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ABSTRACT: The state parameter is a key descriptor to understand the potential soil vulnerability to liquefaction. State param-
eter is often inverted from CPTu readings, but inversion methods have been developed only for fully drained and fully undrained
conditions. Therefore, the results are sensitive to partial drainage upon penetration. Cone penetration tests with pore pressure
measurements (CPTu tests) in brittle, potentially liquefiable, soils are simulated by means of a code based on the Particle Finite
Element Method and adapted for the analysis of fully hydromechanically-coupled geotechnical problems (G-PFEM). The brittle
behaviour of the investigated soils is satisfactorily captured by employing the CASM constitutive model and a non-local regu-
larization technique is adopted to prevent the pathological mesh dependence associated with continuum analyses of problems
involving softening materials. CPTu tests are simulated for soils characterised by different degree of brittleness, investigating
the role played by hydraulic conductivity, and so by various drainage conditions. The availability of a full numerical solution to
explore aspects of soil response during penetration, which are not possible when only global CPTu response is available, is

exploited.

Keywords: PFEM; hydro-mechanical coupled model; CASM; CPTu tests; brittle soils.

1 INTRODUCTION

A large variety of saturated soils (as loose sands, sensi-
tive or quick clays, mine tailings etc.) may be suscepti-
ble to static liquefaction: during undrained loading, the
shear strength reaches a peak value and then reduces un-
til attaining a residual one, which can also be signifi-
cantly lower than the former. Given the momentous
consequences of many failures involving this kind of
brittle behaviour (Arroyo & Gens, 2021), it is important
to identify and characterise the risk. Within the frame-
work of critical state soil mechanics, Been and Jefferies
(1985) firstly introduced the concept of state parameter
Y, that is the difference between the current void ratio
and the void ratio on the Critical State Line (CSL) at the
same value of mean effective stress, as a fundamental
descriptor for the soil state to assess its potential to pre-
sent either a dilative behaviour (/< 0) or contractive
one (¥> 0) and so prone to liquefy.

Since state-preserving extraction of samples from
geo-materials susceptible to static liquefaction has
proven very difficult (Been, 2016), in situ tests and,
above all, cone penetration tests with pore pressure
measurements (CPTu tests) are preferred to identify and
characterise these materials. Nevertheless, the interpre-
tation of CPTu tests in brittle soils is more uncertain
than that in more ductile ones (Karlsrud et al., 2005;

Robertson and Cabal, 2014; Monforte et al., 2022). As
for 1 prediction, Been et al. (1989) and Plewes et al.
(1992) proposed the following expression:

Qp(1—By) + 1=k exp(—my) (1)

where Qp(l - Bq) + 1 is the normalized effective tip
resistance, with Q, = (g — Po)/Po (q. is the registered
cone tip resistance, p, and p; stand for the initial mean
total and effective stress) and excess water pressure ra-
tio By, taken by these authors equal to By, =
Au, /(q. — po) (Au, is the excess pore pressure meas-
ured at the cone shoulder). Moreover, ¥ is the initial
soil 1 value, k and m material dependent parameters.
Under fully-drained conditions, k and m were found to
be complex functions of various soil properties and few
correlations to quantify them were provided (Shuttle &
Jefferies, 1998; Robertson, 2009; Shuttle & Jefferies,
2016). Under fully undrained conditions, Plewes et al.
(1992), Pezeshki and Ahmadi (2021) and, recently,
Monforte et al. (2023) have proposed closed-form solu-
tions to derive k and m. Nevertheless, the effect of par-
tial drainage in predicting Vo from CPTu readings has

not still been investigated in literature.
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Numerical analyses of CPTu tests (Lu et al., 2004;
Nazem et al., 2012; Walker and Yu, 2006; Ceccato et
al., 2016; 2017; Gens et al., 2016; Monforte et al.,
2017a; 2018a; 2018b) can provide insights into the
mechanism underlying the insertion process also con-
tributing to a more rational interpretation of the test re-
sults.

In this paper, following on Monforte et al. (2021),
this problem has been approached by employing G-
PFEM code (Geotechnical code based on the Particle
Finite Element Method; numerical model in Section 2).
6 sets of soil parameters representing a wide range of
degrees of brittleness and state parameters have been
used and a series of numerical simulations of cone pen-
etration under different drainage conditions performed
and discussed (Section 3). How the relation between
CPTu readings and v is affected by partial drainage

conditions is finally discussed in Section 4.

2 NUMERICAL MODEL

The employed G-PFEM code (implemented in Kratos
Multiphysics; Dadvand et al., 2010; Monforte et al.,
2017a) is particularly suitable for problems that involve
large displacements and strains, a fully coupled hydro-
mechanical formulation and soil/rigid body contacts. It
is based on PFEM (Oiiate et al., 2004), mainly charac-
terised by a Lagrangian description of the motion, low
order finite elements and a constant regeneration of the
finite element mesh describing the domain, efficiently
introducing new elements in regions where they are spe-
cially required. The soil domain is discretized with
mixed stabilized linear triangles, having displacements,
Jacobian and water pressure as degrees of freedom, in
order to both alleviate volumetric locking and enhance
smoother cone resistance/water pressure curves (Mon-
forte et al., 2017b). Moreover, dealing with brittle soils,
to alleviate the mesh-dependency of the solution due to
strain-softening, the non-local regularization technique
described in Monforte et al. (2019a) is adopted.

The penetration of a smooth cone (radius R = 17.84
mm and apex angle = 60°) is simulated employing an
axisymmetric model (shown in Figure 1). The cone is
initially whished-in-place at a depth of 11-R and it is
pushed at standard velocity v of 0.02 m/s. Null displace-
ments are prescribed at the bottom boundary, whereas
null radial displacements at the vertical ones. Initial ef-
fective vertical o’y and horizontal stresses are imposed
to be equal to 100 kPa and 60 kPa, respectively, i.e. Ko
= 0.6, while initial pore pressure uy is assumed to be nil.
Drainage is only allowed through bottom and top
boundaries of the domain. A vertical load ¢ is prescribed
at the top boundary to be in equilibrium with o’ + uo.

Within the framework of large-strain elasto-plastic-
ity, the constitutive model employed is a modified ver-
sion of the isotropic, critical state-based model CASM

(Clay And Sand Model; Manica el al., 2021; 2022),
originally proposed by Yu (1998). The elastic part is
described by means of an hyperelastic law in which the
bulk modulus depends on mean effective stress p’. A
wide variety of yield surface shapes can be obtained for
various n and r constitutive parameter values, this latter
controlling the vertical distance between isotropic com-
pression line ICL and CSL (assumed to be straight and
parallel). Finally, the non-associated flow rule proposed
by Manica (2021) is adopted.
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Figure 1. Simulation of CPTu tests: geometry, imposed
boundary conditions and measurement locations for pore
pressures and net cone tip resistance.

Table 1. Constitutive parameters n and r of the modelled
soils, initial state parameter, residual undrained shear
strength and brittleness index.
Material n r ’¢0 Su,res Iy
[kPa]

A 4 2 0.023 22 0.07
B 6 25 0.033 19 0.22
C 8 4 0.051 13 0.45
D 9 6 0.066 10 0.58
E 10 8 0.077 8 0.66
F 10 12 0.092 6 0.74

Six sets of soil constitutive parameters are employed,
associated to the same ICL, but different CSLs and .
For all the normally-consolidated soils modelled, Pois-
son’s modulus vis equal to 0.3, shear modulus G = 4.2
MPa, void ratio belonging to ICL at p’ = 100 kPa ¢y =
1, slope of CSL in the In(p°) - e space A = 0.053, slope
of the reloading curve in the same plane k = 0.016, slope
of CSL in the p - g plane M = 0.98 and flow rule model
parameter m = 2.5 (Monforte et al., 2021). In Table 1,
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the different n, r and so ¥, values are listed for each

soil. Analogously to what done by Monforte et al.
(2021), performing undrained triaxial tests with initial
stress state of the simulated specimens equal to the one
that is used in the cone penetration simulations, peak
shear strength S, cax around 24 kPa and residual Sy res
values listed in Table 1 are derived, resulting in differ-
ent brittleness indexes I = I - Sires / Supeak-

3 NUMERICAL RESULTS

Cone penetration into the 6 soil materials of Table 1 is
simulated by considering a smooth cone/soil interface
(as described in Monforte et al., 2021).

To observe the behaviour for different drainage condi-
tions, different values of hydraulic conductivity K, rang-
ing between 10 and 10 m/s, are investigated (for this
aim, different cone penetration rates could have been
also used). In Figure 2, profiles, with respect to normal-
ised penetration depth z/R, of net cone tip resistance gnes
(equal to g. - o'\ - up) and excess pore pressure meas-
ured at the cone midface 4u; are shown for some repre-
sentative numerical tests. It can be observed that, for all
materials and drainage conditions, a clear steady state is
observed after a penetration not larger than 8R. Table 2
shows steady state values of the main cone penetration
parameters (gner, Au; and Auz) obtained in different anal-
yses (Material A, C, E and F for K = 107, 5-107, 10?
m/s).
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Figure 2. Results as a function of normalised cone penetra-
tion depth z/R: a) net cone tip resistance qne, b) excess pore
pressure measured at the cone tip Au,.

According to Monforte et al. (2021), independently
of brittleness, partially drained conditions are observed
for normalized cone velocities

vD _ AyyvD

cy gy (1+e9) K

V.= 2)

ranging between 0.2 and 200 (D is the cone diameter, ¢,
the in-situ coefficient of consolidation, y, the water
weight per unit volume). Using this criterion, drained
conditions are identified for K > 10 m/s (in Figure 2
and Table 2); indeed, steady state pore pressures are
negligible and g,. does not vary with K. Constant steady
state gn.r and pore pressure values are once again ob-
tained for K < 10 m/s, corresponding to undrained con-
ditions (in Figure 2 and Table 2, cases for K =10 m/s).
Thus, a range of more or less three orders of magnitude
refers to partially drained conditions (in Figure 2 and
Table 2, reported cases for K = 5-107 m/s).

Table 2. Results of cone penetration test simulations.

Material K Ve Qnet Au; Au
[m/s] [-] [kPa] [kPa] [kPa]

1-10°  2-10 486 18 13

A 5-107 4 339 170 102
1-10°  2-10° 220 251 205

1-10°  2-10" 329 15 11

C 5-107 4 242 178 121
1-10°  2-10° 161 223 183

1-10°  2-10" 220 11 7

E 5-107 4 176 175 129
1-10° 2.10° 120 195 164

1-10°  2-10 194 12 8

F 5-107 4 143 172 131
1-10°  2-10° 95 174 143

Even if all the materials have the same S, peat, under

undrained conditions, brittleness index I, has a very
strong influence on the results. Au tends to increase for
lower I,. However, the major I, effect concerns guer,
which varies from 220 kPa (Material A, less brittle) to
95 kPa (Material F, more brittle).
Increasing K values and so moving towards firstly par-
tially drained conditions and then fully drained ones, Au
turns out to be almost independent of /.. Nevertheless, a
more surprising results is that the differences in gpe; in-
duced by different undrained brittleness index I, are not
just maintained, but enhanced all the way to fully
drained conditions. Despite having the same void ratio,
the same initial stress state and the same angle of
drained shearing resistance, soils with higher undrained
brittleness index I, and higher initial state parameter 1o
show lower tip resistances.

3.1 Yo effect in fully-drained behaviour

Taking advantage of the ability of G-PFEM to perform
a realistic simulation of the cone penetration, a more de-
tailed examination of the mechanism underlying the ¥
effect under fully-drained conditions is performed.
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More precisely, this effect is explored comparing results
of tests with Materials A, C, E and F and K = 107 m/s,

in terms of stress, hardening parameter and void ratio
evolutions of one individual point (Point S; Figure 1).
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Figure 3. Variation of a) mean effective stress, b) deviatoric stress, c) hardening parameter, d) void ratio and e) state parameter
with normalised depth of penetration for Point S (Figure 1). K = 107 m/s, smooth cone with Materials A, C, E and F.

This point is taken at a radial distance from the cone
shaft axis of 1.2R, i.e. located quite close to the
soil/shaft contact as soon as the cone tip reaches its level
(zs = -15R). The observation point does not coincide
with a Gauss point, so information is interpolated from
the nearest ones. Figure 3 illustrates, for the different
tests, the evolutions of mean effective stress p°, devia-
toric stress g, hardening parameter p ‘ (i.e. the isotropic
yield stress), void ratio e and state parameter V' referred
to Point S as cone penetration proceeds. The value of
zero penetration on the vertical axis, i.e. (zs- z)/R = 0,
corresponds to the time when the cone tip reaches the
Point S level. Under steady state conditions, these time
evolutions are analogous to spatial ones for a fixed time
instant and points belonging to a vertical line at a radial
distance from the cone shaft axis of 1.2R.

From a qualitative point of view, the overall behav-
iour is the same independently of 1/o. As soon as Point
S starts being affected by the cone penetration, the stress
state (p ‘and ¢; Figures 3a and 3b) slightly reduces until
the cone tip is a few radii above Point S (approximately
5R). Afterwards, the peak in both p‘ and g is rapidly
reached just after the cone reaches Point S level (zs- z)/R
= [-1.2, together with the achievement of critical state
(CS; ¥ = 0 in Figure 3e). Subsequently, deviatoric and
effective mean stresses reduce markedly. Simultane-
ously (Figure 3c), just before the cone reaches Point S,
p ‘o starts increasing, as the soil is in a hardening regime,
until the stress state peak is reached; then, p ‘) remains
approximately constant. In terms of e (Figure 3d), in ac-

cordance with the stress state, the evolution is charac-
terised by an initial slight dilatant behaviour, followed
by a contractive one with a significant reduction in e,
only partially recovered during the subsequent unload-
ing. The correspondent passage from 1/ > 0 before
reaching CS to ¥ < 0 is also shown in Figure 3e.

From a quantitative point of view, however, there is
a significant dependence on the tested materials (Table
1), differing in n and r parameters and so in distance
between initial stress state and CSL, i.e. Vo, as well as
in yield surface shape. Above all, as the ¥ of soil in-
creases, a lower peak in the stress state is reached along
with a more marked hardening response. The e recov-
ered after the cone penetration perturbation is higher for
lower V. The higher steady state g, values obtained
for less brittle soils under drained conditions (Figure 2
and Table 2) are associated with the higher peak in the
stress state observed for less brittle soils just after being
reached by the cone tip (Figures 3a and 3b).

4 STATE PARAMETER INVERSION AND
PARTIAL DRAINAGE

Several authors (Been et al. 1985; Been et al. 1989;
Shuttle & Jefferies, 2016) have already studied the Vo
dependence upon measured g. under both fully-drained
conditions and fully-undrained ones. There have been
fewer studies of what happens under partially drained
conditions, although some empirical methods (Plewes
et al. 1992) are used. An investigation on this subject is
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performed in this section based on the results of the nu-
merical cone penetration tests described in Section 3.
More precisely, Figure 4 shows these results (symbols)
in terms of normalized effective tip resistance Q,(1 —
B,) + 1 evolution as a function of ¥y, in which a loga-
rithmic scale is used along the y axis and, following
Monforte et al. (2023), B, is taken equal to By =
Au,/(q. — po)- Different symbols are associated to dif-
ferent K values (and hence to V. ones as well), whereas
the fill colour indicates the corresponding B,; value.
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Figure 4. Normalized effective tip resistance vs. state param-
eter; effect of drainage conditions.

In this plane, all the results associated with a constant
V. value can be fitted by a straight line, i.e. by Equation
1 in this case with B, = B, also for partially drained
conditions. For V. > 200 (undrained conditions), associ-
ated to By values > 1, the numerical results turn out to
be satisfactorily fitted by employing the closed-form so-
lutions for k£ and m values (reported in Table 3) derived
by Monforte et al. (2023; solid black line), i.e. m = 1/2
and k =1+ 2/3-M (this latter expression applies to
smooth cones). Lowering the V. value, the k parameter,
required to fit the numerical results, starts increasing,
followed soon by a reduction in m parameter. For V. <
0.4 as well as By, < 0.1, all the numerical results can be
fitted by a unique line, i.e. the one associated to fully-
drained conditions. In Table 3, the fitting k and m pa-
rameter values for the investigated V¢ values are re-
ported.

Then, as evident from Figure 4, drainage conditions
play a key role in predicting 1o from the measured nor-
malized effective tip resistance and neglecting partial
drainage conditions would lead to totally unreliable pre-
dictions for a wide range of V., i.e. 3 orders of magni-
tude. Figure 4 highlights, through pink lines, some of
the most critical gaps between actual 1o parameters and
predicted ones if only fully drained or undrained fittings
are considered. In case of V. = 4, if Monforte et al.
(2023) expression is employed to predict ¥/, an under-
estimation of 70% would be encountered. Conversely,
if low B,; values are obtained and the expression for
fully-drained conditions is adopted, a massive overesti-
mation would result (for instance up to 300% at ¢, =
0.023).

Table 3. k and m parameter values: derived by Monforte et
al. (2023) for V. = 200, from numerical result fitting for V. <
200.

Drainage Conditions Ve k m
Fully Undrained 2000 1.66  18.87
Fully Undrained 200 1.66  18.87

Partially Drained 20 2.12 18.87
Partially Drained 4 5.87 18.87
Partially Drained 2 6.75 1042
Partially Drained 0.4 9.60 10.42
Fully Drained 0.2 9.75 10.42
Fully Drained 0.02 975 10.42

5 CONCLUSIONS

The performed simulations consider (i) the actual geo-
metrical conditions encountered in cone testing, (ii)
constitutive models capable of describing the response
of brittle materials characterised by different state pa-
rameters and (iii) different drainage conditions by
means of a fully hydro-mechanical coupled formula-
tion.
After discussing the obtained CPTu readings (steady
state values of net cone tip resistance and excess pore
water pressures) as a function of degree of brittleness,
the key role played by drainage conditions in the pre-
diction of state parameter, a key descriptor to under-
stand the potential soil vulnerability to liquefaction,
from CPTu readings, is demonstrated and quantified for
different normalized cone velocities. The need for cor-
rectly establishing the drainage condition of the test for
interpretation is evident. This could be made through
dissipation tests or, more advantageously, through on-
the-fly measurements (Monforte et al. 2018b).
Interpretation of CPTu test results is crucial for lig-
uefaction risk assessment. However, this is not a task
exempt of uncertainties, especially for non-standard
soils such as brittle ones. The application of advanced
numerical modelling, by means of G-PFEM, for full
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field cone penetration test simulation seems to offer
good chance to advance in this respect.
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