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Inspection of three sophisticated constitutive models based on
monotonic and cyclic tests on fine sand: Hypoplasticity vs.
Sanisand vs. ISA

T. Wichtmann' ; W. Fuentes'”); Th. Triantafyllidism)

Abstract: The prediction quality of three of the most sophisticated constitutive models for sands has been examined based
on a comparison of results from element test simulations and laboratory tests. Hypoplasticity with intergranular strain, the
Sanisand elastoplastic model in the version of 2004 and the recently proposed ISA (intergranular strain anisotropy) model
have been inspected. The laboratory tests performed on Karlsruhe fine sand used in the present study are freely available
on the homepage of the first author. The model predictions have been inspected for drained and undrained monotonic
triaxial tests with various densities and pressures and for monotonic tests with a few number of un- and reloading cycles.
The main focus, however, lies on undrained cyclic triaxial tests with either stress or strain control and with different
densities, initial stresses and stress/strain amplitudes. The strengths and weaknesses of the different constitutive models

for various test conditions are worked out.
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1 Introduction

Numerical simulations of geotechnical structures under
earthquake loading, which may eventually be affected by
soil liquefaction, require the use of sophisticated constitu-
tive models for the soil. For these analyses, the selected
constitutive model is expected to reproduce the mechani-
cal behavior of the soil at different stress/strain amplitudes,
especially under undrained cyclic loading, whereby cyclic
mobility effects and the accumulation of pore water pres-
sure should be adequately described. Several advanced con-
stitutive models for non-cohesive soils have been developed
during the last two decades, e.g. the hypoplastic model with
intergranular strain [19, 21], the Sanisand elasto-plastic
model [2,3], or most recently the ISA (intergranular strain
anisotropy) model [6]. Likewise, a huge number of high-
quality laboratory tests with various boundary conditions
and control has been performed by the authors at the Insti-
tute of Soil Mechanics and Rock Mechanics (IBF) at Karl-
sruhe Institute of Technology (KIT) during the last decade.
The experimental database has been published in [24, 25]
and made freely available on the homepage of the first au-
thor [23]. The data enable the calibration, inspection and
further development of constitutive models for granular ma-
terials, considering as many different boundary conditions
and types of control as possible. Such close examination of
the constitutive equations based on element tests creates
confidence for an application of the model to different real
problems.

The present paper documents a numerical study in which
the data from [23-25] have been used to inspect three of
the most sophisticated models mentioned above: Hypoplas-
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ticity with intergranular strain, the Sanisand elastoplastic
model in the version of 2004 and the first version of ISA
model (version 2014). Alternative or improved versions of
Sanisand [20], Hypoplasticity [17,18] and ISA [7-9] have
been proposed in the meantime, but this paper restricts to
the original and most popular versions of the models, al-
ready incorporating the most important features of those
types of models. The results of element test simulations
with the three models are confronted with the experimen-
tal data. The element test simulations have been performed
using the program Incremental Driver of Niemunis [15] in
combination with Abaqus implementations of the constitu-
tive models (the so-called UMAT’s) written by A. Niemunis
(Hypoplasticity with intergranular strain) or W. Fuentes
(ISA, Sanisand). First, the calibration of the three mod-
els is briefly explained in the next section. All experimen-
tal and theoretical research reported herein has been done
during the collaborate work of all authors at the IBF at
KIT.

2 Parameter calibration

The parameters of Hypoplasticity with intergranular strain
for Karlsruhe fine sand are summarized in Table 1. The
critical friction angle ¢, has been determined from the in-
clination of a loosely pluviated cone of sand. Following the
parameter determination guide proposed in [10], the char-
acteristic void ratios at p = 0 are estimated from the re-
lations e;o = 1.15€émax, €c0 = €max and eqg = emin, Where
€max and ey are the maximum and minimum void ratios
determined from standardized laboratory tests [?]. Param-
eters hs and n were carefully calibrated to reproduce the re-
duction of the void ratio e with increasing mean (effective)
pressure p under oedometric compression conditions on
loose samples. The e-p behavior of dense samples in oedo-
metric compression tests was then reproduced by calibrat-
ing the parameter 5. The parameter o has been adjusted to
reproduce the peak stress measured in drained monotonic
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triaxial tests with dense samples. Parameters for the inter-
granular strain extension, namely R, mg, mr, Br, X, have
been calibrated to reproduce the mechanical behavior of the
sand in an undrained cyclic triaxial test, named TCUI7 in
the database [23], with constant deviator stress amplitude
¢®™P! = 60 kPa, initial mean effective stress po = 200 kPa
and relative density D, = (émax—€)/(€max —€min)-100 = 67
% (medium dense sample). The parameters were chosen in
order to achieve the best possible reproduction of the mea-
sured curves of strain amplitude £2™P'(N) and pore water
pressure accumulation ©u2°¢(N). A respective comparison is
provided in Section 4. Users interested in more details for
the calibration of intergranular strain parameters are re-
ferred to [14,22].

Table 2 contains the parameters of the ISA model. For
this work, the same parameters reported by [6] for the same
sand are used, except for the intergranular strain param-
eters mg, B, xn and c, which were recalibrated herein to
reproduce the mechanical behavior of the undrained cyclic
test TCUI7. A detailed guide for the parameter determina-
tion of the ISA model can be found in [6]. A brief descrip-
tion is given in the following lines: The parameters e;g, A;,
np; and n. control the e-p behavior under oedometric com-
pression of either loose or dense sand samples, and there-
fore, their calibration follows from oedometric curves. Pois-
son’s ratio v has been calibrated from the initial inclination
of the ¢(e1) curves in drained monotonic triaxial tests. The
parameters eco, Ac, np describing the critical state line in
the e-p plane have been determined from a fitting to the
experimental data from numerous undrained monotonic tri-
axial tests performed on the fine sand (Figure 1). M. and
M. with their ratio ¢ = M./M, describe the critical state
lines in the p-q plane for triaxial compression or extension,
respectively. These parameters can be obtained from the
inclination of the final phase of the effective stress paths
under undrained monotonic triaxial tests. In the present
case, M. and M, have been determined by calculation us-
ing the Mohr-Coulomb relations M, = 6sin . /(3 — sin @)
and M, = —6sinp./(3 + sing.) with the critical friction
angle ¢. = 33.1°. The parameters ng and fpy controlling
the intensity of dilatancy and the peak of the stress-strain
curves, respectively, were determined based on the curves
of volumetric strain €,(¢1) and deviatoric stress ¢(e1) mea-
sured in a drained monotonic triaxial test with initially
dense state.

It is worth to mention, that the recent version of ISA
model [9] uses the same parameters of the hypoplastic
model for sands for monotonic loading (e;o,ec0, €do, hs, 7,
a and ), which makes its calibration simpler for users of
Hypoplasticity.

The parameters of the Sanisand elastoplastic model for
Karlsruhe fine sand are summarized in Table 3. The param-
eters were calibrated according to the following procedure:
Parameters eg, A and & describe the critical state in the
e-p plane derived again from the data in Figure 1. M, and
M, are the same parameters as used in the ISA model and
thus calibrated in the same way. The parameter m = 0.05
describing the shape of the cone-type yield surface has been
overtaken from [2] to enable a proper small-strain response.
The shear modulus factor GGy was chosen such that a realis-
tic prediction for the initial stiffness in drained monotonic
triaxial tests was obtained. A very low (and thus rather
unrealistic) value of Poisson’s ratio v = 0.05 is necessary
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Fig. 1: Critical state in the e-p diagram from numerous
undrained monotonic triaxial tests on Karlsruhe fine sand with
a variation of initial density and mean effective stress, and its
approximation by the equations incorporated in the three in-
spected constitutive models

in this model to achieve an oedometric stiffness that comes
close to the experimental data. The parameters hg and cp,
of the plastic modulus have been varied until the best pos-
sible agreement of the simulated and the measured stress-
strain relationships ¢(e1) in the drained monotonic triaxial
tests was reached. The parameter n;, was adopted to repro-
duce the peak deviatoric stresses measured in these tests,
while the constants ng and Ay controlling the dilatancy
were chosen to reproduce the volumetric response &,(e1)
best possible. The parameters zpyax and ¢, were selected to
reproduce the cyclic mobility effect of the test TCUI7. The
parameters Go and hg obtained from tests with monotonic
loading were slightly adjusted based on the cyclic test in
order to achieve a better reproduction of stiffness and pore
water pressure accumulation.

3 Inspection based on data from monotonic tests
Figure 2 presents simulations of oedometric compression
tests on loose and dense samples with a single un- and
reloading cycle. The simulations have been started at o;
= 1 kPa. In case of the hypoplastic and ISA models, the
intergranular strain has been assumed to be initially fully
mobilized in the vertical direction. Since the parameters
hs, n and 3 of the hypoplastic model and A;, ny; and n. of
the ISA model have been calibrated to reproduce the first
loading curves of these oedometric tests, the good predic-
tion of these models at this phase of the test is evident. The
oedometric stiffness upon unloading is also well reproduced
by both models. However, both models show a weak per-
formance during the final stage of reloading for the loose
case (upper row in Figure 2). For the dense case (lower
row in Figure 2), Hypoplasticity overestimates the stiffness
at the reloading phase, leading to an overshooting effect.
The shear stiffness parameter Gy of the Sanisand model
has been calibrated from cyclic triaxial tests. Having pa-
rameter G fixed, the oedometric stiffness can be solely in-
fluenced by Poisson’s ratio v. The diagrams in Figure 2e,f
reveal, however, that even a very low value of v = 0.05 still
leads to an overestimation of stiffness, in particular in case
of loose samples. Probably, a better agreement of experi-
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33.1 | 1.212 | 1.054 | 0.677 | 4000 0.27 0.14 2.5 10~% 2.2 1.1 0.1 5.5
Cp* | ST* ST ST | OED* | OED | bDMT* | OED || UCT** | UCT | UCT | UCT | UCT
i{CP  Cone pluviation test
“QT Standard test on minimum and maximum density
“WOED Oedometric test
“WDMT Drained monotonic triaxial test
YUMT  Undrained monotonic triaxial test
YiJCT  Undrained cyclic triaxial test
viiOSL  Critical state line in e-p space

Table 1: Material parameters of Hypoplasticity with intergranular strain for Karlsruhe fine sand used for the simulations. The last
row presents the tests used for the calibration of the corresponding parameter.
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Table 2: Material parameters of ISA (2014) model for Karlsruhe fine sand used for the simulations. The last row presents the tests

used for the calibration of the corresponding parameter (see Table 1 for acronyms).

mental and numerical oedometric curves can be achieved
by employing the version 2008 of the Sanisand model [20],
which incorporates a wedge-type yield surface with a cap.

Simulations of three drained monotonic triaxial tests
with different densities and an initial mean effective stress
po = 100 kPa are shown in Figure 3. For this and subsequent
simulations with isotropic initial stresses, a fully isotropic
mobilization of the initial state of the intergranular strain
has been assumed, i.e. h;; = —R/\/ﬁ. This is justified with
the preceding isotropic increase of effective stress towards
po. From these simulations, one may note that the peak
strength is fairly well reproduced by the hypoplastic and
ISA models. This could be expected since parameters «
(Hypoplasticity), and fyo (ISA) have been carefully cali-
brated to reproduce the peak strength of these tests. The
Sanisand model shows a disagreement of the ¢(e1)-curves
before reaching the peak strength, because the parameters
G and hg have been optimized to reproduce a cyclic load-
ing test and not monotonic loading. The volumetric strain
behavior €,(¢1) in Figure 3 (lower row) is well reproduced
by Sanisand and ISA models considering that both models
offer the possibility to control these curves independently
of the peak strength behavior: parameters ng and rg of the
ISA model and ng and Ag of the Sanisand model can be cal-
ibrated to reproduce the €,(e1)-curves once the parameters
for the critical state line at the e-p space are fixed. The hy-
poplastic model does not show an agreement on the €,(e1)
curves, because its parameter o controlling these curves
was previously calibrated to reproduce the peak stress of
the test. It is obvious that Hypoplasticity has a clear dis-
advantage against the other two models considering that
it does not offer any independent parameter to control the
ey(€1) behavior under drained triaxial conditions.

The results from simulations of four drained triaxial tests
with different initial pressures pg = {50, 100, 200,400} kPa
performed on samples with medium density (57% < D¢ <
68%) are provided in Figure 4. The pressure-dependence of
shear strength is well described by the three models. Once
more, the g,(e1) behavior is well assessed by the Sanisand

and ISA models, while a disagreement is observed in case
of the hypoplastic model.

Figure 5 presents simulations of undrained monotonic
triaxial tests starting at a mean effective stress of py =
200 kPa, and having different initial densities. Compres-
sional and extensional triaxial shearing are included. The
simulations show a general agreement with the measured
q(e1)-curves (see Figure 5, lower row) while a lack of ac-
curacy on the effective stress paths in the ¢-p space is
observed. Probably, the best simulations are provided by
the hypoplastic model because it incorporates a parame-
ter mp controlling the transverse stiffness, which strongly
influences the behavior during an undrained shearing in
the ¢-p space after the isotropic consolidation phase. The
ISA and Sanisand models do not incorporate parameters
controlling the transverse stiffness, and therefore their sim-
ulations are deficient at this stage (a recent development
of the ISA model has now tackled this issue [9]). All mod-
els show a poor reproduction of the development of pore
water pressure, considering that most parameters control-
ling the ¢-p behavior were calibrated to simulate the cyclic
(and not monotonic) behavior under undrained conditions.
Note also, that the Sanisand model predicts higher stress
ratios ¢/p than measured in the experiment. This last ob-
servation is disappointing, considering that the parameter
np was carefully calibrated with the maximum stress ratios
observed in the drained triaxial tests to reproduce the ma-
terial’s bounding surface. This drawback corroborates some
ideas of other authors pointing to the fact that the bound-
ing surface of the soil cannot be fully described with the
mean effective stress p and void ratio e for all stress-strain
paths [18], as assumed by the Sanisand model.

Figure 6 presents simulations of a drained monotonic
test interrupted by four unloading (to ¢ = 0) with sub-
sequent reloading phases. The initial effective mean stress
was po = 100 kPa and the sample was medium dense (D,
= 62 %). The axial strain increment between two adja-
cent unloadings was chosen as Ag; = 6 %. The results
show that the employed constitutive models deliver a lower
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Table 3: Material parameters of Sanisand (2004) model for Karlsruhe fine sand used for the simulations. The last row presents the
tests used for the calibration of the corresponding parameter (see Table 1 for acronyms).
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Fig. 2: Simulations of oedometric compression tests on loose (Dyo = 4 % and 7 %, upper row) or dense samples (Dro = 83 % and 88
%, lower row) with a single un- and reloading cycle: a,b) Hypoplasticity with intergranular strain, c,d) ISA, e,f) Sanisand
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Fig. 3: Simulations of drained monotonic triaxial tests with different initial densities (Dyo = 21 %, 63 %, 85 %) and an initial mean
effective stress po = 100 kPa: a,b) Hypoplasticity with intergranular strain, c,d) ISA, e,f) Sanisand
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po = 50, 100, 200 or 400 kPa: a,b) Hypoplasticity with intergranular strain, c,d) ISA, e,f) Sanisand
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Fig. 5: Simulations of undrained monotonic triaxial tests with different initial densities (Dro = 34, 68, 87 % in triaxial compression,
Do = 29, 58, 98 % in triaxial extension): a,b) Hypoplasticity with intergranular strain, c¢,d) ISA, e,f) Sanisand
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stiffness during the final phase of reloading as observed in
the experiments. This issue is explained with the fact, that
although the three models incorporate some mechanisms
to capture the small-strain effects, the latter are limited
to some strain amplitudes which depend on the selected
parameters. In contrast, experiments involving unloading-
reloading cycles of medium or large strain amplitudes have
shown an enlargement of the strain amplitude at which the
small strain effects should act. This enlargement is for ex-
ample evident at the reloading stages on the oedometric
tests, especially on loose samples, see Figure 2 (first row).
Some new Sanisand-type models already include ”initializa-
tion tensors” intending to improve this behavior [1] under
undrained conditions.

An inspection of the model performance based on a sim-
ilar test under undrained conditions is shown in Figure 7.
A loose sample (Do = 23 %) was tested with an initial
mean effective stress of py = 200 kPa. An unloading to ¢
= 0 was performed every Ae; = 0.2 %. The hypoplastic
simulation shows a clear example of ”overshooting” of the
effective stress path during the first reloading. The over-
shooting effect is actually a serious limitation in this and
other models. As a matter of fact, one of the authors of
the model admits to be aware about this drawback, which
is shown by this and other models, such as the Harden-
ing Soil (HS) Small Strain model included in the software
Plaxis [16]. Though this disagreement, the accumulation of
the pore water pressure upon the cycles is realistically sim-
ulated by the hypoplastic model. The ISA and Sanisand
models show a higher accumulation rate of the pore water
pressure. Such larger accumulation rate is certainly accom-
panied by an unrealistically rapid decrease of the maximum
deviatoric stresses reached during the individual cycles (see
g-€1 diagrams in Figure 7c,e).

4 Inspection based on data from undrained cyclic
tests
Selected undrained cyclic triaxial tests performed on KFS
have been simulated with the three constitutive models.
Simulations of the undrained cyclic test TCUIT already
mentioned in Section 2 are shown in Figure 8. One may
note that the effective stress path is fairly well reproduced
by the Sanisand and ISA models, showing an accurate re-
production of the butterfly-like shape during the cyclic mo-
bility phase (Figure 8c,e). Hypoplasticity delivers a too con-
tractive response during the first cycle and an unrealistic
lens-shaped effective stress path during the final stage of
the test. Contrary to the experiment, this model does not
reach a zero effective mean stress (p = 0) at the end of the
test. Evidently, this drawback is explained with the fact,
that while the formulations of the ISA and Sanisand models
have been extended by an additional tensorial state variable
to reproduce the cyclic mobility paths, Hypoplasticity uses
the same equation without any modification. Looking at the
stress-strain relationships (Figure 8b,d,f), it is evident that
the hypoplastic and Sanisand models show a strong bias in
strain accumulation during the cyclic mobility phase. The
latter drawback can be attributed to the following reasons:
first of all, these models incorporate different slopes of the
critical state lines for compression and extension in the ¢-
p space, denoted by M. and M, respectively. Hence, for
these undrained cyclic paths, a larger strain accumulation
is always obtained at the extension side (¢ < 0) than on

the compression side (¢ > 0). The ISA model does not
show this bias in strain accumulation because although the
model considers the slopes M. and M. as well, its dila-
tancy, and therefore its stress hardening under undrained
shearing, is strongly controlled by a fabric tensor which
evolves with the deviatoric strain tensor. This fabric tensor
forces the critical state line in the e-p space to be reached
after a certain amount of deviatoric strain, similar to other
formulations in the literature [4,5,11-13]. With this mech-
anism, the model is able to reproduce almost symmetrical
”wings” during the cyclic mobility phase in the g-; space
(Figure 8d). Despite of this achievement, one may note that
the ISA model ceases to accumulate the axial strain when
reaching a value of approximately |e1| ~ 3 %, in contrast
to the experimental result, where the strain amplitude dur-
ing the cyclic mobility phase grows with increasing number
of cycles. The latter drawback is related to the fact, that
the model fails to degrade the stiffness during the cyclic
mobility phase.

Figures 9a and 9b compare the measured and simulated
curves in test TCUI7 of the normalized accumulated pore
water pressure u?“°(N)/po and the axial strain amplitude
E?mpl(]\f ), respectively. The results show that the pore pres-
sure accumulation rate and axial strain amplitude are well
reproduced by the models. Since ©*°¢ has been evaluated at
g = 0 after the completion of a full cycle, a ratio of u®°°/pgy
= 1 is neither reached by Hypoplasticity nor by ISA, but
almost by Sanisand (compare the effective stress paths in
Figure 8a,c,e). Figure 9c presents the development of the
maximum axial strain |e1| reached under triaxial compres-
sion (¢ > 0) and extension (¢ < 0) during the last 10 cy-
cles. Once more this diagram confirms that Hypoplasticity
and the Sanisand model show a bias in strain accumulation
upon the cyclic mobility phase.

Simulations of a similar test (nominated TCUIL in the
database [23]) on a loose sample (Do = 27 %) are shown
in Figure 10. In contrast to the experimental evidence, the
three models predict a butterfly-shaped effective stress path
during the final stage of the test. The rate of pore water
pressure accumulation 4*°° simulated by the hypoplastic
model is closer to the test results than that of ISA and
Sanisand (too large 4*°° values). The axial strain ampli-
tude during the cyclic mobility phase simulated by the ISA
model obviously increases with decreasing density (here
le1| =~ 8 %, Figure 10d).

The performance of the three models in case of dense
sand (Dyo = 87 %, test TCUI17, Figure 11) does not dif-
fer much from that for medium dense sand (Figure 8). All
three models overestimate the rates of pore water accumu-
lation 2. Once more, Hypoplasticity and the Sanisand
model generate a bias in the extensional strain with almost
constant rate during the cyclic mobility phase, while the
strains predicted by the ISA model are limited to |e1] =
1.5 %.

The variation of the pore water pressure accumula-
tion rate with density and stress amplitude is further in-
spected in Figure 12. Therein the amplitude-pressure ratio
CSR = ¢*™P!/(2py) is plotted versus the number of cycles
N required to reach the onset of large axial strain gen-
eration |e;| > 1 %. This criterion is used as a synonym
for initial liquefaction since not all models reach u®¢/pg
= 1 (see Figure 9a). Simulations of undrained cyclic tests
with an initial mean effective stress of pg = 100 kPa, con-
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of axial strain |e1| in compression and extension during the last 10 cycles

sidering three different densities (D,o = 26, 63 and 81 %,
corresponding to average values from laboratory test se-
ries) and different stress amplitudes have been performed.
The C'SR(N)-curves resulting from these simulations are
confronted with experimental data (C'SR versus number of
cycles to |e1] > 1 %). Sanisand and ISA deliver quite sim-
ilar CSR(N)-curves, being, however, much steeper than
the experimental C'SR(N)-curves. Hypoplasticity seems to
capture better the C'SR dependence. Nevertheless, all mod-
els show an underestimation of the influence of the density
on the CSR(N)-curves. The experience of the authors with
these models is, that some parameters controlling the accu-
mulation rate upon cyclic loading seem to show a density-
dependence, although these models are thought to simulate
a wide range of void ratios.

Figure 13 shows simulations of a test (TCUA16) on a
medium dense sample (Do = 56 %) with stress cycles after
anisotropic consolidation. In this test the deviatoric stress
amplitude ¢*™P! was larger than the initial deviatoric stress
qo, i.e. the effective stress path crosses the p axis. The stress

paths in the g — p space simulated by the hypoplastic model
ends up with unrealistic lens-shaped loops, while the un-
symmetrical butterfly-shaped path generated by ISA and
Sanisand is close to the experimental observations. Larger
discrepancies between the test results and the simulations
can be found in the stress-strain relationships. The exper-
iment shows a somewhat larger increase of the maximum
(compressional) axial strain compared to the minimum (ex-
tensional) one. This observation is best reflected by the ISA
model. However, the restriction of axial strains achievable
by this model is visible also in Figure 13d. Similar to the
isotropic tests, during cyclic mobility Hypoplasticity and
Sanisand predict an accumulation of axial strain of almost
constant rate (here in the compressional direction).
Figure 14 inspects the case of another test on medium
dense sand (Do = 64 %) with anisotropic consolidation,
but now ¢2™P! < gy holds, such that the effective stress path
lies completely in the compressional regime of the p-q plane
(¢ > 0). In agreement with the experiment (TCUA2), all
simulations end up in a lens-shaped effective stress path re-
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peatedly passed through with each further cycle. However,
the predicted lens is too narrow in case of Hypoplasticity
and ISA, while the area encompassed by the stress path is
more realistic in the results of the Sanisand simulation. The
inclination of the final lens is in turn best reproduced by
Hypoplasticity, while ISA and Sanisand predict an unreal-
istic adaption of the lens to the failure line from undrained
monotonic tests. Once more, the Sanisand model fails to
capture the maximum stress ratio controlled by the bound-
ing surface of the model.

In agreement with the experiment (TCUEL), all three
constitutive models reproduce the state of zero effective
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stress p & ¢ ~ 0 reached after a certain number of cy-
cles under strain cycles with relatively small amplitudes
(6™ = 6.1074, Do = 64 %, Figure 15). The fact that the
resulting stress amplitudes are similar to those of the test
indicates that the small-strain stiffness of the three models
has been well adjusted, or at least, for this particular test.
All three models overestimate the the pore pressure accu-
mulation rate ©%°¢, i.e. the number of cycles necessary to
reach p =~ ¢ =~ 0 is predicted too low. This is probably due
to the fact, that the parameters controlling the accumu-
lation rate were calibrated for a different test with differ-
ent density and stress amplitude, and as mentioned before,
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these parameters have shown to be density-dependent. The
stress-strain relationships provided in Figure 15b,d,f show
a quite good agreement between the experiment and the
simulations, especially in the case of ISA and Sanisand.

The constitutive description of the material response
to large strain cycles is generally less accurate (Figure
16). In the laboratory test on dense sand (D,o = 94 %,
TCUEL7) the effective stress path finally ends up at the
origin p = ¢ = 0. In contrast, the hypoplastic simulation
repeatedly passes through an eight-shaped stress path, lo-
cated far away from p = 0. Consequently, a liquefaction as
observed in the experiment is not reached in the hypoplastic
simulation. Of course, this is related to the fact that Hy-
poplasticity does not incorporate any extension accounting
for cyclic mobility effects as the other models. If a dense
material is simulated by this model, the dilatant effect dur-
ing the cycles is stronger than the contractant effect. The
large butterfly-shaped effective stress path predicted by the
Sanisand model contrasts the experimental results as well,
but at least p = ¢ = 0 is passed temporarily. The ISA model
performs better in this test, predicting a smaller butterfly.

A similar test (TCUE15) on loose sand (Dyo = 29 %)
is investigated in Figure 17. In congruence with the test
results, the effective stress path from the simulation with
the ISA model comes close to p = ¢ = 0. While the eight-
shaped hypoplastic path stagnates at p ~ 5 kPa in this
case, the Sanisand simulation once again ends up with an
unrealistic butterfly. It is, however, somewhat smaller than
in the case of dense sand.

5 Summary and conclusions

In this work, the performance of three different constitutive
models for the simulation of monotonic and cyclic loading
of sand has been analyzed, namely Hypoplasticity with in-
tergranular strain, the Sanisand 2004 model and the ISA
2014 model. Their formulations consider the influence of
void ratio, stress tensor, and additional internal variables
to improve their prediction capabilities on cyclic loading.
Hence, they are assumed to reproduce well the mechan-
ical behavior on a wide range of densities and confining
pressures. An analysis of the simulations on different tests
showed that although some experimental observations are
satisfactorily captured, other important features are poorly
reproduced. From this analysis, the following observations
related to the limitations of these models and their use on
Boundary Value Problems (BVP) are highlighted:

e Simulations on oedometric tests demonstrate that
models as Sanisand, which incorporates a wedge-type
open yield surface, are not able to capture the oedo-
metric behavior. This disables the model for exam-
ple, to simulate correctly Boundary Value Problems
(BVPs) where settlement is of interest. In some way,
this limitation suggests that the yield surface shape for
Sanisand-type models should be carefully reformulated
in order to account for correct assessment of volumet-
ric behavior under oedometric conditions.

e Even though these models are aimed to simulate a
wide range of stress/strain amplitudes, their calibra-
tion showed that it is impossible to obtain a single
set of parameters delivering accurate simulations on
both monotonic and cyclic loading. To give an exam-
ple, simulations of undrained monotonic shearing in
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Figure 5 showed in general a poor performance, consid-
ering that most parameters were calibrated to match
the behavior under cyclic loading. One can show that
these monotonic tests are better reproduced with other
sets of parameters, at the cost of reducing the predic-
tion capabilities on cyclic loading.

Simulations on cyclic loading showed overshooting ef-
fects on some reloading paths, especially with the hy-
poplastic model. Actually, this undesired effect has
been frequently observed in many advanced models.
To the authors’ opinion, this drawback emerges from
the fact that these models lack of proper mechanisms
to capture well the strain amplitude at which small-
strain effects should act. It evidently cannot be cap-
tured based on an elastic locus of constant stress ratio
amplitude (as by the Sanisand yield surface) or con-
stant strain amplitude (as by the ISA and hypoplastic
models). Herein, more investigation is recommended
to enhance model formulations considering the men-
tioned observation.

The CSR(N)-curves showed that all three models are
still not accurate enough on the reproduction of the
number of cycles required to reach the onset of large
strain development, herein defined as |e1| = 1 %. Par-
ticularly, the simulations showed an underestimation
of the influence of the density. This suggests that for
a certain BVP, the calibration of a set of parameters
should be limited to reproduce a particular small range
of densities.

The Sanisand and ISA models were able to capture
fairly well the cyclic mobility effect. A bias in strain
accumulation was observed on Hypoplasticity and the
Sanisand model. To the authors’ opinion, this draw-
back may not significantly affect simulations of BVPs
if they are limited to a maximum strain, of approxi-
mately |le]] = 5 %. Otherwise, excessive distortion of
finite elements is also expected, or even problems re-
lated to the loss of the stress rate objectivity.

Simulations of undrained cyclic loading with constant
deviatoric stress amplitudes reached the point of zero
effective stress (¢ = p = 0) only in case of loose sand.
On the other hand, most models showed a ratio be-
tween the accumulated pore water pressure u?°¢ and
the initial mean effective stress py greater than 0.9,
ie. u?¢/py > 0.9 after reaching the onset of large ax-
ial strain |e1] > 1 %. This suggests that the mecha-
nisms responsible for the cyclic mobility effects are still
density-dependent, and the parameters controlling this
behavior cannot be calibrated for all densities. This
mechanism should be carefully revised and improved
to capture better the observed behavior.

The model parameters were adjusted to capture the
maximum stress ratio observed in monotonic drained
tests. However, the outcoming maximum stress ratio
under undrained monotonic shearing was not well re-
produced with the Sanisand model. This suggests that
the bounding surface of the soil cannot be fully de-
scribed only by the void ratio e and mean effective
stress p as assumed by this model. Experimental cor-
roboration of this statement can be found in [18].
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Description Sanisand Hypoplasticity ISA
Oedometric first loading + +++ +++
Oedometric cycles ++ + ++
Maximum stress ratio under drained conditions +++ +++ +++
Maximum stress ratio under undrained conditions + ++ ++
Pore pressure reproduction under undrained monotonic conditions + +4 +
Ability to avoid overshooting issues on reloading paths ++ + ++
Cyclic mobility effects ++ + ++
Accumulation rate under undrained stress controlled cycles + ++ +
Accumulation rate under undrained strain controlled cycles + ++ +

Table 4: Qualitative ranking of the performance of the models on different observations based on the simulations of the present work
(+ + + is the best score while + is the lowest one).

Finally, a summary of the aforementioned limitations
have been qualitatively ranked in Table 5.
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