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ABSTRACT: Wave-induced liquefaction, whereby the behaviour of soil changes from solid-like to fluid-like,
can lead to sediment movement, destabilisation of bank protection measures or washout of submarine pipelines,
due to the loss of soil’s load-bearing capacity. This process is influenced by various parameters, such as the
permeability of the soil and the degree of saturation. Before conducting a numerical simulation, the different
input parameters must be determined. It is good practice to investigate how much the uncertainty of these input
parameters influences the results of the numerical simulation. This paper presents a parameter study analysing
the extent of the dependency between the uncertainty of the input parameters and the numerical result. Hydraulic
conductivity, stiffness, degree of saturation and porosity were chosen as the parameters to be analysed, and the
results were compared in terms of liquefaction depth.

The setup is based on a soil column experiment in combination with an alternating flow apparatus that
replicated a liquefaction event caused by a linear pressure drawdown. Prior to the parameter study, good
agreement is demonstrated between the numerical simulation and the experimental analysis. Simulations are
based on a total Lagrangian formulation.

1 INTRODUTION — WAVE-INDUCED example states that soil with a higher degree of

LIQUEFACTION saturation (lower gas) is more likely to liquefy because
of the absence of compressible gas. In contrast to that
Ye et al. (2015) analysed a lower liquefaction potential
with a higher degree of saturation.

This publication first compares experimental
findings based on a linearized drawdown test
> | : - i conducted in a soil column — which are analysed in
of interest in the area of wave-induced liquefaction. detail by Rothschink et al. (2026) — with a numerical

This process where the soil turns from solid-like  ginyjation. A parametric study based on numerical
behaviour to fluid-like behaviour is influenced by G ulations follows, along with an analysis of the

several parameters. Huang et al. (2015) distinguishes boundary conditions that led to the specific
influencing factors between wave characteristics like . olations and the factors that restrict the
water dePt_h or wave height and so.il characteristics lik'e generalisation of the results. The focus is on hydraulic
permeability or degree of saturation. As part of their conductivity, stiffness, degree of saturation, and

resear(fh many re.:searcher.s coqduct a parametri.c porosity. Due to the boundary conditions of the
analygls after their numerical s1mplat10ns or their experimental dataset, this publication addresses
experimental analyses. Based on this, they conclude momentary liquefaction, which occurs when the soil is
that there are specific limit values, such as a hydraulic temporarily liquefied during the wave trough phase
conductivity above which no liquefaction occurs (Liv j,0t04 delayed response in pore water pressure (Sakai

et al. 2009). However, dependencies found based on o 1 1992) The wave trough phase corresponds to the
simulations or experiments often cqntradlct each period during and after the drawdown in the
other. One parameter that often led to different results experiment, when the pore water pressure in the soil

is the degree of saturation: Huang et al. (2015) for

Liquefaction is a process that has attracted the interest
of many researchers worldwide due to its potential
consequences, such as sediment movement,
destabilization of bank protection measures or
washout of submarine pipelines to name just the ones



does not decrease as quickly as the boundary
conditions at the soil surface.

2 DATA BASE AND METHODS

2.1 Hydro-mechanical model

Wave-induced liquefaction simulation needs a strong
hydro-mechanical coupling, a variable permeability
and the possibility for finite deformation. A process
model with the necessary kinematic description and
process coupling but simple constitutive approaches
was set up within the FEniCS framework (Alnaes et al.
2015, Logg et al. 2012). For detailed information on
the model see Keese et al. (2025); its most important
aspects will be replicated here to provide a context for
the reader.

The first weak formulation governs the mechanical
response of the body due to body forces and surface
traction
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where SE is the effective Second Piola Kirchhoff stress
(Pa) , 6E; is the linearization of the Green-Lagrange
strain tensor in the direction of the test function v,,, J
is the determinant of the deformation gradient, C3?! is
the inverse of the Right Cauchy Green tensor, p, is the
reference bulk mass density (kg/m3), g the
gravitational acceleration (m/s2) and t the surface
traction (Pa) specified on the Neumann boundary.

The second weak formulation governs the
hydraulical part of the model
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where p™® is the material density of the fluid (kg/m?),

E the material time derivative of the Green-Lagrange
strain tensor (1/s), v, the test function, K the specific
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permeability (m?/(Pa s)), Fg the deformation gradient,
nf the porosity, Bp the pore fluid compressibility
(1/Pa), p the time derivative of the pore water pressure
(Pa/s) and Q the fluid flux across the boundary
(m3/m32s).

These two weak formulations, set up in a Total
Lagrangian framework, allow the two unknowns u —
the displacement vector — and p — the pore water
pressure — to be determined. However, constitutive
equations are required to describe the stress-strain
relation, the permeability and the density evolution.
For the first one — the stress strain relation — a simple
hyper-elastic compressible Neo-Hookean approach is
combined with a tension cut-off.

The permeability model incorporates the
assumption of a monodisperse particle structure

d? I
T 18n5(1-nS)ugr F (ns Re—0)

3)

Where k is the specific permeability in the current
configuration (m?/(Pas)), d is the particle diameter
(m), n® the solid phase volume fraction, ugg the fluid
viscosity (Pas) and F(n’,Re — 0) the normalized
drag force function for negligible Reynolds numbers.
For the normalized drag force function £ (n%, Re — 0),
an expression developed by Van der Hoef et al. (2005)
is included:

E(n®Re - 0) = (11_0::)2 +(1-n%%1+
1.5vns). 4)

The effective momentum production term derived by
Baumgarten and Kamrin (2019) equipped by Eq. (4)
was used to derive Eq. (3) in Keese et al. (2025). After
a pull-back of Eq. (3) it can be used as the non-
constant permeability K in the second weak
formulation.

To account for compressibility of the pore fluid, a
pressure-dependent density model was applied:

p™® = pRexp[ B, — Pred)]. (5)

including a reference density pg} (kg/m3) at reference
pressure pr (Pa) and the compressibility S, (1/Pa)
itself. The compressibility has to be taken into account
because of the quasi-saturated conditions apparent in
riverbeds.

2.2 Experimental setting

The Federal Waterways Engineering and Research
Institute in Germany developed a test apparatus for
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alternating flow in combination with a soil column
which can be filled with different soil types (Kayser et
al. 2016). The cell itself is 0.328 m in diameter and
was filled to a height of 0.855 m in the test case
analysed below. The test apparatus for alternating flow
is a pneumatic-hydraulic system. Within the system in
two pressure tanks a membrane separates water and
air, enabling pressure to be applied to the water phase.
This specific pressure represents a particular water
column above the soil surface which then can be
reduced computer-controlled at a specific rate to
imitate a change in water level. With this set-up
drawdown-induced liquefaction can be investigated in
a controllable setting. If realistic water bed conditions
are to be reproduced, quasi-saturated conditions are
created by the sample manufacturing technique of
water pluviation with subsequent compaction using a
hammer, then draining the water and afterwards
resaturating the sample. The column itself is equipped
with nine piezo-resistive pressure sensors evenly
distributed along the column height. Due to this
spacing a statement regarding the pore water pressure
evolution with depth is possible. For a detailed
explanation of the test apparatus see Kayser et al.
(2016), for sample preparation see Rothschink and
Stelzer (2022) and for data evaluation of liquefaction
experiments see Rothschink et al. (2026).

Table 1 shows the input parameters of the process
model and the included constitutive approaches. The
effective particle diameter related to the monodisperse
assumption is no parameter taken from a grain size
distribution but a secondary parameter calculated by
means of Eq. (3) as:

d=+/ks-18 -n5- (1 —n%) - F(ns,Re - 0),
(6)

including the intrinsic permeability kg (m2). The solid
phase volume fraction that is needed for Eq. (6) can be
calculated using the saturation condition (n° +nf =
1) and the equation for the porosity evolution (Gorke
et al. 2009)

f_ 1—nf0

n=1-
Js

) ()

where n' is the initial porosity which can be derived
from the installed mass as well as the height and
diameter of the sand column. Eq. (7) is also used
within the simulation to update the porosity while the
particle diameter is set constant throughout one
complete simulation. The intrinsic permeability kg
(m?) in Eq.(6) is derived from experimentally
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obtained hydraulic conductivity values accounting for
a temperature correlation via:

k, = kf(T)‘l‘fR(T)' ®)

pr(T) g

and (DIN-Normenausschuss Bauwesen 2021):

HeR( Th—tes
ke(T) = % e (Tgmes) (9

The fluid viscosity in Eq. (8) and (9), which is also
temperature dependent, can be calculated using the

following equation (DIN-Normenausschuss Bau-
wesen 2021):
[ 247.8 ]
ur(T) = 0.02414 - 10l7/°c+133l . 1073 Pas.

(10)

Additional to the parameters explained above, the
compressibility is needed which can be calculated
under partially saturated conditions as (Fredlund
1976):

18 | Sih
p

ﬁp =5Pw + (11)

with degree of saturation S. = 0.927, pure water
compressibility S,, = 4.81- 107 m2/kN (inverse of the
bulk modulus of pure water K,,, = 2.08-1 0’ Pa) (Ewers
and Karl 2017), mean pressure p = 1.4968-10° Pa and
Henry constant h = 0.02.

Table 1: Input parameters of the process model and the
included constitutive approaches.

Symbol / Value V33

Parameter .
Unit

Density of the soil particles  p®/ kg m? 2650
Young’s modulus E/Pa 2.26:107
Poisson’s ratio v 0.3
Particle diameter d/m 0.000036
Initial porosity nf0 0.4472
Hydraulic conductivit ke(Ty,.. /
dlfring K-tost Y f( r';fsf?s‘) 1.182-10"
Temperature during ky-test Tptest 1 °C 26.86
Temperature T/°C 27.99
Il:lzécsluciznsny at reference p,fiff / kg m3 996.2
Reference pressure Pres / Pa 101,325
Fluid compressibility Bp/ Pa’! 6.12-107
Degree of saturation Sy 0.927

Next to the parameter symbols and their units, Table 1
also shows the specific values of one drawdown



experiment. Dataset V33 represents the soil reaction to
a linearized ship-induced drawdown of 0.12 ms™! in
10s. The initial and final pressure values are
155.28 kPa and 143.35kPa, respectively. The
following Figure 1 shows the excess pore water
pressure with depth calculated from the measured
values as dots. Additionally, the numerical results are
shown as solid lines. It becomes apparent that the
numerical results honour the theoretical limit shown
by the dashed curve y'z and reproduce the
experimental results. The point in space where the
numerical result departs from the theoretical
maximum given by suspension weight can be seen as
the liquefaction front or the liquefaction depth z;. This
point is marked as a cross in Figure 1. At the end of the
drawdown (ty + 10s) the maximum excess pore
water pressure is reached corresponding to the
maximal liquefaction depth of 0.506 m.

.01 -
—o02] N {+2s
to+4s
_0.4! to+6s
E ty+8s
N -0.61 to+10s
N
-0.81 g
g,
~
-1.01 %
0 1 2 3 4 5 6 7 8

Ap [ kPa

Figure 1: Excess pore water pressure development
throughout the experiment (dots) and the simulation (solid
line) for a column of height H = 0.855 m.

2.3 Parametric study

Seabed liquefaction is influenced by several
parameters which are pointed out in the introduction.
The literature review also shows that researchers do
not always agree on the effect of a specific parameter.

This parametric study should therefore comprise
several parts. In the first part the stiffness, porosity,
degree of saturation and hydraulic conductivity are
varied systematically to obtain a data pool. Table 2
shows the mean values which are kept while other
parameters are varied and the min/max of each
parameter under consideration. Every correlation is
based on conditions and assumptions. The following
first simulations are bounded by the drawdown rate
given by V33 and the column height of 0.85 m. In a
second step the height of the column is expanded to
analyse the influence of the column height on the
correlations obtained. In a third step the shown
correlations should be made more general and put into
the context of Terzaghi’s analytical consolidation
theory.

Keese et al.

Table 2. Parameters used for the parametric study. As
underlaying distribution, a normal distribution was chosen
for every parameter except the hydraulic conductivity where
a log-normal distribution was chosen for derivation of the
mean value.

Parameter Symb.ol / Mean Max Min
Unit

Stiffness ) E/Pa  2.04-10" 3.71-10" 0.37-10’

Porosity @ nfo 0.467 0.52 0414

Degreeof © s, 09 095 085

Hydraulic k¢

g())nductivity (ka_telst)/ 3.15-10° 1-107 1-10°
ms

™ (Kohler 1997)
@ Laboratory experiments
® (Boley et al. 2012)

3 RESULTS - PARAMETRIC STUDY

All correlations analysed hereafter are compared in
terms of the liquefaction depth z. As illustrated in
Figure 1, the liquefaction depth is the point at which
the solution deviates from the theoretical limit. The
simulation results adhere to the theoretical limit due to
the tension cut-off. The transition point at which the
Cauchy stress becomes non-zero is therefore set as the
liquefaction depth in post-processing.

3.1 Boundary conditions of V33

The following three figures (Figure 2-Figure 4) show
contour plots of the cross correlations k; — E, k¢ — S,
and k; — n. They are created based on an interpolation
of the single data points shown as crosses. The colours
are indicating the resulting liquefaction depth.

Figure 2 shows nearly vertical lines that illustrate
the stronger influence of the hydraulic conductivity
than the Young’s modulus. By contrast, Figure 3
depicts a shift whereby higher saturation values
demonstrate lower liquefaction depths than lower
saturation values at the same hydraulic conductivity.
This difference increases with increasing hydraulic
conductivity until it evens out in the absence of
liquefaction. Figure 4 can be considered to lie between
Figure 2 and Figure 3. The lines indicate a slight
tendency for higher porosities to exhibit a slower
decrease in liquefaction depth with increasing
hydraulic conductivity than lower porosities.
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Figure 2: Contour plot of the cross correlation between
hydraulic conductivity and Young's modulus.

0.8
0.94 -
K X
0.92 0.6
_ £
N
0.88 1
K X \ 0.2
0.86 -
10-5 10~* 0.0
ki / ms™t

Figure 3: Contour plot of the cross correlation between
hydraulic conductivity and degree of saturation.
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Figure 4: Contour plot of the cross correlation between
hydraulic conductivity and porosity.

3.2 Influence of the column height

In a second step the column height was expanded to
analyse its effect on the numerical simulation. All the
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simulations shown in Section 3.1 were conducted with
a column length of 0.85 m, as this was the height of the
soil column in the experiment. Figure 5 shows on the
one hand the pore water pressure at the end of the
drawdown in a 0.85 m soil column, as indicated by the
lighter grey dotted line. In comparison to Figure 1 the
x-axis is now also normalized — Section 2.2 provides
the overall magnitude of the pressure drawdown as
11.9 kPa. This value will be named ppp hereafter with
the index DD for drawdown. In addition to the result
of a column height of 0.85 m, Figure 5 shows the result
of a column height of 2.5 m as darker grey dotted line.
It becomes apparent, that a higher excess pore water
pressure is reached than in the lower column.

0.0} —- {¥-2)/ poo
~ e 250 cm
‘H.'\
_02 \‘ .!.‘r‘.\-‘ ..... 85 cm
N\ e W * Poo / Poo
- 04 N . S LS Po / Poo
N, K
N YT
-0.6 N\ P
."\
-0.8 \\ :
~1.0 . \ ] i
0.0 0.2 0.4 0.6 0.8 1.0
Ap [ poop

Figure 5: A comparison of the development of excess pore
water pressure in relation to the column length.

The differences in the results can be attributed to
boundary effects that limit the liquefaction depth and
prevent it from spreading to the physically possible
liquefaction depth at the given drawdown ppp.
Nevertheless, the curve of the 2.5 m column still does
not reach ppp/ppp- The reason for this observation is
an instantaneous pore water pressure relaxation
associated with expansion of the compressible fluid
during unloading of the soil column. To illustrate this,
a po/ppp curve was added to Figure 5, calculated from
consolidation theory as

PDD
1+Efn’ 12

Po = Ppp —
considering the maximum pressure difference of the
external load (Pa), the stiffness modulus (Pa), the
porosity as well as the fluid compressibility (1/Pa).
Figure 5 shows that the excess pore water pressure of
the soil column of 2.5 m reaches the py/ppp curve.
Additional simulations showed that a further increase
in soil column height does not change the maximum
excess pore water result any more.

This result shows that the column height influences
the numerical result as long as boundary effects
influence the resulting pressure profiles. Because



consolidation theory provides a good basis for
interpreting the results of the excess pore water
pressure, in the next section, it should be used in order
to discuss general and straight-forward estimates of the
liquefaction depth.

3.3 Interpretation based on consolidation
theory

The one-dimensional consolidation equation of a
Terzaghi model can be solved analytically for a linear-
ramp-and-hold type loading, matching the conditions
of the present study. In Section 2.2 the overall change
of the water load is given by 11.9 kPa between the
initial pressure and the pressure after the linearized
drawdown. This load is applied within 10 s due to the
inclination of the load change in the experiment. The
following figures always show the end of this linear
pressure ramp for different parameter combinations.
Each figure shows the depth normalized by the column
height over the excess pore water pressure normalized
by the magnitude of the drawdown pressure. Figure 6
shows results depending on the compressibility.
During the calculation each parameter stays the same
except the compressibility of the pore fluid and the
initial density. The colour of the consolidation line
corresponds to the colour of the (y'z)/ppp curve.
Between every pair the intersection point was
calculated as well as marked in the plot indicating the
maximal liquefaction depth for each parameter
constellation. It becomes apparent that the liquefaction
depth decreases with decreasing B. This means that
liquefaction is reduced when saturation is higher. The
left-most consolidation curve shows no excess pore
water pressure. This curve corresponds to the
compressibility of water-saturated soil. In Figure 6
there are also several vertical dashed lines
corresponding to the theoretical initial overpressures
calculated from Eq. (12) which is always inferior to
ppp/Ppp for the chosen parameter sets.

Taking this procedure one can think of testing other
parameter dependencies. Figure 7 shows the same
procedure but for different hydraulic conductivities.
The parameter set with the lowest hydraulic
conductivity reaches the po/ppp curve the closest and
shows the maximum liquefaction depth in comparison
with the other shown values. As the hydraulic
conductivity increased, the liquefaction depth
decreases until it becomes zero in the end and
departing from the p, /ppp curve. A similar picture can
be generated by varying the drawdown rate. In Figure
7 additionally the numerical results without tension
cut-off are shown as dotted lines. It becomes apparent
that the curves match quite well with the consolidation
theory.
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Figure 6: Excess pore water pressure with depth arising
from consolidation theory depending on beta.
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Figure 7: Excess pore water pressure with depth arising
from consolidation theory (solid lines) depending on the
hydraulic conductivity in comparison with numerical
results without tension cut-off (dotted lines).

In the contour plots shown in Section 3.1, cross
correlations can be observed. The next two figures
(Figure 8 and Figure 9) are based on the same
parameter constellations as Figure 7 with the
difference that not the mean stiffness but instead the
minimum stiffness (in Figure 8) and the maximum
stiffness (in Figure 9) are used. It becomes apparent
that not the tendency between the curves have
changed, but the p,/ppp curve changes, leading to
different liquefaction depths.

Additionally, in Figure 9 the numerical results are
plotted but this time with an active tension cut-off. As
in Figure 7 good agreement can be seen but some
deviations get apparent in curve three and four from
the left. The curves are not as steep as the
consolidation theory leading to a lower liquefaction
depth. This would mean that consolidation theory can
be used to map the maximum liquefaction depth
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particularly under rapid drawdowns (or low
permeabilities) while at slow drawdowns (or high
permeabilities) forecast no liquefaction.
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Figure 8: Excess pore water pressure with depth arising
from consolidation theory depending on the hydraulic
conductivity with minimum stiffness.
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Figure 9: Excess pore water pressure with depth arising
from consolidation theory (solid lines) depending on the
hydraulic conductivity with maximum stiffness in
comparison with numerical results with tension cut-off
(dotted lines).

4  DISCUSSION

Although different limiting effects are analysed in this
publication, the ranges of values chosen in Table 2 do
not take into account that the behaviour of the soil
changes due to liquefaction from solid-like to fluid-
like and that the usual ranges of fine sand may be
extended from the moment of liquefaction. This would
have an effect on the interpretation if it is not only the
maximum extent of liquefaction that is considered, but
also how quickly resedimentation occurs. While the
porosity and the permeability are intrinsically updated
during the simulation due to the model components
(see Eq.(3) and (7)), this is not the case for the
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stiffness and the degree of saturation. Since the degree
of saturation already covers a large range, the authors
consider stiffness to be the parameter that requires
more detailed consideration in terms of the value range
if the interpretation is to be extended to the post-
liquefaction period.

The stiffness of the soil during liquefaction and in
the resedimentation period is treated differently in
literature. While some researchers set the stiffness in
the liquefied area to zero, others distance themselves
from this theory of disappearing stiffness and
introduce, for example, a transition zone in which no
effective stresses are yet present, but stiffness is taken
into account (Miyamoto et al. 2004). Furthermore, it is
discussed that the stiffness in the area of
reconsolidation cannot be set as constant, as in
Terzaghi‘s theory — For example, Adamidis and
Madabhushi (2016) calculate the stiffness using
different equations, each of which depends on the
magnitude of the effective stress and the void ratio e.

The currently selected constitutive components of
the model do not include a variable stiffness to the
extent described.

5 CONCLUSIONS

This publication shows that the manner in which
model parameters influence the liquefaction depth and
excess pore water pressure profiles also depends on
experimental or in-situ boundary conditions such as
the column height. If the physical process cannot
evolve freely but instead is influenced by boundary
effects the results can be biased.

Consolidation theory was additionally used to test
whether conclusions can be made regarding the
liquefaction depth by calculating the intersection point
between the analytically calculated excess pore water
pressure and the limiting curve y'z. The results show a
quite good match with the numerical simulation for
fast or slow drawdowns, while differences occur in an
intermediate range in which the effective stress loss at
liquefaction alters the excess pore water pressure
curves. Nevertheless, the consolidation theory
consistently shows a higher liquefaction depth
reflecting a conservative result. Consolidation theory
can therefore be used for a first estimation of the
maximum liquefaction depth and the maximum excess
pore water pressure possible. Besides that, it is
possible to analyse correlations between different
parameters via their contribution to the consolidation
coefficient.
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