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ABSTRACT: Simulating the nonlinear and anelastic behaviour of soils under monotonic and cyclic loading requires
advanced constitutive models. Determining the parameters of these models is often time-consuming and requires a high level
of expertise. Automatic calibration can help to simplify and speed up the calibration process and increase the accessibility
of advanced soil models to less experienced users. In this paper, the automatic parameter calibration of the parameters for
monotonic and cyclic loading is presented for Hypoplasticity with Intergranular Strain and SANISAND. The calibration is
performed based on the results of drained and undrained monotonic triaxial tests, oedometric compression tests and
undrained cyclic triaxial tests on sand. A thorough comparison of simulations with a manual calibration and the experimental
data is presented. Hints on the transfer to a boundary value problem and on the robustness of the automatically calibrated
parameters are given. It is shown that the automatic parameter calibration improves the accuracy of the constitutive model
predictions.

RESUME: La simulation du comportement non linéaire et anélastique des sols soumis & des charges monotones et cycliques
nécessite des modeles constitutifs avancés. La détermination des parameétres de ces modéles prend souvent beaucoup de
temps et nécessite un haut niveau d'expertise. L'étalonnage automatique peut contribuer & simplifier et a accélérer le
processus d'étalonnage et & rendre les modéles de sol avanceés plus accessibles aux utilisateurs moins expérimentés. Dans cet
article, la calibration automatique des paramétres pour les charges monotones et cycliques est présentée pour Hypoplasticity
with Intergranular Strain et SANISAND. L'étalonnage est effectué sur la base des résultats d'essais triaxiaux monotones
drainés et non drainés, d'essais de compression oedométrique et d'essais triaxiaux cycliques non drainés sur le sable. Une
comparaison approfondie des simulations avec une calibration manuelle et les données expérimentales est présentée. Des
indications sur le transfert a un probléme de valeur limite et sur la robustesse des parametres calibrés automatiquement sont
données. Il est démontré que le calibrage automatique des paramétres améliore la précision des prédictions du modele
constitutif.

Keywords: Constitutive model; automatic parameter calibration; monotonic and cyclic triaxial tests; heuristic optimization
algorithms.

1 INTRODUCTION

Calibrating the parameters of soil constitutive models
manually remains a complex and time-intensive task
which requires a deep understanding of the model’s
features. Frequently, the model’s parameters cannot be
determined based on specific experiments or empirical
relations. Instead, iterative adjustment of the
parameters by back-calculating results from laboratory
tests is often required. Throughout this process, the
parameters undergo continuous refinement until a
satisfactory agreement between the simulation and
experimental data is reached. Thereby, the effort
typically concentrates on refining one parameter,

keeping the others fixed. Existing calibration software
such as Ex-Calibre (Kadlicek et al., 2018) or GA-cal
(Mendez et al., 2021) is limited to monotonic loading.
The Automatic Calibration Tool numgeo-ACT was
developed to simplify and speed up the calibration
process for monotonic (Machacek et al., 2022) and
cyclic loading (Brosz et al. 2023, Machacek and
Staubach, 2023). In this work, the performance of
numgeo-ACT is demonstrated by the calibration of a
hypoplastic model (von Wolffersdorff, 1996) with
Intergranular Strain extension (IGS) (Niemunis and
Herle, 1997) and SANISAND-04 (Dafalias and
Manzari, 2004). The results of the automatic parameter
calibration are compared to the results of a manual

Proceedings of the XVIIl ECSMGE 2024 369



A — New developments on structural design

calibration (Wichtmann et al., 2019). The paper is
structured as follows. Section 2 explains the automatic
calibration software numgeo-ACT. Section 3 presents
the setup used for the automatic parameter calibration
while the results of the automatic parameter calibration
and the comparison with a manual calibration are
given in Section 4. Some hints on the transfer to a
boundary value problem and on the robustness of the
automatically calibrated parameters are given in
Section 5.

2  NUMGEO-ACT

Numgeo-ACT! (Machatek et al., 2022) offers the
possibility to automatically calibrate a large number of
advanced constitutive soil models by using the freely
accessible FE software numgeo (www.numgeo.de,
Machacek and Staubach, 2021). The basis for the
automatic calibration is a database containing all tests
for the material to be calibrated (e.g. oedometric
compression tests, monotonic/cyclic
drained/undrained triaxial tests or simple shear tests).
At the beginning of the calibration process, single
element test simulations (1 finite element with one
integration point) of all experiments stored in the
database are performed with numgeo using an
estimated set of parameters. The results of the
simulations are then analysed and compared with the
results of the experiments. A Fréchet distance measure
(Eiter and Mannila, 1994) is used to calculate the
discrepancy between simulation and experiment. To
ensure that all variables have the same influence on the
optimisation process, a comparison is made in scaled
stress and strain planes according to the procedure
documented in Machacek et al. (2022).

3 EXAMPLE CALIBRATION FOR
KARLSRUHE FINE SAND

The experimental basis for the automatic parameter
calibration (AC) is the database of Karlsruhe fine sand
by Wichtmann and Triantafyllidis (2016a and 2016b).
The parameters of the hypoplastic model

. v+, o oand o and the parameters of the
Intergranular  Strain vy and X were
calibrated simultaneously based on two oedometric
compression tests, five drained and three undrained
monotonic triaxial tests as well as six undrained cyclic
triaxial tests. The critical friction angle wassetto =
33.1° according to Wichtmann et al. (2019) and was
kept fixed during the optimisation process. For
SANISAND-04, the parameters of the critical state

1 https://github.com/j-machacek/ numgeo-ACT
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v O und were set according to Wichtmann
et al. (2019) and a variation during the optimization of
+5 9% (Parameter , and g)and %3 % (Parameter

and ) inrelation to the initial value was allowed.
The other parameters o, , 0 v + . 0
and  were optimized within the limits given in Table
2. Due to the limitations of the SANISAND-04 model
in capturing the elasto-plastic response under constant-
loading (Taiebat and Dafalias, 2007), the oedometric
compression tests were not included in the calibration.
The results of the automatic parameter calibration are
compared to a manual calibration with excellent
simulation results (MC) presented by Wichtmann et al.
(2019) on the same sand. It is worth mentioning that
the experimental tests used in the MC differ slightly
from the experimental tests used in the AC. In this
work, the same numerical platform and
implementation was used for AC and the back-
calculations with the MC.

4 RESULTS & COMPARISON WITH
MANUAL CALIBRATION

4.1 Hypoplasticity with IGS extension

The parameters calibrated by AC are presented in
Table 1 together with the corresponding upper and
lower parameter bounds for the hypoplastic model
with IGS extension. A comparison of the results of the
AC (red curves) with the results of the MC (blue
curves) is given for the monotonic tests in Figure 1 and
for the undrained cyclic triaxial tests in Figure 2. The
initial stiffness and the deviatoric peak stresses of the
drained monotonic triaxial tests are captured well by
the AC and the MC, while the predictions of both
approaches for the dilatancy behaviour deviate partly
from the experimental results (Figure 1, upper row).
The predictions of the undrained monotonic triaxial
tests and the oedometric compression tests are in good
agreement with the experimental data (Figure 1, lower
row).
The comparison of the AC with the MC is given for
the undrained cyclic triaxial tests in Figure 2 for the
— plane ( : mean effective stress, : deviatoric
stress). Again, AC and MC lead to very similar results.
Compared to the experiments, both approaches
predict a too contractive behaviour during the first
cycle, while all further cycles agree better with the
experiments. The predictions of both approaches do
not reach zero mean effective stress, instead the
simulations end up in a lens-shape behaviour (a known
shortcoming of the hypoplastic model with IGS). The
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prediction of the decrease of mean effective stress
simulated with the parameters of the AC lead to a
better agreement with the experimental results of the
tests no. 1 and 5 reaching smaller mean effective stress
for the same number of loading cycles (Figure 2). This
shows that numgeo-ACT is able to find parameters
which predict the cyclic loading slightly better than the
MC. Given the models capabilities, both approaches
predict the experimental data sufficiently well under
monotonic and cyclic loading.

1250

Table 1. Results of the automatic parameter calibration
(AC), best fit parameters for the hypoplastic model with IGS
extension with corresponding bounds.

Parameter best fit Lower Upper
value bound bound
Q. / rad 0.578 - -
hs / GPa 17.5 0.001 45
n/- 0.21 0.1 0.5
edo / - 0.615 0.609 0.745
eco/ - 1.091 1.049 1.166
eio/ eco/ - 1.11 1.05 1.30
al- 0.17 0 0.5
B/- 2.91 0.1 6
mr /- 11 11 10
mg/ - 5.7 2 10
R/- 2.47E-04 1.0E-04 2.5E-04
Br/- 0.30 0.05 1.4
X/ - 0.86 0.4 7
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Figure 1. Comparison of the results of the automatic parameter calibration (AC, red curves) with the results of the manual
calibration (MC, blue curves) for Hypoplasticity with IGS for drained monotonic triaxial tests (upper row), undrained
monotonic triaxial tests (lower row, left) and oedometric compression tests (lower row, right).

4.2 SANISAND-04

The parameters for the SANISAND-04 model
obtained by AC are presented in Table 2 together
with the corresponding upper and lower parameter
bounds. A comparison between the AC and the MC
is presented for the monotonic tests in Figure 3 and
for the cyclic tests by means of the excess pore water
pressure in Figure 4.
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As noticed for the hypoplastic model with IGS
extension (Section 4.1), the predictions with AC are
in very good agreement with the MC for
SANISAND-04 for monotonic loading (Figure 3).
Comparing the results of the cyclic tests, it is evident
that the predictions of the AC for the trend of pore
water pressure are in better agreement with the
experiments than those of the MC.
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Figure 2. Comparison of the results of the automatic parameter calibration (AC, red curves) with the results of the manual
calibration (MC, blue curves) for Hypoplasticity with 1GS for undrained cyclic triaxial tests.

The MC predicts a too rapid increase of the
porewater pressure compared to the experiments.
Both approaches AC and MC reach zero effective
stress in five out of 6 experiments.

5 ROBUSTNESS

The reproductability of the automatic parameter
calibration was shown by Machacek et al. (2022).
The robustness of automatically calibrated
parameters in the application is shown using a
boundary value problem of an earthquake-prone
embankment which is based on centrifuge tests with
Nevada sand by Muraleetharan et al. (2004). For the
automatic parameter calibration of Nevada sand, four
drained monotonic triaxial tests with constant mean
effective stress, four undrained monotonic triaxial
tests, two isotropic compression tests and two
undrained cyclic triaxial tests were considered. For
the SANISAND-04 model, the results are provided in
Machacek and Staubach (2023).

6 SUMMARY AND CONCLUSION

The automatic parameter calibration software
numgeo-ACT was developed to calibrate advanced
constitutive soil models for monotonic and cyclic
loading. Its performance was demonstrated by the
parameter calibration for a hypoplastic model with

372

Intergranular Strain and for SANISAND-04. The
parameters for monotonic and cyclic loading were
calibrated simultaneously based on two oedometric
compression tests, five drained monotonic triaxial
tests, three undrained monotonic triaxial tests and six
undrained cyclic triaxial tests on soil samples of
Karlsruhe fine sand.

Table 2. Results of the automatic parameter calibration

(AC), best fit parameters for SANISAND-04 with
corresponding bounds.
Para- Best fit Lower Upper
meter value bound bound
Go / kPa 66.1 50 200
u/- 0.03 0.001 0.1
M/ - 1.34 1.295 1.375
Me / - 0.93 0.896 0.952
Acl- 0.121 0.116 0.128
eo/- 1.100 1.048 1.158
&/ - 0.204 0.195 0.215
m/- 0.026 0.005 0.05
ho / - 16.9 1 20
chl - 0.73 0.3 1.1
Ny /- 1.1 0.6 25
Aol - 1.05 0.2 1.4
Ng/ - 2.26 0.5 4
Zmax | - 12.5 1 60
C. /- 315 50 10000
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Figure 3. Comparison of the results of the automatic parameter calibration (AC, green curves) with the results of the manual
calibration (MC, blue curves) for SANISAND-04 for drained monotonic triaxial tests (left and centre) and undrained
monotonic triaxial tests (right).
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Figure 4. Comparison of the results of the automatic parameter calibration (AC, green curves) with the results of the manual
calibration (MC, blue curves) for SANISAND-04 for undrained cyclic triaxial tests.
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