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ABSTRACT

The engineering response of soft organic clays is controlled by anisotropy, stress history and the nature of organic matter. The
behaviour of these soils has been investigated extensively over compression triaxial paths, and models are available to successfully
reproduce available experimental observations. However, open questions remain about the response over stress paths other than
compression. In this study, an organic diatomaceous clay from the Netherlands was subjected to an extensive experimental
programme, which included monotonic and non-monotonic axis-symmetric stress paths in both compression and extension.
The comprehensive study introduces a new dataset to support the development and calibration of constitutive approaches. The
collected experimental data revealed some limitations in current elastic-plastic models, which were addressed by introducing
greater flexibility in the shape of the yield function and enhancing previous rotational hardening rules. The new model, named
JMC-clay, is assessed and validated over a variety of stress paths. The comparison between experimental data and numerical
simulations demonstrates the ability of the model to accurately describe the pre-failure behaviour. The findings emphasise that
the model performance is particularly sensitive to elastic—plastic compressibility more than any other parameter. It is suggested
that the true bottleneck in the practical implementation of this class of anisotropic formulations is their accurate initialisation,
rather than calibration.

1 | Introduction assessing structures in compliance with both ultimate limit states

and serviceability limit states, which require accurate predic-

Soft organic soils are commonly found as predominant natural
geomaterials at the depths of interest for geotechnical engi-
neering works in many deltaic areas around the world. With
the increase in global population, structures and infrastructures
construction on soft soils is becoming more and more extensive.
Advancing the understanding of the mechanics of these soils is
essential to optimise construction and maintenance techniques
and ensure the long-term integrity of the engineering works.
To this aim, reliable information is crucial for designing and

tions of the soil behaviour under both pre-failure and failure
conditions.

Previous investigations have focused predominantly on com-
pression stress paths in the meridian plane. These studies have
revealed that organic clays are characterised by high compress-
ibility, relatively high friction angles, stress-induced anisotropy,
possible loss of structure and strain-rate dependency [1-9].
The findings have underpinned the development of various
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constitutive models within the framework of elasto-plasticity,
hypo-plasticity and bounding surface plasticity for simulation
and application purposes [10-13]. Once a comprehensive and
robust rate-independent model is established, extension to
time/rate-dependent response and/or cyclic behaviour becomes
relatively straightforward in the framework of elasto-visco-
plasticity [14-17] or bounding surface visco-plasticity [12, 18,
19]. The success of this approach hinges on the ability of
the parent rate-independent formulation to accurately repro-
duce soil behaviour over a variety of stress paths. Address-
ing the latter challenge is the focus of this research, in
an attempt to improve modelling strategies for soft organic
clays.

Focusing on elastic-plastic approaches, various models for soft
clays have been proposed, following the work of Sekiguchi and
Ohta [20] and Hashiguchi [21]. Most of these models address
stress-induced plastic anisotropy through a rotational hardening
rule applied to the yield function and plastic potential. Within
this category, two models, S-CLAY1 [22] and SANICLAY [23], are
particularly noteworthy. Both models expand upon the modified
Cam clay (MCC) formulation [24] by incorporating a rotational
hardening rule dependent on plastic strains. The primary differ-
ence between these two models lies in their use of associated
(S-CLAY1) versus non-associated (SANICLAY) yield and plastic
potential functions. The simpler associated formulation proves
sufficiently accurate for a variety of applications. However, subtle
features of the soil behaviour, such as the observed decrease in
deviatoric stress before reaching the critical state on the wet side
[6], cannot be captured by an associated formulation without
additional model complexities. Some researchers attribute this
behaviour to loss of structure, which has been modelled as a
reduction of the elastic domain - softening — at increasing stress
ratios [10, 25]. However, the experimental evidence can also be
reproduced by adopting different shapes for the yield surface and
plastic potential, leading to the development of a non-associated
formulation [23, 26].

Despite extensive research on soft clays all over the world and sig-
nificant experimental characterisation efforts within the Nether-
lands [27-30], advanced material modelling of Dutch soft clays
lags behind, even at increasing demand for numerical modelling
in the engineering practice. This research aims to address this gap
with the twofold aim of: (i) expanding the database of experimen-
tal results for soft clays over various triaxial stress paths, including
extension; and (ii) refining existing elastic—plastic models to
better capture the pre-failure behaviour, which is crucial in
the engineering application. Recognising that a non-associated
formulation is better suited to most Dutch clays, SANICLAY [18]
was selected as the starting platform. A new model, IMC-clay, is
developed, which enhances the yield surface shape and rotational
hardening rule to better fit the new comprehensive experimental
evidence.

2 | Experimental Investigation

2.1 | Material Description

The material used in the experimental investigation was collected
at the Leendert de Boerspolder in the Netherlands, where a
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FIGURE 1 | Particle size distribution of the tested material.

TABLE 1 | Index properties of the material.

Index property Value
‘Water content, w (%) 46-101
Plastic limit, w, (%) 30-41
Liquid limit, w; (%) 50-102
Plasticity index, I, 20-61
% of particles < 0.002 mm 3-38
Organic content, OC (%) 2.7-7.3
Specific gravity, Gs 2.60-2.67

full-scale test on a historical regional dyke was performed [31].
Samples were retrieved from the soft clay foundation layer using
a 106 mm piston sampler at two locations as follows: between
6.1 and 7.3 m below the ground surface underneath the crest
of the dyke, and between 3.9 and 4.4 m below the polder. To
reduce bio-degradation, the material was stored in a climate-
controlled room at 10 + 1°C and 90% relative humidity. To
avoid loss of organic matter, oven-drying for soil classification
was performed at 60°C [32]. The specific gravity of the soil, Gs,
was measured with a helium pycnometer [33] and the organic
content, OC, was assessed by ignition at 440°C [34]. The material
retrieved below the crest of the dyke is a clayey sandy silt with
variable organic content ranging from 2.7% to 7.3%. The material
from the polder side is silt with a higher clay fraction (38%)
and an organic content of about 4%. The tested samples are
divided into groups depending on their organic content and
sampling location (groups (III) to (IX) below the crest of the dyke,
group (X) from the polder side). Figure 1 reports the particle
size distribution from wet-sieving and hydrometer analysis for
the tested groups. Relevant index properties are summarised in
Table 1.
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FIGURE 2 | ESEM photomicrographs of the tested material (group VIII) at different magnification levels: (a) 1000x and (b) 5000%.

An impression of the fabric of the tested material is displayed
in Figure 2 from ESEM photomicrographs. The sample was
brought to the ESEM with an initial water content of about 47%
which decreased during the test due to the chamber conditions.
Temperature and relative humidity were not fully controlled
during the tests, as the main focus of the ESEM was to assess the
presence of diatom microfossils in the tested soil. The fabric is
organised in aggregates with a characteristic size of the order of
100 um (Figure 2a), where silt particles and diatoms microfossils
are visible (Figure 2b).

2.2 | Testing Programme

To minimise sample disturbance, specimens with a nominal
38 mm diameter and 90 mm height were trimmed from the centre
of the 106 mm piston sampler and tested in the triaxial apparatus.
An initial height-to-diameter ratio of 2.5 was chosen to minimise
end restraint effects [35, 36]. Table 2 collects an indication of the
stress path followed on each sample, the initial void ratio, e,; the
organic content, OC; the maximum mean effective stress, p’; p.x
reached during the test and the mean effective stress at the start
of the shear, p’,. The triaxial system includes a submersible 1 kN
load cell, back pressure and cell pressure volume controllers with
an accuracy of + 1 kPa on pressure and + 200 mm?® on volume
(0.1% full-scale range). A suction cap was used to ensure perfect
contact between the load cell and the top cap. All the drained tests
were performed under stress control, ensuring a maximum excess
pore pressure lower than 3 kPa.

Samples from groups (VI) and (IV) were brought to failure with
standard TxCD tests or nearly constant p’ tests (Figure 3a,b).
Different loading histories (i.e., isotropic and K, compression,
radial - » = q/p’ constant - compression and extension paths)
and shearing constraints (i.e., TxCU, p’ constant, g constant)
were imposed on samples from groups (VII), (VIII) and (IX) as
displayed in Figure 3c,d. K|, stress-controlled compression tests
were performed in the triaxial apparatus with volume change and
axial displacement back measurement allowing for automatic
adjustment to guarantee negligible radial strains. Multistage,
loading-unloading, radial compression, constant p’ and constant
q stress paths were followed on the samples from the group
(IIT) to better evaluate the non-monotonic pre-failure response

(Figure 3e). Samples from the group (X) were compressed along
different radial paths to specifically assess the evolution of
anisotropy (Figure 3f).

3 | Results and Interpretation

The triaxial data are elaborated adopting the common triaxial
stress—strain variables as follows: mean effective stress, p’; devi-
atoric stress, q; volumetric strain, ¢, and deviatoric strain, ;.
Compressive stresses and strains are assumed positive. Natural
strains [37] are adopted to avoid bias in the data interpretation
caused by the large displacements attained by the samples [38].
3.1 | Compression Behaviour

The volumetric response upon isotropic and K, compression is
displayed in Figure 4. A unique set of 1D and isotropic com-
pression lines can be identified for each group, whose position
depends on the initial void ratio as typically observed for silty
soils (e.g., [39, 40]). The slope of the 1D virgin compression
line, Ap_ycr, is slightly higher than the isotropic compres-
sion line, A;go_nc1» @S shown in Figure 4. An average ratio
Ain_ver /2aso-ner, = 1.14 is found.

Dependence of the compression response on the organic content
is also expected [41-43]. Figure 5 shows the influence of the
organic content on the slope of the compression line for the tested
soil, over the stress paths in Figure 3.

The experimental data show a consistent increase in A from 0.1
to 0.35 with the organic content ranging from 2% to 7%, with
the exception of samples from the group (X). Despite the similar
organic content (e.g., VII and VIII), the higher compressibility
of these samples, compared to other groups, might be attributed
to their higher clay content (Figure 1). Additionally, inspection
of ESEM photomicrographs reveals an abundance of large intact
diatom microfossils in the matrix of samples from the group
(X) (Figure 6) compared to a few and small broken diatoms
inclusions in the group (VIII) (Figure 2b). The presence of large
diatoms contributes to an increase in compressibility due to their
hollow skeleton and trapped water in their intraskeletal pore
space [44-49].
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TABLE 2 | [Initial state and type of stress path followed in the triaxial tests.

Tube Sample ID Test OC (%) Group e, (-) De.max (KP2) p. (kPa)
B103-13 T1 Isotropic 6.4 III 1.97 149 26
T2 K,? 6.4 1.97 - 11
T3 Mixed" 6.4 1.91 69 36
B103-13 T1 Mixed 6.0 v 1.81 67 36
T2 Mixed 6.0 1.71 68 36
B103-14 T1 p’ constant 4.0 VI 1.26 14 14
T2 TxCD 4.0 1.33 14 14
B103-14 T1 Isotropic 2.9 VII 1.51 - 7
T2 K, 2.9 1.40 - 7
T3 Mixed 29 1.45 70 38
T4 Mixed 2.9 1.47 70 38
B106-13 T1 Mixed 35 VIII 1.60 - 5
B106-13 T1 Mixed 2.7 X 1.22 70 38
T2 Mixed 2.7 1.24 69 39
T3 K, 2.7 1.21 - 6
B101-10 T4 K, 2.2 1.17 - 7
B101-8 T1 Mixed 4.2 X 2.77 - 6
T2 Mixed 4.5 2.74 - 6
T3 Mixed 3.8 2.58 - 5
T4 Mixed 35 2.61 - 7
T5 Mixed 4.6 2.76 - 5
T6 Mixed 3.7 2.60 - 6
T7 K, 34 2.28 - 6
T8 Isotropic 32 2.24 - 5
T9 K, 3.2 2.39 - 5

2K, triaxial compression at null lateral strain.

bMixed: various combinations of stress paths at constant stress ratio, p’ constant loading-unloading and g constant paths (see Figure 3 for the specific soil samples).

3.2 | Shear Behaviour

The response upon shearing is summarised in terms of stress
ratio, 7 = q/p’ , versus deviatoric strain for different groups of
samples. For the sake of clarity, only the last portion of each stress
path up to failure is plotted. A uniform deformation mode was
observed during the pre-failure response. For samples sheared in
triaxial compression, failure was attained with a ductile barrel
failure model. In extension, the formation of a neck shape at
the mid-height of the sample was observed. The data after neck
formation were excluded to ensure the representativeness of the
analyses.

The results in Figure 7 show an ultimate stress ratio M, . = 1.42
in triaxial compression different than that in triaxial extension,
M, . = 1.05, corresponding to different friction angles ¢’, = 35°
and ¢’ = 39.5°, respectively. A unique critical state surface in
the p’ — q — e space was not identified for the tested material,
as silty samples carry the information of their initial void ratio

[40]. Samples from the group (VI) tested at very low confining

stresses, p’ < 25 kPa, attained a peak stress ratio equal to 1.8
before tending asymptotically towards the ultimate stress ratio.
Samples T2 and T3 from the group (IIT) showed a slightly higher
ultimate stress ratio at large strains due to poor controllability
when the samples approached failure under g-constant stress
path (Figure 3e). Contrarily to organic fibrous soils, the absence
of significant differences in the ultimate friction angle within
the investigated organic content indicates a highly decomposed
nature of the organic matter in the tested material.

The ultimate friction angle in triaxial compression ¢’ = 35° gives
a reasonably consistent estimate of the at-rest lateral earth pres-
sure coefficient in normally consolidated conditions using Jaky’s
simplified relationship (K, = 1 — sin ¢, = 0.43) compared to the
experimental values, K¢ (0.43-0.48), determined from sample
T2 (IIT), T2 (VII), T3 (IX) and T7 (X). Figure 8a reports the trend
of the lateral stress ratio, K, = ¢’, /0’ , during the K, compression
tests. For samples T3 (IX) and T4 (IX), the test included a K,
loading and unloading path. Figure 8b reports the development
of the lateral stress ratio versus the overconsolidation ratio, OCR,
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FIGURE 3 | Experimental stress paths followed in the triaxial tests for groups of samples: (a) (VI), (b) (IV), (c) (VII), (d) (VII[)=(IX), (e) (IIT) and (f)

X).
compared with the relationship [50]

0cC

# = OCR™ €y
0

where K€ is the at-rest lateral earth pressure coefticient in over-
consolidated conditions and OCR is the overconsolidation ratio
in terms of axial effective stress. Figure 8b proposes a comparison
between the experimental data and the commonly adopted value
of m = 0.5 and m = sing’. [51]. The experimental data seem to
suggest m = 0.42 for the tested material.

Different responses upon K, compression among the tested
samples can be observed in Figure 8a. Samples T2 (III), T7 (X)
and T9(X) show a significant decrease in the lateral stress ratio
at around o’, = 50 kPa, followed by a gradual increase towards
the asymptotic value. This ‘shoulder’ shape of the lateral stress
ratio has already been noticed by numerous authors (e.g., [52, 53]).
Cotecchia and Chandler [54] suggested fabric changes associated
with the transition between pre- and post-yielding domains
as an explanation of this behaviour. Additional insight on K,
compression response is provided in Figure 9, where the results
are plotted in terms of void index [2], I,, for both undisturbed
and reconstituted samples of each group. The results seem to
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suggest a more pronounced initial decrease in the lateral stress
ratio, followed by an increase for those samples whose state lies
well above the ICL (T2 (III), T7 (X), T9(X)). In contrast, samples
T2 (VII), T3 (IX) and T4 (IX), which lie close to the ICL, show a
monotonic gradual decrease in the lateral stress ratio.

3.3 | Yield Locus

The initial position and shape of the yield locus for the tested
material were derived by exploiting the multiple stress paths in
Figure 3. Various criteria were adopted to this aim [55, 56], and
the points best matching all of them were eventually chosen
(see Muraro and Jommi [57] for a detailed discussion). The
experimental yield points in Figure 10 suggest an anisotropic yield
locus, rotated on the p’ axis.

To fit the experimental yield points, the expression proposed by
McDowell and Hau [58] was chosen and extended to account for
anisotropy:

2

2 2 2 2 ’ T

0 N2 M;” —a?) ,2_(Mf—05f) ,2f D\ K
f=0=@=pa)y+———p k-1 P

P

@)
where a; defines the inclination of the yield locus in the p’ — g
space and p’. is the pre-consolidation mean effective stress. The
chosen surface allows enough flexibility in the shape through the
two coefficients k; and M;. Standard shapes can be recovered,
including the anisotropic version of the modified Cam clay model
proposed by Dafalias [59] for k; = 2. As displayed in Figure 10,
the experimental yield points are nicely fitted by Equation (2)
with M, = 0.99, M;, = 0.74, k; = 1.25 and a; = 0.51. The initial
inclination of the yield locus was determined as described by
Dafalias et al. [23], assuming x/A = 1/9 and v = 0.2.

Figure 10 also shows a comparison between the experimental
plastic strain increment vectors computed along the differ-
ent stress paths at the onset of yielding and the theoretical
ones assuming normality condition with the yield locus in
Equation (2). The volumetric and the deviatoric plastic strain
increments, 8¢} and &ey, have been derived from the total ones
by computing the elastic strain increments, de; and deg, with a
hypo-elastic isotropic law with a constant Poisson’s ratio, v = 0.2:

op’ vp’
655:%;K=% 3)
. 09, 3(1-2v)
5£q—3G,G— 201y @

where v is the specific volume, K is the bulk stiffness, x is the
slope of the unloading-reloading compression line, G is the shear
modulus, 6p’ and &q are the increments in the mean effective
stress and deviatoric stress, respectively. For each radial path, the
value of x has been determined from the experimental data. The
comparison in Figure 10 suggests that the normality assumption
does not hold for the tested material, as already highlighted by
other authors on similar soils [60, 61]. It is worth remarking that
the parameters M; . and M;, from Equation (2) are not related
to the friction angle. These parameters are shape factors for the
yield locus. The adoption of a non-associated flow rule with M; <
M, allows reproducing a decrease in the deviatoric stress before
attaining the failure line during shearing in undrained com-
pression, which is often observed in K, normally consolidated
samples [23].

3.4 | Anisotropic Plastic Deformation Mechanism

Natural soft clays are expected to exhibit anisotropic response due
to both the previous stress history (i.e., depositional conditions)
and the subsequent loading [22]. The post-yielding plastic defor-
mation response was analysed in terms of inclination § of the
plastic strain increment vectors, where

tanf = 6—85 (5)
Sep

along stress paths at constant stress ratio.

Figure 11 shows a progressive reorientation of the plastic strain
increment vectors along radial paths at constant stress ratio. The
magnitude of the rotation depends on the previous stress history
and loading direction. For the K, compression test on sample T3
(IX), the plastic strain increment vectors do not rotate as a result
of the initial alignment of the fabric along the K, line.

The experimental evidence in Figure 11 justifies adopting an
anisotropic stress-dilatancy rule (i.e., anisotropic plastic poten-
tial) such as the well-established expression proposed by Dafalias
[59]

_ 1 _ Mgz_nz
tanf 2 (77 —Ofg)

(6)

where d is the dilatancy, M, is the critical stress ratio, and a,
is a non-dimensional anisotropic variable, which accounts for
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FIGURE 6 | ESEM photomicrograph of the tested material from the
group (X).

coupling of the deviatoric and volumetric plastic strain rates, and
introduces the anisotropic response in the plastic deformation
mechanism. By integrating Equation (6), the plastic potential
reads:

2

g=(a-p'a) + (M =) p' (0 - p) ™

where p’, is a dummy variable.

As shown in Figure 11, with enough straining along radial paths,
the inclination of the plastic strain increment vectors reaches a
fairly constant value. At this stage, Equation (6) allows deriving
the asymptotic values of «, called ‘equilibrium or bounding’
values, ay,, for different radial paths [62]. To account for the
different friction angles in triaxial compression and extension
observed in Figure 7, it is suggested that the experimental data
can be normalised with a critical stress ratio that depends on

the Lode angle, M(6). In Figure 12, the current experimental
data normalised with M, for triaxial compression 7 > 0 and
Mg, for triaxial extension 7 <0 are compared with the two
most used analytical expressions, namely the S-CLAY1 [22] and
the SANICLAY [23]. The parameters of the reference analytical
expressions were calculated based on the K, compression tests as
described by Wheeler et al. [22] and Dafalias et al. [23]. As shown
in Figure 12, both models fit reasonably well on the experimental
data of the triaxial compression domain. However, the agreement
is progressively lost in the extension domain, especially towards
high stress ratios, /M, < —0.5.

To better fit the new experimental evidence in Figure 12, the
expression proposed by Dafalias and Taiebat [62] is amended by
weighing the asymptotic behaviour with a strictly positive power
coefficient, y, and giving the de-amplification factor, (z in the
original proposal), a dependency on the Lode angle as suggested
by the experimental data.

For triaxial compression and extension, the proposal reads

M y
agb=% [l—exp(—sl\zlc>] ifp>0

M 1 \1’
gc Y .
Ay ==~ [1—exp<—sM )] ifp<o0

e ge

®)

where s is a positive model constant and z, z, are the values of z
over triaxial compression and triaxial extension, respectively. This
choice implies that the model can attain different critical state
lines in compression and extension paths, as already observed
on different types of clays [63]. The experimental data for a wide
range of stress ratios were fitted with the proposed equation with
y=2,z. =16, z, = 1.2 and s = 2, as plotted in Figure 12.

It is worth mentioning that the results in Figure 12 are derived
from experimental results of asymptotic plastic strain increment
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FIGURE 7 | Stress ratio versus deviatoric strain during the final shearing stage up to failure for samples from groups: (a) (1), (IV), (VI) and (b)

(VID), (VIIL), (IX).
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FIGURE 8 | Results from K, compression tests: (a) evolution of the lateral stress ratio and (b) change in K, with the overconsolidation ratio.

vectors after fixing the plastic deformation mechanism (i.e., the
plastic potential in Equation 7). If the information in Figure 12 is
also used to infer the evolution of anisotropy of the yield surface,
Equation (8) can be adopted in the rotational hardening rule,
assuming that a; = a, = a [18, 62, 64].

3.5 | Hardening Mechanism

Critical state models often assume that the current size of the
yield surface is controlled solely by plastic volumetric strains,

however, information on organic soils is still scarce. Muraro
and Jommi [57] provided evidence that in highly organic peats
the hardening mechanism is also ruled by deviatoric plastic
strains, likely due to the rearrangement/realignment of the fibres
contributing to the peat fabric. To discriminate between the
two hypotheses for the tested material, the results of drained
probe tests are analysed. Figure 13 reports the evolution of the
normalised pre-consolidation pressure, p’ ., with the volumetric
plastic strains, ag, computed along different radial paths. The
normalised pre-consolidation pressure is calculated by dividing
the current value by the one attained when the inclination of the
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FIGURE 10 | Trace of the yield locus on the p’ - g space from the
estimated yield points and corresponding plastic strain increment vectors.

yield locus, «, reaches the asymptotic value over the radial stress
path. This choice allows isolating the change in the size of the
yield locus from the change in its inclination.

The evidence in Figure 13 supports the assumption that the size
of the yield locus for organic clays is ruled solely by plastic
volumetric strains, as opposed to highly organic fibrous soils like
peats. All the experimental data align well with the traditional
volumetric hardening law [56]
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FIGURE 11 | Change in the inclination of the plastic strain incre-
ment vectors along radial paths.
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FIGURE 12 | Bounding values of agp for different radial paths.

A second hardening rule is needed to control the rotation rate
of the yield locus produced by plastic straining. As anticipated,
adhering to a common choice (e.g., [18, 64]), the rotational rule
derived for the plastic potential (Equation 8) is also used for the
yield locus. The suggestion by Dafalias and Taiebat [62] is chosen
for the rotation rate, da = da, = day, with

p/

Sa = <L>Cpatmp_,c (agb - C() (10)
where the plastic multiplier, L, is enclosed in the Macauley
brackets <> to track plastic loading (i.e., L > 0 and (L) =L)
and elastic unloading (i.e., L < 0 and (L) = 0 ), pum is the
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atmospheric pressure, p’. is the preconsolidation pressure, c is a
model parameter controlling the rate of the evolution of @, and ay,
is the bounding value of « attained along the reference constant
stress ratio path (Equation 8 and Figure 12).

4 | Numerical Calibration, Predictions and
Validation

The elastic-plastic model built on the previous experimental
findings is named JMC-clay. Its capabilities are discussed by
simulating the laboratory tests with a single Gauss point scheme.
To highlight the benefits of the JMC model over previous
formulations, for a few specific tests a simulation with SANI-
CLAY model [62], which served as a reference model for this
work, is included. Where the simulation with SANICLAY is
not reported, the two models perform in an almost identical
way.

4.1 | Model Calibration Procedure

The model requires calibration of 12 parameters, which can be
determined as follows:

- x*,A* are calibrated on loading and unloading-reloading paths
such as isotropic or Kj; it is worth reminding that in the JMC
model, x* and 1* are defined on the In(v) - In(p’),

- v is estimated by analysing the slope of the initial part of the
K, unloading path on the p’ — q space, assumed to be elastic;

- My, M, are determined from triaxial compression and

extension tests;

TABLE 3 | Model parameters adopted in the IMC simulations.

Mg,c Mg,e /Mg,c v c Zc Ze s y Mf,c kf

1.42 0.74 02 50 16 12 22 2 099 125

TABLE 4 | Model parameters adopted in the SANICLAY simula-
tions.

M

g.c Mg,e /Mg,c 4 c V4 S Mf,c kf

1.42 0.74 02 50 215 215 0.99 2.0

TABLE 5 | Calibrated values of 1* for different groups of samples
depending on their organic content.

am-av) (vi (vii) (J1x) (X)

A 0.137 0.085 0.095 0.065 0.140

Parameter

- z. 2, s and y are defined by fitting Equation (8) on at least
three triaxial tests: K, compression and two radial paths at a
constant stress ratio, one in compression and one in extension;
if no data are available on the extension side, z, can be
obtained assuming z./z. = M, /M, ;

- M;., M;, and k; are determined from yield points along
drained stress probe paths; if no yielding data are available on
the extension side M, can be obtained assuming M;./M; =
M, /M e

- The parameter ¢, which governs the rate of evolution of «, is
calibrated by conducting trial runs, having all other constants
calibrated in advance, to simulate the re-alignment of plastic
strain increment vectors along a radial path. Suitable tests
for this calibration are those that cause significant rotation
of the plastic potential. A K, loading-unloading test followed
by isotropic compression is recommended to maximise the
number of parameters that can be calibrated, namely x*, 1%,
v and c.

All the model parameters were directly obtained from the
experimental data presented in the previous section, except for
the Poisson’s ratio and the rate of evolution of the anisotropy,
which were determined using the above-outlined procedure. In
the simulation of the tests with the JMC model, a unique set
of calibrated parameters reported in Table 3 could be used for
all samples of the different groups. The corresponding calibrated
parameters for the SANICLAY model are listed in Table 4.
For the slope of the compression line and unloading-reloading
line, a different strategy was preferred, and specific values were
calibrated on each sample group to account for their strong
dependence on the organic content reported in Figure 5. The ratio
x* /21" was fixed to 1/9. The adopted 1* values are reported in
Table 5.

4.2 | Stress State Initialisation

Three state variables are needed to initialise the proposed model,
namely, the initial void ratio, e;; corresponding to the initial mean
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effective stress at the beginning of the triaxial test, p’;; the initial
pre-consolidation pressure, p’.; and the initial inclination of the
yield locus and plastic potential, «;. The latter was determined
assuming K|, conditions when the sample was retrieved from the

field. This assumption is discussed in the last section of the paper,
that is, Section 5. The initial inclination is calculated as

BE’?EO + 7712(0 +[2(1 =" /A*) = BM; | eng, — Mz,
a; =

‘ 2e (1 — 1" JA%) S
20 +v) x*
T -2m -

where € =3/2 and 7y, is the stress ratio corresponding to
K¢ = 0.43 coming from Jaky’s relationship. For normally con-
solidated conditions, the corresponding initial pre-consolidation
pressure, p’..;, can be computed from Equation (2) with «; and the
estimated stress state in the field (p’;, ;).

= a'i (142K)°)
if 3 (12)
g =0 (1-K)°)

For overconsolidated conditions, the yield surface is initialised
based on the estimated overconsolidation ratio.

4.3 | Evolution of the Yield Surface and Plastic
Potential

The two new ingredients introduced in the JMC model from the
experimental evidence are the flexible shape of the yield locus
(Equation 2) and the asymptotic relationship for a,, (Equation 8).
To validate these choices, the model predictions for the yield
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FIGURE 20 | Comparison between numerical simulations and experimental data from multistage drained triaxial compression tests on samples

T2 (III), T3 (III) and T3 (VII).

locus and the evolution of the plastic strain increment vectors
are analysed. Figure 14a displays the initial yield surface (dashed
line) and the subsequent yield locus, expanded and rotated,
predicted by the JMC after isotropic compression up to 70 kPa.
The predicted yield surface fits very well with experimental
yield points obtained on samples (T3 (III), T1 (IV), T2 (IV),
T3-T4 (VII), T1-T2 (IX)) after isotropic loading up to 70 kPa,
unloading to 40 kPa and shearing following different probing
stress paths. Also, the model demonstrates excellent capability in
describing the evolution of the plastic deformation mechanism

both in compression and extension, as shown in Figure 14b,
where the experimental and predicted rotation of the plastic
strain increment vectors along radial paths are compared.

4.4 | Drained Triaxial Tests
The comparison between the experimental results and the

model simulations is reported in Figure 15 for the K, loading-
unloading test and in Figure 16 for a multiple drained stress
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path, which includes p’ constant, radial path and p’ constant
loading-unloading path.

The model correctly estimates the final stress path corresponding
to the K\'“ state given the calibration of the bounding values a,.
At the beginning of the loading path, the model predicts higher
overconsolidation than the one observed experimentally. Upon
unloading, the predicted stress path follows reasonably well the
experimental one until p’ = 80 kPa, when the latter deviates,
possibly indicating the occurrence of yielding. Both these obser-
vations seem to suggest that the shape of the yield locus on the dry
side could be slightly narrower than the one adopted in Figure 10.
Despite these small differences, the model simulation shows good
qualitative and quantitative agreement with the experimental
results, both in the volumetric and deviatoric response, for a
wide range of strains. The qualitative and quantitative agreement
between the JMC model and the experimental data is also
confirmed by the multiple stress path in Figure 16.

4.5 | Undrained Triaxial Tests: TxCIU

Figure 17 shows the comparison between the experimental results
and the numerical simulations of undrained triaxial compression
tests on normally consolidated and overconsolidated (OCR = 6)
samples, starting from isotropic conditions, T1 (III) and T1 (VII),
respectively. For the normally consolidated side, the model shows
good prediction of the initial stiffness and the overall stress path
until the ultimate stress ratio, M, . = 1.42. After the attainment
of M., the model shows a hook in the stress path with a
further increase in the deviatoric stress, which is not observed
in the experimental data. As already discussed by Dafalias and
Taiebat [62], the discrepancy is a consequence of the absence
of volumetric plastic strains in the rotation hardening rule
(Equation 10). However, it is worth mentioning that geometrical

effects in the triaxial setup may contribute to the sample ultimate
deformation mechanism, as shown by Chao et al. [65].

The comparison with the overconsolidated sample T1 (IIT) high-
lights the limitations of the elastic-plastic model on the dry
side, partially alleviated in the proposed formulation by adopting
a rotational hardening and a yield locus with a smaller shape
compared to the traditional modified Cam clay ellipse. The
predicted stress path intercepts the yield locus for a stress ratio
above the critical state before approaching asymptotically the
critical state, while the experimental data show a smoother stress
path reaching a lower ultimate deviatoric stress.

4.6 | Undrained Triaxial Tests: TxCAU

To better explore the predictive capabilities of the proposed
model, Figure 18 shows the comparison between numerical
simulations and anisotropically consolidated undrained com-
pression tests, which better replicate stress—strain states relevant
for field applications. With reference to the normally consolidated
sample, T1 (VIII), the model shows very good agreement with
the experimental data both in the pre-failure and failure state.
Better performance compared to the original SANICLAY is due to
the adopted shape of the yield locus, which helps in reproducing
the observed stress path more accurately (Figure 18a). An equally
good performance is found for the overconsolidated sample, T3
(IX), except for a slight underestimation of the deviatoric stress
at failure, mainly due to the predicted elastic response over K,
unloading (Figure 18c), as discussed previously.

4.7 | Multistage Drained Triaxial Compression
Tests

Additional insight into the predictive capabilities of the model is
shown on multistage drained compression tests, which included
loading and unloading along a variety of stress path directions as
displayed in Figure 19.

The comparison in Figure 20 shows very good performance of
the JMC model on both the volumetric and deviatoric stress—
strain response for a wide range of strains up to ¢, = 0.3 and
g = 0.15. It is worth remarking that the data in Figure 19
were only partially used (i.e., radial paths) to calibrate the
bounding value ag,, while all the other paths (e.g., unloading,
reloading and shearing at constant q) are used to assess the model
predictive capabilities. In spite of the simplicity of the elastic—
plastic framework, the proposed model appears to be able to
describe accurately the pre-failure behaviour of the tested mate-
rial over non-conventional loading-unloading-reloading stress
paths, which is particularly relevant for field assessment and
monitoring.

4.8 | Drained Triaxial Extension Tests: Slightly
Overconsolidated Samples

The model capabilities are evaluated in comparison with drained
triaxial extension tests, which include an initial p’ constant path
followed by a radial path along different stress ratios (Figure 21).
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FIGURE 22 | Comparison between numerical simulations and experimental data from drained triaxial extension tests on samples T1 (IX), T2 (IX)

and T4 (VII).

The samples were first isotropically loaded to p’, = 70 kPa before
unloading to p’y = 38 kPa, corresponding to an OCR = 1.8
(Table 2).

The comparison in Figure 22 shows very good performance
of the model on both the volumetric and deviatoric responses
along the stress paths. The radial paths in Figure 21 were used
to fix the asymptotic bounding values «,, on the extension
side (Figure 12). It is worth noticing that the model performs
well in the entire pre-failure domain, showing a remarkable

improvement compared to previous models, which is relevant in
view of practical applications.

4.9 | Drained Triaxial Extension Tests
Overconsolidated Samples From the Field

To better assess the advantages of the model over extension
stress paths, the model predictive capabilities are evaluated with
extension tests in Figure 23, performed on undisturbed samples
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FIGURE 23 | Drained triaxial extension tests on overconsolidated
samples in the field retrieved from the polder side.

from the polder side. Differently from the samples in Figure 21,
these samples were sheared directly starting from the undisturbed
state, with an estimated overconsolidation ratio OCR = 3 [39].

Both the JMC and the SANICLAY models show very good
quantitative agreement on the volumetric response with the
experimental data (Figure 24a,c,e). On the contrary, the quan-
titative agreement on the deviatoric stress-strain response is
less satisfactory (Figure 24b,d,f). Both models overestimate the
deviatoric strain, although the prediction of the new model is
improving the one by SANICLAY, thanks to the extension of the
formulation of the rotational hardening rule.

5 | Model Initialisation

Despite validation of the JMC model on the new dataset of
experimental data, the model predictions in Figure 24 show
a systematic overestimation of the deviatoric strain along the
extension radial paths performed on undisturbed samples from
the ficld. It should be noted that the model predictions depend not
only on the model calibration but also on the model initialisation.
For anisotropic models with rotational hardening, the OCR
alone does not uniquely describe the previous stress history.
Uncertainty in the full stress path experienced by the soil in
the field can affect the predictions of the model for a given set
of calibrated parameters. To exemplify the consequence of this
uncertainty, the results of two different model initialisations,
each coming from a plausible hypothesis on the field history, are
discussed in the following.

The samples from group X (Figure 24) were retrieved from the
polder side with an estimated in situ vertical effective stress
o,’ of about 15 kPa and estimated OCR = 3. In the previous
simulations displayed in Figure 24, the initialisation of the
hardening variables, p’.; and «;, followed the assumption of an

overconsolidation state caused by 1-D loading/unloading, with
a corresponding stress path and initial yield locus as depicted
in Figure 25a. However, Ponzoni [41] had observed that the
samples retrieved on the polder side were not fully saturated,
with an estimated degree of saturation between 0.8 and 0.9. Given
the water retention properties of the material, also reported by
Ponzoni [41], this would correspond to a suction stress of about
35 kPa.

Based on this observation, a different initialisation of the yield
surface from a standard K, mechanical loading/unloading
was simulated, described by the stress path history depicted
in Figure 25b. The equivalent isotropic suction stress was
applied starting from a normally consolidated K|, state, which
overconsolidated the sample and, at the same time, contributed
to re-orienting the inclination of the yield locus towards the
p’-axis |66].

The stress paths imposed in the laboratory on samples from group
(X) were simulated twice, each time starting from different initial
yield surfaces. Figure 26 shows the influence of the two different
initialisations on the computed deviatoric stress—strain response.
The numerical results of sample T1 (X) considering a suction-
induced overconsolidation state improved to a large extent and
the stress—strain response very well matches the experimental
data (Figure 26a). For test T2 (X) in Figure 26b, the model
prediction still shows small overestimation of the deviatoric strain
caused by the proximity of the stress ratio to the critical of one
in extension, M, ., which reduces the shear stiffness to a greater

ge’
extent than what is observed experimentally.

It must be observed that these results should not be considered
as proof that drying was the origin of the OCR. Rather, they are
included in the discussion to highlight to what extent constitutive
models built on anisotropic yield surfaces require a robust
initialisation strategy to support their reliable use in practical
applications.

6 | Conclusions

Reliability of geotechnical design and assessment stems from
advanced constitutive models, capable of modelling both the
pre-failure and failure response of soils. In this work, a typical
Dutch soft organic clay was investigated, to provide as thorough
as possible insight on its stress-strain response over a variety
of triaxial stress paths including extension ones, for which data
are still scarce. The results were scrutinised to identify and tune
relevant ingredients of an elastic—plastic modelling approach to
be used in the practice.

The experimental programme was designed to elucidate com-
pressibility and shear response, anisotropy and hardening
of the organic clay. The experimental data show that the
compressibility of the material may vary more than other features,
depending on the organic content and the presence of diatoms.
Over shear, the material displays a friction angle dependent on the
Lode angle, based on triaxial compression and extension results.
As expected, the depositional fabric is anisotropic and evolves
rather quickly depending on the stress path. Careful analysis
of drained probes results demonstrates that expansion of the
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FIGURE 24 | Comparison between numerical simulations and experimental data from drained triaxial extension tests on samples T1 (X), T2 (X)

and T3 (X).

yield locus is solely ruled by volumetric plastic strains, while the
evolution of anisotropy depends on the loading direction.

Based on the previous experimental findings, a new consti-
tutive model, JMC-clay is proposed. The model is built on
the SANICLAY framework, which includes a non-associated
flow rule, which was confirmed by the experimental results.
The proposal extends the previous formulation, essentially by
allowing flexibility to the yield surface shape and improving the

rotational hardening rule with a dependence on the Lode angle.
The benefits of JMC-clay can be appreciated especially in the
deviatoric stress-strain response, and they become more and
more evident at increasing stress ratio in extension. The proposed
model should be sufficiently versatile for clays which do not suffer
from significant destructuration.

The numerical simulations show that the proposed model can
capture well the pre-failure response over non-monotonic loading
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and unloading stress paths, which is a crucial feature for its
implementation in the engineering practice. However, inspection
of the limitations in the practical use reveals a strong dependence
of the predicted response on the initialisation of the yield surface
inclination, especially at low stresses. The latter observation
suggests that the bottleneck in the practical use of this class of
models lies more in the initialisation of the current state rather
than in calibration, which can follow a rather simple strategy in
the laboratory.

List of Symbols

d dilatancy

e, initial void ratio
G shear modulus
Gs specific gravity
I, plasticity index
I void index
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K bulk modulus

K; lateral stress ratio

K, at-rest lateral earth pressure coefficient

K¢ at-rest lateral earth pressure coefficient in normally

consolidated conditions

KO¢ at-rest lateral earth pressure coefficient in over-
consolidated conditions

L plastic multiplier

m coefficient linking K¢, K and OCR

M, ultimate stress ratio in triaxial compression
ultimate stress ratio in triaxial extension

M; ., M; ., ki shape coefficients for the yield locus

oC organic content

OCR overconsolidation ratio
q deviatoric stress

v specific volume

w water content

wy, plastic limit

w; liquid limit

z., Z,, S, Y, ¢ coefficients of the rotational hardening rule

o axial effective stress

o', radial effective stress

o, vertical effective stress

4 mean effective stress

D' emax maximum mean effective stress

D' mean effective stress at the beginning of the triaxial
test

J mean effective stress at the start of the shear

D pre-consolidation pressure

Pen normalised pre-consolidation pressure

Ui stress ratio

& volumetric strain

arp, volumetric plastic strain

g deviatoric strain

Apover slope of the 1D virgin normal compression line

Aiso—ncL slope of the isotropic normal compression line

A slope of the normal compression line

x slope of the unloading-reloading line

x* slope of the unloading-reloading line on the In(v) —
In(p”) space

A* slope of the normal compression line on the In(v) —
In(p’) space

2] Lode angle

@ ultimate friction angle in triaxial compression

@ ultimate friction angle in triaxial extension
555 volumetric plastic strain increment

p viatoric plastic strain inc
5e! deviatoric plastic strain increment
ey volumetric elastic strain increment
Seg deviatoric elastic strain increment

q
ép’ mean effective stress increment
éq deviatoric stress increment
é6p'. re-consolidation pressure increment

c

Poisson’s ratio
inclination of the plastic strain increment vector
dummy variable for the plastic potential

rotational hardening variable

a, bounding value of the rotational hardening variable

o rotational hardening variable of the yield locus

a, rotational hardening variable of the plastic potential

gy bounding value of the rotational hardening variable
of the plastic potential

Sa increment of the rotational hardening variable

oy increment of the rotational hardening variable of
the yield locus

dat, increment of the rotational hardening variable of
the plastic potential

Daim atmospheric pressure

a; initial inclination of the yield locus and plastic
potential

P estimated mean effective stress in the field

Gir estimated deviatoric stress in the field

o'yi estimated vertical effective stress in the field
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