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Abstract: Following the benchmark PRENOLIN for 1D non-linear site response analysis a
new benchmark is proposed to assess the effect of both, the pore water pressure generation
and the liquefaction occurrence. For now, 11 teams, mainly from French institutes, participate
in this benchmark. A first iteration of calculation based on a synthetic case has been performed
and a second is ongoing. The first iteration of the LICORNE (Liquefaction and Cyclic
mObility Representation on Numerical Experiments) project highlighted differences in the
results of some numerical codes. In parallel, other codes were able to closely estimate the
responses. A second iteration is ongoing to clarify the inputs and the results form of each team
and propose additional tests to analyse in more detail the stress-strain curves produced by
each team.
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1. Introduction

The seismic amplification associated with the subsurface soil layers has demonstrated their
destructive potential. During strong to moderate earthquakes, the seismic wave propagation
in the soft soil layers can induce large strains and trigger strong non-linearity in the soil
behaviour impacting significantly the site response (Régnier et al. 2013). In the presence of
saturated, poorly compacted and non-cohesive materials, the seismic loading coupled with
medium to large strain amplitude can produce excess pore water pressure. If the pore
pressure excess reaches large values, soil failure with liquefaction phenomenon occurs. In
such case, soil has no longer the strength to support static stresses, thus large vertical and
lateral permanent displacements can occur (Seed and Idriss 1971). The problem should no
longer be solved with a single-phase model, but with a fluid-solid two-phase model.

In current practice, site response analysis are performed using 1-D numerical simulations
with either equivalent linear approaches or more advanced non-linear constitutive models.
In the former, the soil behavior is characterized by the shear modulus reduction and the
increase of attenuation curves. In the latter, it is necessary to have more parameters dueto
the complexity of these models. In the PRENOLIN project (2012-2015), the uncertainties of
the non-linear site response estimation, linked to the soil model and code were calculated.
One main limitation of this project was the non-consideration of the pore pressure
development. The Benchmark LICORNE (Liquefaction and Cyclic mObility
Representation on Numerical Experiments) goes one step further with the comparison of
numerical evaluation of 1D non-linear site response involving pore water pressure
generation. Eleven teams participate with different numerical codes in this international
benchmark. The submitted results of each team were compared all together. As most of



databases issued from in-situ measurements or centrifuge tests, among others, are not fully
complete in terms of soil mechanic properties and/or the range of deformations, it was
decided to use as a reference database, numerical simulations based on a fully non-linear
constitutive model. Thus, the soil parameters and the reference data were inspired by the
PhD thesis of Khalil (2021).

The objective of this paper is to present the benchmark database, the numerical models used
by the participants, the preliminary results of the first iteration, and the perspectives for a
second iteration of calculations.

2. Presentation of the participants

For the LICORNE benchmark, 11 teams participated and are presented in Table 1. They are
mainly from French public institutions (UCA, Cerema, Geoazur, CEA), French companies
(GDS, EDF, Fugro, Tractebel/Engie), one institution in Colombia (EAFIT) and one in Italy

(UnivAQ).

The reference calculations were conducted with the finite element code GEFDyn (Aubry et al.
1986; Aubry and Modaressi 1996), and the reference soil constitutive model was the ECP (Ecole
Centrale Paris) elastoplastic multi-mechanism model, also known as Hujeux model (Aubry et
al. 1982). The reason behind this choice is that this model can take into account the soil behaviour
for a large range of deformations. Moreover, it is interesting to mention that some participants
share the same FE code (i.e. Team G) or the soil model (i.e. Teams F, G and I) as the reference.
This added a challenge in the project to verify the uncertainties of each code/model and their
ability to represent the non-linear soil behaviour or the liquefaction apparition.



Table 1 : Participating teams to benchmark LICORNE

D Nuér(l)zr;cal Numerical method Constitutive model References
A SWAP 3C Quadratic line finite IWAN + IAI (Santisi d’Avila et al.
elements with 3 nodes 2018)
B SEM2DPACK Spectral element IWAN + IAI (Oral, Gélis, and Bonilla
method 2019; Oral 2016)
C OPENSEES Finite element, Pressure dependent (Prevost  1985;  Parra-
9 4 QuadUP MultiYield Colmenares 1996; Yang
elements and Elgamal 2000; Elgamal
et al. 2003)
D Code Aster FEM Extended Equivalent Linear (Kteich et al. 2019)
F CyberQuake FEM Hujeux (Hujeux 1985; Modaressi
and Foerster 2000; Lopez-
Caballero et al 2007);
G GEFDyn FEM Hujeux Aubry et al. 1982; Aubry
and Modaressi 1996
H DEEPSOIL Finite difference Extended hyperbolic model (Hashash 2016)
method
I code aster FEM Hujeux (Aubry et al. 1982;
“code_aster” 2021)
K EERA FEM Extended Equivalent Linear (Kteich et al. 2019)
L1 SCOSSA FEM With pwp (Chiaradonna et al. 2018;
PWP B1.91 . dissipation 2020; Tropeano et al.
L2 SCOSSA FEM Modified With pwp 2019)
PWP B1.91 Hyperbolic  g;ecination
L3 SCOSSA FEM model (MKZ + gy v
PWP B1.91 PWPmodel) 4 cination/
CTX
M OPENSEES FEM Manzari-Dafalias (2004) (Dafalias and Manzari

2004)

3. Presentation of the calculation case

3.1. Soil layer geometry and properties

The soil profile named P1 (Figure 1) is composed of two layers: 6 m dense sand (Mat.1 Sand)
below a 4 m loose sand (Mat.2 Sand). The water table is 1 m below the surface.
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Figure 1: The Pl geometries for iteration 1

Considering the sign convention of soil mechanics that considers the compression as positive,
some soil layer properties are set in Table 2.



Table 2 :

Soil layer properties

Dense sand - mat1l

Loose sand - mat2

Solid Density ps [kg/m?] 2700 2700
Poisson’s ratio v [1] 0.28 0.3
Porosity [1] 0.35 0.35
Shear Modulus G5 [MPa] 719.5 290
Non linear degree n, [1] 0.47 0.5
Reference mean stress p/,  [MPal 1 1
Permeability kj, [m/s] 1075 1074
Permeability &, [m/s] 1077 1074

As a mandatory step to identify soil type and behaviour, simulated triaxial drained/undrained
tests were conducted on each soil sample. For the sake of brevity only, the simulated laboratory
tests results will not be presented in this paper. On the contrary, the obtained curves of the cyclic

stress ratio (SR = 22

I o

2po
p’o mean effective stress) as a function of the number of cycles to produce liquefaction (N), are
shown in Figure 2 (a). As a comparison with the experimentally obtained curves given by Byrne
et al. (2004) for Nevada sand at different densities, it can be seen from Figure 2 (a) that the
shallow soil layer has a relative density close to 40%, which makes it behave as a loose sand and
thus has a tendency to liquefy. Whereas the deep soil is a dense sand of a relative density close
to 70%.

with 6, ¢, is the cyclic vertical stress applied in the cyclic loading and

In addition, the G/G,,,, — ¥ curves are given in Figure 2 (b). As a qualitative comparison,
the modelled test results are compared with the reference curves given by Seed and Idriss (1971).
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Figure 2: The soil layers behavior: (a) Cyclic stress ratios against the number of cycles and (b) normalized Shear
modulus reduction curves.

3.2 Input ground motions

Input motions with different high frequency and low frequency content time series are tested
(so-called Ts hf and Ts If). The motions are enumerated from 0 to 3 meaning that 0 is the low
motion and 3 is the strong motion. The outcropping bedrock motion is inserted through the
bottom of the model as incident waves after deconvolution. These accelerations are filtered
for frequencies between 0.15 and 30 Hz. The final PGA of the given input motions and their
Fourier spectra are presented in Figure 3.
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Figure 3 : Acceleration time histories (left) and associated Fourier spectra of the input motions (right) for profile P1.



2. Results

The participants were asked to provide the following data:

* the stress strain curve every Im from the surface
 the vertical settlement at the top of the column

* the acceleration time history at the top of the column

. A .
» the temporal change of the excess pore water pressure ratio (1, = 5,‘” ; Ap,, being the
0

difference between the final and initial pore water pressure and the py, is the initial
mean effective stress) every 1m from the surface (for column P1 only)

For the sake of brevity only, not all the results are shown in this paper, only some results will be
developed hereafter.

The ratio of Fourier spectra between the surface motion and the input was calculated and is
shown in Figure 4 for all motions. The Fourier spectra were calculated using the fast Fourier
Transform algorithm after applying a baseline correction followed by an apodisation on 2% of
the signal. The spectra were smoothed with a Konno-Ohmachi smoothing (Konno & Ohmachi,
1998) with a parameter b = 40. The resonance frequency decreases between the simulations
performed with the weakest motion (Ts0) and the strongest motion (Ts3). In addition, except for
the results of the linear equivalent analysis, the shape of the linear transfer function disappears
from the Ts2 level. From this acceleration level it is observed that, for all the calculations (except
teams B and D), the ratio is below 1 (i.e. de-amplification) on the majority of the frequency band.
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Figure 4 : Fourier spectral ratio of the HF (left column) and LF (vight column) for the fourth levels of input motion, from
the weakest at the top to the strongest at the bottom.

Rumax profiles are shown in Figure 5, for the pulse seismic motion and the highest amplitude
motions (Ts2 and Ts3). When the excess pore water pressure ratio, 1;,, is greater than 0.8,
liquefaction occurs. Hence, it can be seen, from the results of Figure 5, that some codes were
able to detect liquefaction in the first layer (as expected due to the type of sand of this layer).
However, for the strongest input motions, some codes (Teams B and C) detected a
liquefaction occurrence in the dense sand where it is not supposed to liquefy. These results
may notify some numerical problems that will be further analyzed in the next step of

calculations.
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Figure 5: Rumax profiles for the pulse, the motions HF and LF scaled to the two strongest levels.

The variability between the codes has been calculated for seven parameters and for all the
input motions (Figure 6): the PGA at the surface, the spectral acceleration at 0.1s, 0.3 s and
1 s and the maximum pore water pressure ratio, shear stress and shear strain at 3.5m (Z3).
The variability is larger for the maximum shear strain. It increases with the level of input

motion for the spectral values but decreases for the maximum pore water pressure ratio.
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Figure 6 : Variability between codes for seven parameters: the PGA at the surface, the spectral acceleration(SA) at 0.1s,
0.3 s and 1 s, the maximal pore water pressure ratio (Ru), shear stress and shear strain at 3.5m (Z3) for all input
motions.



2. Conclusions

This first round of calculations has demonstrated a large variability between the participants’
results. For weak motions (Ts0), the site response variability indicated that some calculations
could be improved. In addition, some incoherent results appear for some codes. For example,
at larger strain, these codes found a liquefaction occurrence in the second soil layer which is
not likely to occur due to the soil type. Moreover, the variability of the spectral parameters
and the maximum shear strains increase which may reflect some differences resulting from
the constitutive models of the participants.

Thus, for the second round of calculations, the organizing committee plans that the given
data were well incorporated by each team, and that the teams with outlier results will perform
additional verification. Another important aspect of the second iteration is that it will be
possible to understand whether the differences originate from the model predictions or
simulation setup mistakes in the implementations/calibrations of the data, the second round
of benchmark will include an additional case study that will allow for the comparison
between the stress-strain curves of each team. The preliminary analysis of the results will be
extended with the calculation of Anderson criteria and new parameters such as the
cumulative damage Q factor (Shinozuka and Ohtomo 1989).
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