 1k
JRIAR A R o

Kl 7 A L (e,4;,),s 5 CSR MR R M. A
BT %, CSR R (&4, )5 RIEZWEZ, Zalb, B
D HIFIEF, (&, )5 Bl CSR M3 KT RGE I K. SATH
4 DM, ELATARLE CSR A1 g HIIRFEN (6,415 B
% a/b MHGKIMIR, H a/b Xt CSR F (g, )5 KA M
LRIRZ AN RE T — 1k SRS, CSR AN REH I
JIMRAE FIAR AL CEDRRIEC Bl ), 17TV IR S L
AR (A KAl a/b) 1038k, RN
JIRARF I i L 7732 2R AR AN L 7 e S e 11
RRE . PR IR S0 b2 b Tl ) B g i A 5 8 8
TR E R A ER BN, T b EHFET ab RH
R0 1) BY S, RHARE BT it N B 77 AR A — 5
BA] 6 32 B BT DO AR [R] CandR3E Bl 50,

1.0

It
£

1SFARARRLAE (00,5r)15/%
s o o
S 2 &
L S S
LI
-5

Fo

1 1 ]
0.15 0.20 0.25 0.30 0.35

0.10
PHIRRE 7 HLCSR
(a) D,=35%, p=45°

1.0
8 o8t
5
S 06F
Ez‘(
= 04t
x
® —o— alb=1.0
E o2} —— alb=0.5
- —o— alb=0

0 1 1 1 1 ]

010 015 020 025 030 035

VG N; S7 LGSR
(b) D,=50%, f=45°



%73 B Yl S AR SR BT DI AF AR H AR AR A A R i T 1265

101
xX
% 08
:_;
w 0.6
g
& 04
*® —o— a/b=1.0
g 0.2 —— alb=0.5
- —o— alb=0

1 ]

0 1 1 1

010 015 020 025 030 035
VEFRRLIT LCSR

(¢) D,=70%, p=45°

7 815 RARCNE SRR SEE X Rk
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