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Abstract The evaluation of the undrained cyclic resis-
tance of sandy deposits is required to forecast the soil
behaviour during an earthquake (liquefaction, cyclic
mobility); due to the difficulties in obtaining undisturbed
samples of most liquefiable soils, it is usually deduced from
field test results such as cone penetration tests. This paper
proposes a methodology to evaluate the undrained cyclic
resistance from normalised cone resistance of two well-
studied silica sands (Ticino and Toyoura), with different
mineralogy, one mainly composed of feldspar, the other of
quartz. The determination of the cyclic resistance of Ticino
and Toyoura sands was achieved through undrained cyclic
triaxial tests on reconstituted specimens. The tip resistance
was deduced from CPTs performed in centrifuge with a
miniaturised piezocone on homogeneous reconstituted
models. Both the undrained cyclic and tip resistances were
correlated with the state parameter . Results of centrifuge
and triaxial tests were combined through i/ to deduce the
cyclic resistance ratio CRR directly from the normalised
cone resistance. The shape of the curve relating CRR to the
normalised cone resistance resulted unusual respect to all
the recognised curves widespread in the geotechnical lit-
erature. The aim of the proposed correlations is to provide
a useful instrument to improve the actual knowledge on
liquefaction and to give a contribution based on the critical
state soil mechanics framework to the development of
refined correlations between the cyclic resistance of a sand
and the results of cone penetration tests.

< Vincenzo Fioravante

A2  vincenzo.fioravante @unife.it

University of Ferrara, Ferrara, Italy

Keywords Centrifuge tests - Cone penetration tests -
Cyclic resistance - Cyclic triaxial tests - Liquefaction -
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1 Introduction

Cyclic liquefaction is a phenomenon during which granular
uncemented saturated soils (gravel, sand and low plasticity
silt) lose much of their strength and stiffness for a short
interval of time, but long enough to cause significant failures.

After the severe 1964 earthquake of Niigata in Japan,
during which widespread liquefaction phenomena took
place causing deaths and extensive financial losses, many
researchers worldwide started research programmes aimed
at defining methods of analysis and prediction of lique-
faction susceptibility of soils.

The occurrence of liquefaction depends on the cyclic
shear loading induced by an earthquake and on the cyclic
resistance of the soil; the latter, due to the difficulties in
obtaining undisturbed samples of most liquefiable soils, is
usually deduced from field test results interpreted via
empirical correlations which provide the link between
cyclic resistance and various test indices. The collection of
a great number of field test data and observations of real
occurrences, allowed developing empirical approaches
expressed as graphs, where the in situ test index is plotted
versus the cyclic stress resistance. A bounding line defines
two areas: one where liquefaction is possible and the other
where liquefaction is not expected. Initially the methods
were based on the results of standard penetration tests [37];
then, as the SPT was progressively replaced by cone pen-
etration test (more repeatable and reliable), CPT-based
methods of liquefaction assessment have become the most
used in practice engineering [15, 26, 29, 32, 41].

Journal : Large 11440
Article No. : 419

~
=

MS Code : AGEO-D-15-00067

@ Springer
Dispatch :  29-10-2015 Pages : 16
O LE O TYPESET
¥ cp * DISK

36
37
38

39

40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67


http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-015-0419-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-015-0419-3&amp;domain=pdf

68
69
70
71
72
73
74
75
76
77
78

79
80
81
82
83
84
85
86
87

88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

Acta Geotechnica

In general, the cone penetration resistance . and the
undrained cyclic resistance ratio, CRR of an uncemented
and unaged soil depend on the material properties (i.e.
mineralogy, shape, asperities and roughness of grains,
grading and fabric) and the state of the soil (stress level and
density). The latter two quantities can be expressed by the
state parameter ¥/ (i.e. the distance along the void ratio axis
of a given state from the critical state line, [4]), which is an
indicator of the direction of volumetric strains, dg,, (dila-
tion or contraction) during shearing. This means that q. and
CRR are governed by the volumetric behaviour of the soil:

e The stress ratio necessary to reach liquefaction at a
defined number of cycles increases as y decreases,
since at a given depth the denser is the soil, the lower is
its tendency to develop positive excess pore water
pressure when sheared in undrained conditions.

e The penetration resistance of a soil, at a given depth, is
governed by the effective stress increment around the
tip: the amount of the volumetric strains governs the
stress change respect to the geostatic level of stress.

Therefore the direction and the amount of the volu-
metric strains can be expressed by the state parameter
[i.e. dey, = f(Y)], an be used to link directly CRR

to the é}ﬁiresistance of CPTs.

In ¢ paper this link is weaved using the results of
centrifuge CPT tests and cyclic undrained triaxial tests
carried out using two well-known Italian and Japanese
sands: Ticino (TS4) and Toyoura (TOS). All the centrifuge
tests (on TS4 and TOS) and the triaxial tests on TS4 belong
to the database of ISMGEO (Istituto Sperimentale Modelli
Geotecnici, formerly ISMES, Seriate—BG—Italy) and
were carried out mainly in the ‘90. The cyclic behaviour of
TOS was derived from published data quoted below.

The results of cone penetration tests performed in cen-
trifuge, using a miniaturised piezocone, confirmed and
strengthened what observed in previous studies based on
large calibration chamber (CC) tests, that is the existence
of a simple exponential relationship between a normalised
cone resistance and the state parameter  [5, 22].

The cyclic triaxial test results were interpreted to define
a correlation between the state parameter and the cyclic
resistance ratio, CRR at a given number of cycles N, for the
two studied sands.

Finally results of centrifuge and triaxial tests were com-
bined to infer the cyclic resistance ratio directly from the
normalised cone resistance. The correlation proposed, which
applies to clean, uncemented, normally consolidated, young
sands, resulted with an unusual shape respect to all the

@ Springer

recognised curves widespread in the geotechnical literature:
a possible physical explanation has-been-provided.
IS

2 The testing soils

The soils investigated in this research are two well-known
Italian and Japanese silica sands, Ticino and Toyoura
sands, hereafter referred to as TS4 and TOS, respectively.

TS4 was used to carry out both centrifuge cone pene-
tration tests and static and cyclic triaxial (Tx) tests. TOS
was used for the centrifuge CPTs, while its static and cyclic
mechanical behaviour was derived from previous publica-
tions [25, 38-40].

The soils used for laboratory and centrifuge tests have
the grain size distribution and the index properties given in
Fig. 1 and Table 1. TS4 is a uniform coarse to medium
sand made of angular to subrounded particles and com-
posed of 30 % quartz, 65 % feldspar and 5 % mica [1, 2,
21]; TOS is a uniform fine sand consisting of subrounded to
subangular particles and composed of 90 % quartz, 8 %
feldspar and 2 % mica [21].

2.1 Monotonic behaviour of TS4 and TOS

The mechanical behaviour of TS4 was investigated through
a series of monotonic and cyclic Tx tests selected from a
large database of tests performed at the ISMGEO labora-
tory. The details of the tests, whose results have not been
published before, are given in Tables 2 and 3. All the tests
were carried out on sample reconstituted by pluvial depo-
sition in air of the dry sand, subsequently saturated in the

100
90

80

7 TS4 TOS
60
50
40

30

Percent finer by weight [%]

20

10

0 D [mm]
100 10 1 0.1 0.01 0.001

Fig. 1 Grain size distribution of Ticino and Toyoura sands
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Table 1 Index properties of Toyoura and Ticino sand

Sand Vmin Ymax €min €max s Dso ¢
kN/m? kN/m? - - - mm -
TOS ( [21] and this experimentation) 13.09 16.13 0.612 0.986 2.65 0.22 1.31
TOS [40] 13.15 16.28 0.597 0.977 2.65 0.17 1.7
TOS [38] 13.15 16.20 0.605 0.977 2.64 0.175 1.52
TS4 ( [1, 2, 21] and this experimentation) 13.64 16.67 0.574 0.923 2.68 0.53 1.3

triaxial cell with CO, circulation, flushing of deaerated
water and adequate back pressure.

The monotonic tests consisted in Tx compression on
both isotropic and anisotropic consolidated samples. The
applied consolidation mean effective stress p.. ranged from
50 to 870 kPa. The samples where both normally consol-
idated and over consolidated, the overconsolidation ratio
ranging from 1 to 8. The failure was reached apply-
ing standard drained and undrained compression stress
paths (Ao, > 0 and Ag, = 0), except in one test during
which the mean effective stress was kept constant
(Ap' = 0; Ae, = —2Ao,). For comparison, a series of Tx
drained and undrained tests carried out by Golder Associ-
ates ([22], www.golder.com/liq) as part of an internal
project was also considered in the definition of the
mechanical properties of TS4.

The states of the samples at critical states are plotted in
Fig. 2; they were fitted with a power law (according to Li
and Wang [24]) as follows:

ecs =1'—2- (p//pa)oc (1)

where: p’ = (o}, +20])/3, mean effective stress; ¢ and
o, = axial and radial effective stress; p, = 101kPa atmo-

spheric pressure; I', 1, o = material constants determinirégr
were

the critical state line position and shape, whose values have-
been- obtained from data best fitting, i.e. I' = 0.923;
A= 0.046, o = 0.5.

The stress ratio at critical state M, (triaxial compression)
resulted equal to 1.36, which corresponds to a critical state
angle ., = 34°. This is illustrated in Fig. 3a, b: Fig. 3a
shows the critical state conditions of all the tested samples
in the g-p’ plane (where g = o/, — @, is the stress deviator
in axial symmetry conditions), interpolated with a linear
regression, whose slope is M, = 1.36; Fig. 3b shows the
maximum values of the stress ratio 1 = g/p’ measured
during drained tests as a function of the corresponding
minimum value of the dilatancy D, defined as:

D = 3¢, /¢y (2)

d¢&, = volumetric strain increment; 68q = deviatoric strain
increment. The #,.x — Dmin conditions can be interpolated
by a linear regression, whose intercept at zero dilatancy is
M. = 1.36.

The mechanical behaviour of TOS has been widely
investigated by several authors [12, 20, 38-40]. The TOS
critical state line (CSL) in the e—p’ plane assumed in the
present work was defined on the base of a large series of
drained and undrained triaxial compression tests on spec-
imen reconstituted at different initial states using the wet
tamping method, as reported by Verdugo, Verdugo and
Ishihara [39, 40]. The index properties of the tested sand
are given in Table 1. The material constants determining
the critical state line position and shape (Eq. 1) were cal-
ibrated by Li and Dafalias [25] and resulted: I' = 0.934,
A=0.019, « = 0.7.

The CSL so defined is plotted in Fig. 2 and compared
with that of TS4. As to the stress ratio at critical state M, it
resulted equal to 1.25, which corresponds to a critical state
angle ¢! = 31°.

2.2 Cyclic behaviour of TS4 and TOS

The undrained cyclic Tx tests on TS4 were performed on
reconstituted samples (as for the monotonic tests, the
reconstitution was carried out by pluvial deposition in air of
the dry sand and subsequent saturation), isotropically nor-
mally consolidated at a mean effective stress p/, = 100kPa.
Only to one samples was applied an isotropic pressure of
200 kPa. A direct consequence of testing at same p/, is that
making reference to the density of specimens is equivalent
to making reference to the average state parameter, 1/,
defined, according to Been and Jefferies [4], as:

l//:e_ecs (3)

where e = current void ratio; e.; = void ratio on the CSL
at the same p'.

The tested specimens were reconstituted at three values
of void ratio: medium void ratio (e,y, = 0.742, which, with
reference to Egs. 1, 3, corresponds to i/,y, = —0.132), low
void ratio (eag = 0.676, Yaye = —0.201) and very low
void ratio (e, = 0.582, ¥,,, = —0.295).

The states of all the samples laid below the CSL, i.e. at
the end of the consolidation all the specimens had {y < 0.

FigFigufe 4a—d shows the results of the test TS4_13_8 in
terms of axial deformation ¢, versus the number of cycles
N (Fig. 4a); deviatoric stress g versus ¢, (Fig. 4b); excess
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Table 2 Monotonic compression triaxial tests on Ticino Sand

Test Type of consolidation  Stress path  End of consolidation Critical state

e Tuc O P e OCR  ees P Ges s

- kPa kPa kPa kPa - - kPa kPa -
Monotonic drained tests
TS4-171 CK o, =const  0.759 5003 2352 3235 2651 12 0.810 4385 610.0 1.39
TS4-172 CK o, =const 0.773 400.5 2206 280.6 1799 15 0.824 397.3 530.0 1.33
TS4-CK5 CK ol =const  0.790 877.1 370.0 5390 507.1 1 0.809 677.0 921.0 1.36
TS4-K6 CK ol =const 0.730 14467 581.0 869.6 865.7 1 0.770  1061.0 1440.0 1.36
TS4-K8 CK o/ =const  0.798 7735 341.0 4852 4325 1 0.827 620.0 837.0 1.35
TS4-M32 CI o, =const  0.640 800.0 800.0 800.0 00 1 0.678 15433 2230.0 1.44
TS4-R14 CK p.=const 0.698 1199.8 506.6 737.7 693.1 1 0.778 726.2 980.0 1.35
TS4-U21 CI o, =const  0.756 3015 298.0 299.2 35 4 0.814 524.7 680.0 1.30
TS4-U22 CI o, =const  0.796 1249 1240 1243 09 4 0.856 212.3 265.0 1.25
TS4-U24 CI o, =const  0.760 1250 118.0 1203 70 4 0.827 204.7 260.0 1.27
TS4-U36 CK o, =const  0.751 200.0 246.0 230.7 —46.0 6 0.785 419.8 5214 1.24
TS4-U38 CK o =const  0.760 50.3 59.0 56.1 —87 6 0.852 102.3 130.0 1.27
TS4-U50 CK o =const 0.785 74.8 94.0 87.6 —192 8 0.847 164.0 210.0 1.28
TS4-V9 CK o, =const 0.687 11545 437.0 6762 7175 1 0.761 810.0 11190 1.38
TS4-C262* CI o, =const  0.851 200.0 200.0 200.0 00 1 0.819 323.7 3740 1.16
TS4-C263* CI o, =const  0.781 200.0 200.0 200.0 00 1 0.796 336.7 406.8 1.21
Monotonic undrained tests
1101%* CI o, =const  0.867 307.8 307.8 307.8 00 1 0.867 146.9 1549 1.05
TS4-1103*  CI o, =const  0.888 302.0 302.0 302.0 00 1 0.877 94.7 102.5 1.08
TS4-1105*  CI ol =const  0.898 2792 2792 279.2 00 1 0.898 36.0 37.8  1.05
TS4-1106%  CI o, =const 0.85 503.7 503.7 503.7 00 1 0.850 2779 3341 1.20
TS4-HO CI o, =const 0.810 799.8  799.7 799.7 00 1 0.810 845.0 11259 133
TS4-H1 CI o, =const  0.831 400.1 399.8  399.9 02 1 0.831 486.3 6493 1.34
TS4-H2 CI o, =const  0.827 499.6  499.6  499.6 00 1 0.827 582.1 7877 1.35
TS4-H3 CI o, =const  0.826 600.1  599.8 599.9 03 1 0.826 686.9 921.4 134
TS4-H4 CI o, =const 0.812 700.0 700.2  700.1 —-0.1 1 0.812 727.8 983.1 1.35
TS4-HS CI o, =const  0.808 799.9 800.0 799.9 —-0.1 1 0.808 750.7 10222 1.36
TS4-H6 CK o, =const 0.816 7503 3409 4774 4095 1 0.816 780.6 10793 1.38
TS4-H7 CK o =const  0.844 7504 366.7 4946 3837 1 0.844 571.5 7642 1.34
TS4-H8 CK ol =const  0.846 7502 359.6 489.8 390.6 1 0.846 560.8 7535 1.34
TS4-H10 CK o, =const  0.839 600.5 2855 3905 3149 1 0.839 529.9 703.0 1.33
TS4-H11 CK o, =const  0.842 7502 3441 4794 4061 1 0.842 527.2 699.3 1.33
TS4-H12 CK o, =const  0.841 900.3 427.8 5853 4725 1 0.841 640.9 849.1 132
TS4-H13 CK o, =const 0.825 1050.1 4785 669.0 571.6 1 0.825 682.2 911.0 1.34
TS4-H14 CK o.=const 0.826 1199.5 5558 7704 6438 1 0.826 716.5 962.3  1.34
TS4-H15 CK o, =const 0.812 750.1 3577 4885 3924 1 0.812 692.3 9437  1.36
TS4-H16 CK ol =const 0.813 750.0 3592 4895 3909 1 0.813 638.6 8682 1.36

CK, anisotropic consolidation; CI, isotropic consolidation
OCR over consolidation ratio

* data from Golder (samples reconstituted by wet tamping) [22]; www.golder.com/liq

pore pressure Au versus N (Fig. 4c); ¢ versus mean
effective stress p’ (Fig. 4d, where the critical state lines in
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was
dashed lines). The sample has—been subjected to a stress
deviator Ag = Ag, = + 62 kPa (i.e. to a cyclic stress ratio

compression and extension have—beer also reported as  CSR™ = Ag,/2p. = 0.31).
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Table 3 Cyclic undrained triaxial tests on Ticino Sand

Test Type of consolidation End of consolidation Failure

ec q; OCR ¥ CSR™* N R

- kPa - - - - -
TS4_13_1 CI 0.740 0 1 —0.137 0.21 6 0.95
TS4_13_4 CI 0.730 0 1 —0.147 0.17 25 0.96
TS4_13_6 CI 0.700 0 1 —0.177 0.18 149 0.95
TS4_13_7 CI 0.700 0 1 —0.177 0.33 4.5 0.87
TS4_13_8 CI 0.640 0 1 —0.237 0.31 14.5 0.91
TS4_13.9 CI 0.640 0 1 —0.237 0.24 19 0.97
TS4_13_11 CI 0.760 0 1 —0.099 0.29 1.5 0.8
TS4_13_13 CI 0.760 0 1 -0.117 0.26 3 0.9
TS4_13_14 CI 0.730 0 1 —0.147 0.175 14 0.87
TS4_13_15 CI 0.730 0 1 —0.147 0.16 617 0.92
TS4_13_17 CI 0.700 0 1 —0.177 0.32 7 0.95
TS4_13_23 CI 0.707 0 1 —0.171 0.23 9 0.96
TS4_14_1 CI 0.586 0 1 —0.291 0.41° 60° 0.95
TS4_14_2 CI 0.58 0 1 —-0.297 0.28 220 0.97
TS4_14_3 CI 0.581 0 1 —0.297 0.13° 900° 0.95
TS4_14_4 CI 0.58 0 1 —0.297 0.38 0.95

140‘ﬁ

—O€ER-over-conselidation—+atio— delete
Ry = Au/p

* values at A =5%

\
delete apex

® The failure criteria ePA =5 % was not met; in the table the number of cycles when R, = 0.95 are reported

TOS

pl 0.7
e, =0.934—0.019 (—
P

a
from Li and Dafalias 2000

OTS4 CID Golder
075 ©TS4 CIU Golder
OTS4 CD ISMGEO
BTS4 CU ISMGEO

TS4

7y 0.5
0.6 e, = 0923 — 0.046 (5)
Pa

p' [kPa]
10000

10 100 1000

Fig. 2 Critical state lines of Ticino and Toyoura (from [25] ) sands

During the test, the specimen underwent a typical
response known as “cyclic mobility”. Axial strains and
pore pressure built up gradually during each cycle and the
effective stress p’ reduced. Since application of the first
load cycle, the specimen exhibited an alternating incre-
mentally dilative response (p’ increasing) and incremen-
tally contractive response (p’ decreasing). The failure
condition, assumed in this study as the condition at which

SEA = 5%, was reached between the 14th and 15th cycle
and it is evidenced with an empty dot in the Figures (being
DA the cyclic double amplitude, DA, axial strain). At this
point Au ~ 90 kPa and the pore pressure ratio was
R, = Au/p, = 0.9; R, remained almost constant at larger
N. When the test was approaching the failure condition, the
stress path started going back and forth, with an excursion
almost confined between the two critical state lines in
extension and compression. It is worth noting that no
monotonic triaxial test was carried out in extension loading
conditions; assuming that ¢ does not depend on the
Lode’s angle 0, the stress ratio at critical state applicable to
extension loading path, M, was assumed equal to —0.94
and plotted in Fig. 4d.

The stress—strain curves were initially elliptical loops;
when the sample was approaching the failure condition, the
hysteresis loops assumed a typical S inverted shape. When
the stress path approached the hydrostatic condition, the
soil stiffness and resistance dropped towards zero; as the
applied deviatoric load increased, the specimen exhibited
strain hardening and regained stiffness and resistance.

All the failure conditions of the tested samples are given
in Table 3 and are represented in Fig. 5a, in terms of
applied cyclic stress ratio and number of cycles at

¢PA = 5%. In the Figure, the cyclic stress ratio for triaxial
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(a)2s00 -
q [kPa]
O
2000 —
__J M, = 1.36
1500 +— 0TS4 CID Golder
OTS4 CIU Golder
OTS4 CD ISMES
1000 4—{ OTS4 CUISMES | |
500
0 p“ [kPa] |

0 200 400 600 800 1000 1200 1400 1600 1800

OTS4 CID Golder
1 0OTS4 CD ISMES

N =900,
condition.

As to the cyclic behaviour of TOS referred to in the pre-
sent paper, it was investigated through a cooperative labo-
ratory testing programme, undertaken by five laboratories in
Japan, which included 81 undrained cyclic triaxial tests on
medium void ratio (e,y, = 0.778 at the end of consolidation,
Yave = —0.17) and low void ratio (e, = 0.684,
Vavg = —0.231) TOS samples, isotropically compressed at
an initial effective mean stress of p, = 98 kPa. All the
samples were reconstituted by pluvial deposition in air of the
dry sand and were normally consolidated in triaxial cell. The
index properties of the tested sand are summarised in
Table 1. The results were reported by Toki et al. [38] in terms
of cyclic stress ratio for triaxial conditions CSR™ and

respectively, was assumed as the failure

number of cycles N, at four values of saDA.

In Fig. 5b are reported the values of CSR®® at ¢PA =
5% and the related number of cycles; in the Figure, the
cyclic resistance of samples with an average state param-
eter, Y,,, = —0.231, is represented by full squares, that of
samples with ,,, = —0.127, by empty circles. The cyclic

Zi: stress ratio for simple shear conditions CSR® was com-
puted from the applied CSR™ via Eq. 4, ie.
o CSR®S = 0.66 x5 F8R/ being ko = 0.485.
02 o | Fig. FEigureSa, bshow that the two tested sands have similar
0 ‘ ‘ ‘ ‘ ‘ ‘ e behavioural trends. Groups of samples relating to a given
0 005 -01 015 02 025 -03 035 -04

Fig. 3 Ticino Sand: a critical states in the g—p’ plane; b relation
between peak strain and minimum dilatancy

was
condition has—been corrected into cyclic stress ratio for

simple shear conditions (CSR®%) via equation [17, 18]:
CSR%S= CSR™(1 + 2k¢)/3 (4)

where: ko = g,/0] = stress ratio at rest, computed as a
function of the critical state shear resistance angle ¢, for
normally consolidated samples using the equation of [19].
For TS4, ky = 0.44 and CSR®® = 0.63 x CSR™.

In Fig. 5a the cyclic resistance of medium void ratio
samples (. = —0.132) is represented by empty circles,
that of dense sample (,,, = —0.201) by full squares, that
of very dense samples (/,,, = —0.295) by grey triangles.
It is worth noting that in all the tests, the R, values at
failure (computed from the maximum value of Au mea-
sured during the loading cycle at which ¢P* equalled 5 %)
ranged from 0.8 to 0.97. Only two samples (TS4_14_01
and TS4_14_03) did not match the failure criteria and the
axial strain at the end of the tests was ¢ <5 %. For these
samples the condition R, = 0.95, reached at N = 60 and

@ Springer

Vave describe clear relationships between CSR®® and N,
whose slope in the semi-log plane is strongly dependent on .

These relationships were interpreted with a power
function of N which accounts for the dependence of the
cyclic resistance on y as follows:

al — )"
N )

where a = 0.071, b =7.8, ¢ =0.177, TS4 empirical
constants determined by fitting 17 data; a = 0.037,
b = 10.7, ¢ = 0.247, TOS empirical constants determined
by fitting 66 data.

In Fig. 5a, b are reported sets of curves computed using
Eq. 5. For each group of tests (characterised by a given
Vave), the curves havilfddn computed for the minimum and
maximum value of y of the group. A good agreement
between the test results and the equationg can be recog-
nised, as shown also in Fig. 6, where the cyclic stress ratios
computed via Eq. 5 are plotted versus the applied CSR®®:
an error of £20 % was considered acceptable.

Equation 5 allows the estimation of the cyclic resistance
ratio CRR®® for any number of equivalent cycles, e.g. for
N =15:

CSRSS=
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Fig. 4 Cyclic triaxial test TS4_13_8 on Ticino Sand: a axial strain &, versus number of cycles N; b stress deviator ¢ versus &,; ¢ excess pore

pressure Au versus N; d ¢ versus mean effective stress p’

CRRYS 154 = 0.071 - (1—y)"*/15%1770V) (6a)

CRRS g = 0.037 - (1—y)'*7 /15024709) (6b)

rrelation
The computed CRRSS —y/ cCO gL or %84 and TOS

re - .
gls shown in Fig. 7. CRR}S decreases as y increases and

tends to zero for positive y values.

The cyclic resistance of TS4 is higher than that of TOS
at the same value of the state parameter y. The following
considerations can explain this difference:

e All the samples were isotropically consolidated at an
effective mean stress of about 100 kPa, so there is no
static bias due to different initial stress conditions.

e The effect of soil fabric [13, 23, 27] as consequence of
sample preparation procedure can be considered of
minor influence, since, while recognising the unavoid-
able differences in the internal procedures adopted by
different laboratories, both the TS4 and TOS samples
were reconstituted by pluviating the dry sand in air.

e TS4 has a higher critical stress ratio M, than TOS
since its grains are more irregular and angular, so the
friction work among particles is greater in TS4 than
TOS: in cyclic loading more energy is dissipated in
TS4 respect to TOS and the undrained resistance is
greater [33].

e TS4 and TOS have different mineralogy: TOS is richer
in quartz minerals, which are stiffer and stronger than
feldspar minerals, of which is mainly composed TS4. In

general TS4 is more compressible than TOS, as can be
deduced by the slope of their CSL in the e—p’ plane (see
Fig. 2). Higher compressibility may imply that a larger
part of the undrained cyclic load applied during tests on
TS4 samples is spent to compress and rearrange the
sand grains than in TOS.

3 Centrifuge tests
3.1 The ISMGEO seismic geotechnical centrifuge

The model cone penetration tests were performed using the
ISMGEO seismic geotechnical centrifuge (ISGC), which is
a beam centrifuge made up of a symmetrical rotating arm
with a diameter of 6 m, a height of 2 m and a width of 1 m,
which gives it a nominal radius of 2 m. The arm holds two
swinging platforms, one used to carry the model container
and the other the counterweight. During the tests, the
platforms lock horizontally to the arm to prevent trans-
mitting the working loads to the basket suspensions.
An outer fairing covers the arm; arm and fairing concur-
rently rotate to reduce air resistance and perturbation dur-
ing flight. The centrifuge has the potential of reaching
an acceleration of 600g at a payload of 400 kg. The
maximum dimensions of the model are length = 1 m,
height = 0.8 m, with = 0.5 m; further details can be found
in [3].
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Fig. 5 Cyclic strength of a Ticino and b Toyoura sands in
unidirectional simple shear conditions (data of TOS from Toki
et al. [38])

In centrifuge modelling, a model geometrically scaled
down N times and prepared from the prototype material is
accelerated N times the earth gravity: the centrifuge
acceleration reproduces the same stress and strain fields in
the model as in the prototype. With this technique, self-
weight stresses and gravity dependent processes are cor-
rectly reproduced and the observations from the model can
be related to the prototype using the similarity
relationships.

Respect to CPTs carried out in the large ISMGEO
Calibration Chamber (soil specimen diameter = 1.2 m,
height = 1.5 m), those performed in centrifuge have the
advantage of giving a whole g, profile over a wide range of
stresses and  values, rather than a single g, value asso-
ciated with the specific values of the state parameter and
the applied stress level of a single sample, but have the
disadvantage of one fixed boundary conditions (rigid walls)
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Fig. 6 Computed versus measured CSRSS for TS4 and TOS
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Fig. 7 Cyclic resistance ratio at 15 cycles for unidirectional simple
shear conditions (CRR??) as a function of state parameter i for TS4
and TOS

and scale effects which were minimised as described
below.

3.2 Test programme and procedures

The test programme consisted of 37 centrifuge CPTs, 27
carried out on dry TS4 models, 10 on dry TOS models, as
detailed in Tables 4 and 5. The tests were carried out at
three levels of centrifugal acceleration: 30g—50g—
80g (where g is the earth gravity), and the models were
characterised by three levels of void ratio: low, medium
and high void ratio. It should be noted that [6] compared
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Table 4 Main properties of Ticino Sand models

Test Acceleration Unit weight" 4,y Void ratio® e, Relative density® Dg Model height H,, Prototype height H,,
a(g (kN/m’) ) (%) (cm) (m)
TS4-1 30 14.30 0.834 25 34.7 10.40
TS4-2 30 14.40 0.822 28 34.6 10.37
TS4-3 80 14.45 0.815 30 34.5 27.58
TS4-4 80 14.53 0.805 34 34.5 27.57
TS4-5 30 16.11 0.629 84 354 10.61
TS4-6 30 15.94 0.646 79 35.1 10.52
TS4-7 80 16.02 0.638 82 34.8 27.84
TS4-8 80 16.03 0.637 82 349 27.90
TS4-11 30 14.54 0.804 34 439 13.17
TS4-12 30 14.31 0.834 26 43.9 13.18
TS4-13 80 14.44 0.816 31 43.8 35.07
TS4-14 80 14.47 0.813 32 43.9 35.14
TS4-15 80 15.09 0.738 53 44.3 35.41
TS4-16 30 15.18 0.728 56 44.4 13.31
TS4-17 50 15.22 0.724 57 443 22.16
TS4-18 50 15.24 0.721 58 443 22.15
TS4-19 30 16.19 0.620 87 44.5 13.35
TS4-20 80 16.27 0.613 89 44.5 35.58
TS4-21 50 16.21 0.619 87 44.5 22.23
TS4-22 50 16.16 0.623 86 44.5 22.23
TS4-23 50 14.42 0.819 30 44.0 22.01
TS4-24 50 14.47 0.813 32 44.0 22.02
TS4-25 30 14.41 0.821 29 44.0 13.21
TS4-26 80 14.41 0.821 29 44.0 35.24
TS4-28 50 16.23 0.617 88 44.4 22.22
TS4-29 50 15.25 0.720 58 443 22.15
TS4-30 30 14.38 0.824 28 44.0 13.20

* Values at the end of the in-flight consolidation (assumed constant with depth)

the results of CC CPT tests carried out on a certain number
of dry and saturated samples of Ticino sand, characterised
by the same test conditions, showing a little influence of
the saturation on the measured penetration resistance.
Similar conclusions were reached by [35] comparing CC
tests performed on dry and nearly saturated sample of
quartz Ottawa sand.

The tests were carried out using the ISMGEO minia-
turised electrical piezocone, which has a diameter
d. = 11.3 mm, an apex angle of 60°, a sleeve friction
11.3 mm in diameter and 37 mm long. One load cell
measures the cone resistance and another one measures the
cone resistance plus the shaft friction, up to forces of
9.8 kN. A Druck PDCR42 pressure transducer (35 bar
capacity) is installed on the tip for interstitial pressure
measurements in saturated models.

Each soil model was reconstituted at 1g to the target void
ratio by pluviating in air the dry sand into a cylindrical
container using a travelling sand spreader. It should be noted

that the same reconstitution procedure was adopted for
centrifuge as for triaxial samples. The target density was
obtained by calibrating the height of fall and the size of the
spreader hole. The cylindrical container had an internal
diameter of D = 400 mm, a height of 630 mm and rigid
walls to avoid lateral displacements of the soil. The model
container internal diameter was large enough to minimise
rigid wall boundary effects, according to Bolton et al. [7]:
container size effect, D/d. = 35.4 > 30; side boundary
effect, s/d, = 17.2 > 10, where s = 194.35 mm is the dis-
tance of the cone shaft from the side wall. The models height
ranged from 345 to 445 mm.

After the deposition, a very rigid frame, which held the
piezocone, two linear displacement transducers (LDT) to
monitor the cone displacement and the sand surface settle-
ment, respectively{;q‘agd a hydraulic actuator, was fixed to the
container walls. Figure 8 shows a model scheme and a model
picture with a view of the surface settlement transducer and
the miniaturised piezocone, before the penetration.
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Table 5 Main properties of Toyoura Sand models

Test Acceleration Unit weight® Void ratio® e, Relative density® Dg Model height H, Prototype height H,,
a(g) Jary(kN/m?) ) (%) (cm) (m)
TYCl1 30 15.71 0.655 88 34.8 10.45
TYC2 30 15.71 0.654 89 34.9 10.47
TYC3 80 15.69 0.657 88 34.9 27.90
TYC4 80 15.75 0.650 90 34.8 27.84
TYCS 80 14.66 0.774 57 34.9 2791
TYC6 80 14.58 0.783 54 34.8 27.82
TYC7 80 15.08 0.724 70 34.8 27.81
TYC8 80 15.02 0.730 68 35.0 28.01
TYC9 30 15.12 0.719 71 34.8 10.43
TYC10 30 15.04 0.728 69 34.8 10.44

* Values at the end of the in-flight consolidation (assumed constant with depth)

Each model was then loaded in the centrifuge and
accelerated to the target acceleration. As it was subjected to
the acceleration field in the centrifuge, the soil surface
slightly settled due to the self-weight and the model com-
pressed, as monitored by the LDT. When the surface set-
tlements ended up, the cone penetration test was carried out
applying a penetration rate of 2 mm/s. The test penetration
was interrupted at 20 d. of distance from the container
bottom to avoid rigid boundary effects [7]. Only one test
per model was performed in the central axis of each sample
accelerated at one target value.

The unit weight yq4,, void ratio e and relative density Dg
values reported in Tables 4 and 5 refer to the end of in-
flight compression and were assumed constant with depth
in test interpretation. In first approximation, the variation of
the void ratio due to the increase in stresses with depth was
neglected since its effect on the test results was considered
a minor effect. The soil models at the end of the in-flight
compression can be considered as normally consolidated. It
is worth noting that the states of all the soil models at the
end of the consolidation lied below the reference critical
state lines.

3.3 Test results

To measure a q. profile over a wide range of stresses, three
(TS4) or two (TOS) acceleration levels were imposed by
the centrifuge to soil models of the same dimensions, each
reproducing different stress intervals: the acceleration of
30 g reproduced a mean effective stress interval from about
30 to 100 kPa; 50g reproduced a stress range from about 50
to 200 kPa; 80g reproduced a stress interval from about
100 to 300 kPa. In order to take into account the progres-
sive mobilisation of the cone resistance from the model
free surface [36], the measures registered in the first 10 d.

@ Springer

of penetration from the surface were removed. The results
of centrifuge CPTs are shown in Fig. 9a, b, where the
measured tip resistance q. is plotted as a function of the
mean effective stress p’ for TS4 and TOS, respectively. The
reported g. measures are not affected by top and bottom
boundary effects. In the Figures the “operative” stress
intervals reproduced by the acceleration levels are
evidenced.

The black lines in the Figures represent q. measured in
the models with the lower void ratio (e ~ 0.63 and
e = 0.65 for TS4 and TOS, respectively); the dark grey
curves refer to the models with the intermediate void ratio
(e = 0.73, TS4 and e ~ 0.72, TOS); the light grey curves
represent the models with the higher void ratio (e =~ 0.82,
TS4 and e ~ 0.78, TOS).

It should be noted that during the centrifuge tests the
actual horizontal stresses, a{l cannot be measured. The
mean effective stress p’ of the soil at rest was evaluated as:

p'=o,(1+2k)/3 (7)

where o’v = vertical effective stress, computed accounting
for the acceleration field distortion; ko = 0.44 for TS4 and
ko = 0.485 for TOS (computed using the equation of [19]).

The test results show that the soil models were rather
homogeneous and the tests were repeatable so that the g.
values measured on models with similar void ratio sub-
jected to different accelerations almost described a unique
cone resistance profile. The unavoidable scatter can be
attributed to slight differences in void ratio among models.

As expected, the penetration resistance strongly depen-
ded on the void ratio. For a given value of e, a behavioural
trend, comparable to that observed in large calibration
chamber tests in homogeneous sand models can be
observed, i.e. a less than linear increase in g. with the stress
level.
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Fig. 8 Model scheme and model picture with a view of the ISMGEO miniaturised piezocone before penetration

This behaviour was originally interpreted considering
the cone resistance as a square root function of the vertical
stress [2]. In recent years there have been several publi-
cations regarding the appropriate stress normalisation of g,
[8, 11, 21, 26, 28, 31, 32, 42]. Idriss and Boulanger [14]
suggested that the stress exponent should vary with relative
density, where the exponent is close to 1.0 in loose sands
and less than 0.5 in dense sands. Been et al. [5] analysing
the results of calibration chamber tests on Monterey sand at
constant state parameter, showed that the cone resistance is
directly proportional to stress level.

insert "the" ﬂ

3.4 Test interpretation

To better understand the physical meaning of the nonlinear
increase in g. with the stress level, the other variables
which influence the cone penetration resistance have to be
considered and, if possible, analysed separately.

As shown by [9, 10, 34, 22], the zone around the pen-
etrometer is characterised by intense shearing with sub-
stantial changes in void ratio, which can decrease

(contraction) or, more likely, increase (dilation). This ten-
dency to dilate causes a stress increase around the tip
(herein simply called 8p’), respect to the stress value at rest.
dp' is proportional to the dilatancy D, which in turn can be
linked to the value of the state parameter s at rest, before
penetration [22].

As a working hypothesis, g. has—gle%ns- considered
affected by two major contributions:

e the first given by the overburden stresses acting at the
depth of the tip, herein represented by the mean
effective stress p';

e the second, and more relevant at depths commonly
investigated via CPTs (<50 m), due to the increment of
stresses around the tip, dp’, caused by the volumetric
change induced by the penetration, d¢,, that can be
represented by , as the second independent variable.

In functional form, it can be written:
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Fig. 9 CPTs in a TS4 and b TOS: tip resistance q. as a function of
mean effective stress p’ (computed adopting ko = 0.44 for TS4 and
ko = 0.485 for TOS)
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Inahomogeneous soil model with constant void ratio with
depth (after the achievement of in-flight equilibrium and
before test penetration), i/ at rest increases as the depth
increases, so the tendency of a soil to dilate reduces with
depth. This is shown in Fig. 10a, where the e—p’ profiles at
rest of the TS4 soil models, at the depths progressively
crossed by the penetrometer, are plotted; each soil model is
represented by a horizontal segment (the variation of e with
depth was assumed negligible in the test interpretation). In

(8b)

the Fi ure is shown the critical state line of TS4 and, for each

&e evidenced two e—p’ points relating to the first and last
depths relevant for the penetration test. The i values relating
to these two points were computed from the CSL. They are
reported in Fig. 9a, b, to evidence that the cone penetratecy(
progressively less dilative seil due to the rise in V.

From each CPT, values of ¢, related to some values of i at
rest, were selected: each e—p’ profile of the soil models was
intersected in Fig. 10a (for TS4 only) with constant —i curves
(called iso—)). The g, values, measured at depths relating to
the intersections, were picked out, normalised by the reference
atmospheric pressure (p, = 101 kPa) and plotted in Fig. 10b.

The function which better interpolates the normalised
cone resistance at constant y/, is a power law:

ge/pa =f (0 [pa)’ 9)

The same procedure was followed for the CPTs carried
out on TOS models (for sake of briefness not reported here).
Based on the best fit of all the analysed constant {y cone
resistance profiles, ff resulted equal to 0.8 and it expresses the
contribution on q. of the overburden stresses acting at the
depth of the tip. This value, slightly lower than the unitary
exponent suggested by [22] for interpreting constant i/ cone
resistance profiles, was adopted in this paper and the
measured cone resistance was normalised as follows:

0 1P = (ge/pa) - (pafp) = 4

and plotted as a function of p’ in Fig. 11a, b, for TS4 and
TOS, respectively. The values of  at rest at the initial and
final points of the g} profiles are also indicated. Since the
effect of p’ on g, hm%eﬂ-almost removed through the
normalisation, the Figures evidence the effect of i/ on the
cone resistance: as the cone crosses less dilative soil (rising
of Y with depth), g; reduces nonlinearly due to the reduction

(10)

in 8p’ around the tip. Had s been constant in each model, we
would have obtained almost constant g profiles with depth.

To evaluate the effect of y on the normalised tip
resistance, the ¢ values obtained from CPTs on both TS4
and TOS models, were plotted versus i, as reported in
Fig. 12. In the Figure, the black continuous lines represent
TS4 CPTs, the grey lines TOS CPTs. The following con-
siderations can be made:

e irrespective of the different intrinsic properties of the
two sands, once that the overburden stress effect on q.
was almost removed through the normalisation of ¢,
the g% —  curves of TS4 and TOS have a very similar
trend and are very close each other;

e the individual trend of each sand can be interpreted
with the following equation (adapted from [5]):

(11)

where m and k are dimensionless fitting parameter, equal
to:

models
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Fig. 10 CPTs in TS4: a e—p’ relationships, b cone resistance at
constant values of the state parameter

e m=28.1, k=283 for TS4
R? = 0.96):

e m =98, k=239 for TOS (3808 data, R* = 0.97).

(12720  data,

The TS4 and TOS interpolation curves are plotted in
Fig. 12, as black and grey double lines, respectively.

Physically, the intercept k represents the g; value when
Y = 0, while m allows to establish the contribution of
dilatancy on the cone penetration resistance at a given
value of .

Equation 11 expresses the effect of dilation (or dp’) on
the normalised cone resistance. Together with Eq. 10, it
allows to re-write Eq. 8b as follows:

(ge/pa) = (0 [pa) k- ™™ (12)

in which the first term of the product to the right of the
equal sign represents the functional dependency of ¢. on
the overburden stresses acting at the depth of the point; the
second, the dependency of the cone resistance on the soil
tendency to dilate.

From Fig. 12 it results that (g7)ros > (g2)1s4, particu-
larly at y < —0.15. This difference can be attributed to the
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0 1 1 1 1 1 1 1
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Fig. 11 Normalised tip resistance ¢ as a function of mean effective
stress p’: a TS4, b TOS
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300 -
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0
-0.30 -0.25 -0.20 -0.15 -0.10 Y o=e - e [-]

Fig. 12 Normalised g} versus the state parameter for TS4 and TOS

lower crushability that subrounded quartz grains of dense
TOS exhibit during penetration respect to subangular
mainly feldspar grains of dense TS4.
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4 CRR from CPT through

To evaluate CRR directly from g, the state parameter
was assumed as independent variable which governs both
the cyclic stress resistance and the normalised cone resis-
tance of the tested soils.

Equations 5 and 11 were combined into Eq. 13 to obtain
a direct correlation between g and the cyclic resistance

ratio at N cycles for simple shear condition, CRR3:

(13)
For N = 15 cycles, Eq. 13 can be re-written as:

o _o[ram(®)]
CRR). =———— =
15 15(‘ [1+#ln (47‘)]

where a, b, ¢, m and k are the fitting parameters of Egs. 5
and 11.

The CRR{: —¢; relationships obtained for the two tested
sands are plotted in Fig. 13; the upper black curve is
relating to TS4, the lower grey to TOS.

These curves have different concavity respect to the
bounding lines which separates cases of liquefaction and
no-liquefaction in the “traditional” assessment charts [14,
29, 30, 41] based on superficial evidences for a number of
case histories.

Apart from the downward concavity, which may require
to be confirmed by further experimentation, the major

(14)

CRR® (15cycles)
[-]

0.30

0.20

0.10

q.* = (a/p)(p./P)** [-]
0 50 100 150 200 250 300

Fig. 13 Relationships between normalised cone resistance g; and
cyclic resistance ratio at 15 cycles for unidirectional simple shear
conditions CRRSS. The curves refer to clean, normally consolidated,
unaged and uncemented Ticino and Toyoura sands

@ Springer

difference between the traditional bounding lines and those
presented in this paper is that the former imply almost an
infinite cyclic resistance for a normalised cone resistance
larger than a given value, while the relationship here pro-
posed shows a more progressive mobilisation of the cyclic
resistance, as the normalised cone resistance increases.

The downward concavity resulted from the computa-
tions carried out: a given change of the state parameter
produces a change of the normalised tip resistance Jq
greater than the variation of the cyclic resistance, d(CRR).
From the trend lines of Figs. 7 and 12, the increments of q
and CRR were computed with respect to their values at
Y = 0, as follows:

(15)
(16)

A O o Y
8CRR = (CRRy — CRRy—o) /CRRy—¢

and plotted versus s in Fig. 14. The Figure shows that to
achieve a given increment of CRR a larger increment of g
is required (i.e. downward concavity).

The trend shown in Fig. 13 has to be confirmed by more
experimental data, and the new correlation proposed will
require a calibration on a wider number of sands to be
usable in the engineering practice.

It is worth noting that the obtained relationships were
derived under specific test conditions:

e the soil samples used for cyclic Tx tests were recon-
stituted by air pluviation of the dry sand and the fabric
stability that a sand may acquire in situ thanks to the
processes of natural deposition, ageing, stress and strain
history, overconsolidation and cementation were not
reproduced. As a consequence, the experimental cyclic
resistance curves should be considered as lower bounds
for the tested sands. Same concepts can be applied to
CPTs.

3q*,
3CRR
10
8q* =¥y - A¥ey-0)/A*c0
8
6 ~
4 Sa -
2 “F <
SCRR=(CRR, - CRR, o) /[CRR,, > T =
(15cycles) - -\‘V [-]
0 t t ;
-0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0

Fig. 14 Increment of g} and CRR respect to their values at iy = 0,
caused by a state parameter variations
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, reproduced )
e the cyclic Tx tests reproduces unidirectional loading

condition, while, for level ground conditions, earth-
quake loading is best approximated as two-directional
loading, so the CRR from a unidirectional test should
be reduced to represent in situ conditions [16].

e no fine content effects were accounted.

The aim of the proposed correlations is to provide a
useful instrument to improve the actual knowledge on
liquefaction and to give a contribution based on the critical
state soil mechanics framework to the development of
refined correlations between the cyclic resistance of a sand
and the results of cone penetration tests.

5 Closing remarks

The evaluation of the undrained cyclic resistance of sandy
deposits is required to forecast the soil behaviour during
earthquakes (liquefaction, cyclic mobility); due to the dif-
ficulties in obtaining undisturbed samples of most liquefi-
able soils, the cyclic resistance is usually deduced from
field test results like CPTs.

The undrained cyclic resistance and the tip resistance of
a cone penetration test of uncemented and unaged sands
depend on the soil mineralogy, shape, asperities and
roughness of grains, grading and fabric (i.e. material
properties), on its aggregation state (density), on the level
of the overburden effective stress (confinement or depth).
The latter two quantities govern the volumetric behaviour
of the soil when sheared and in consequence the two
resistances (cyclic and tip). For a given soil the cyclic
resistance and the tip resistance can be normalised to the
confining stress level, becoming CRR = cyclic resistance

ratio at a reference number of cycles, N and ¢} = (gc/pa) -

(pa/P'), respectively, so their magnitude depends mainly
on the stress change caused by the volumetric strains. The
volumetric strains, in turns, can be represented by the state
parameter , which indicates the potential dilation or
contraction behaviour of the soil during shearing.

The evaluation of undrained cyclic resistance of
Ticino and Toyoura sands was achieved through
undrained cyclic tests on reconstituted specimens. A
relationship between CRR,  and N was defined for both
sands. The cyclic resistance of TS4 is higher than that of
TOS at the same value of the state parameter . TS4 has
a higher critical stress ratio M. than TOS since the
grains of TS4 are more irregular and angular than those
of TOS, so the frictional work is greater in TS4 than
TOS: in cyclic loading more energy is dissipated and the
resistance grows. Moreover, TS4 is more compressible
than TOS: higher compressibility may imply that a lar-
ger part of the undrained cyclic load applied during tests

on TS4 samples is spent to compress and rearrange the
sand grains than in TOS.

The tip resistance was deduced from CPTs performed in
centrifuge with a miniaturised piezocone on homogeneous
reconstituted models of TS4 and TOS. The test interpre-
tation allowed the quantification of the effects of two major
parameters on the resistance: the first given by the over-
burden stresses acting at the depth of the tip, the second,
and more relevant at depths commonly investigated via
CPTs (<50 m), is due to the increment of stresses around
the tip caused by the penetration. A relationship between
the normalised cone resistance ¢} and i was calibrated for
both sands. The higher values of ¢! from tests on dense
TOS (Y < —0.15) respect to those inferred from tests
performed on dense TS4 could be due to the lower
crushability of quartz TOS respect to feldspathic TS4.

The proposed method for evaluating the cyclic resistance
of a young, clean sand, uncemented and normally consoli-
dated, from the results of cone penetration tests is based on
the state parameter assumed as independent variable of both
normalised resistances, CRR and g7 (Eq. 13). A correlation
usable in the engineering practice will require a calibration on
a wider number of sands to account for the effects of min-
eralogy, shape, asperities and roughness of grains and grad-
ing. Also different deposition methods of the reconstituted
samples need to be considered since grain contact arrange-
ment is a key factor in cyclic resistance of sand. Finally a
validation on sites where liquefaction occurred is desirable.
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