IOP Conference Series: a":’. PURPOSE-LED
Earth and f? PUBLISHING

Environmental Science

PAPER « OPEN ACCESS You may also like

. . . - Physics-quided Deep Neural Network for
Particle Scale Analysis of the Impact of Partial Cdrems Ulraviolet Saar image

. . . Desaturation
Drainage on Undrained Shear Response Applied Long X, Xinze Zhang, Wenging Sun et al.

. - A novel algorithm for automatic diagnosis
tO Desatu ratIOn of sleep apnea from airflow and oximetry
signals
M B Uddin, C M Chow, S H Ling et al.

To cite this article: J. Salomon et al 2025 IOP Conf. Ser.: Earth Environ. Sci. 1480 012025
- Pattern discovery in critical alarms
originating from neonates under intensive
care
Rohan Joshi, Carola van Pul, Louis Atallah

etal.
View the article online for updates and enhancements.
- - e
. .
. . . ! | — . .
b ) The Electrochemical Society
- . Advancing solid state & elect'rochemica.lscience & technology

250th ECS Meeting

Otober 25-29, 2026
Calgary, Canada
BMO Center

This content was downloaded from IP address 86.163.63.107 on 10/12/2025 at 12:43


https://doi.org/10.1088/1755-1315/1480/1/012025
/article/10.3847/1538-4365/ae1292
/article/10.3847/1538-4365/ae1292
/article/10.3847/1538-4365/ae1292
/article/10.1088/1361-6579/abd238
/article/10.1088/1361-6579/abd238
/article/10.1088/1361-6579/abd238
/article/10.1088/0967-3334/37/4/564
/article/10.1088/0967-3334/37/4/564
/article/10.1088/0967-3334/37/4/564
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjss5gml9eNgjdNhgp5gmDIUDtyRe5dnOF5p9KpwHOwAoP1w_6mE7bHOxo1t0ZPsc1o0ElQ6EKCZpkwhtZOYmDW8RQrJyIfXliPpQpWT0Igku5q5RhNZveT-kjlmZufh88B_6wfTaQS_7hMXzsGKH9nJBOGhBxGg6g-b4LDof_Cgr1S-aUpngfvkoAkInwTEJBX1Dsb6Pgx1tzKNMGnP_wp2gJw0ALXeXa-pQznsgROMFSsYNLLu7OeWK95S5_mU7QLb7LRPFL0nTFf4akWKxaUxhUJCSYbrCr0BsvHi5RZsY5Dxdm2EQyMIRUfmraS9bZfWxDHWXdDgmyVRQ9HuF33QovoIjV-v9UXwySvSoGG4cEnyut8HInEUI&sig=Cg0ArKJSzPZMV4ysRPHy&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://www.electrochem.org/250%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D250_IOP%26utm_id%3DIOP%2B250%2Bsubmission

TC 105 International Symposium 10P Publishing
IOP Conf. Series: Earth and Environmental Science 1480 (2025) 012025 doi:10.1088/1755-1315/1480/1/012025

PARTICLE SCALE ANALYSIS OF THE IMPACT OF PARTIAL DRAINAGE ON
UNDRAINED SHEAR RESPONSE APPLIED TO DESATURATION

J. Salomon'w, F. Patino-Ramirez' and C. O’Sullivan'
Y Imperial College London, Dept. of Civil and Environmental Engineering, London, UK
& jose.salomonl9@imperial.ac.uk

Abstract: The devastating consequences of liquefaction-driven failures have made mitigation and
prevention an active focus of research. Soil desaturation can mitigate liquefaction by incorporating
gas bubbles into saturated soil. This study uses the discrete element method (DEM) to investigate the
mechanisms and to explore the fundamental basis of mitigation approaches based upon desaturation.
Spherical assemblies are isotropically compressed and then subjected to three types of triaxial shear-
ing: (i) fully drained, (ii) fully undrained, and (iii) partially drained. The observed stress responses
indicate that classical liquefaction phenomena can be observed even when the constant volume condi-
tion is relaxed. However, a slight reduction in the constant volume restraint is sufficient to maintain a
statically determinate soil structure, supporting the case for soil desaturation to mitigate liquefaction.

1. Introduction

Static and earthquake-induced liquefaction can have devastating economic and societal impacts.
Previous studies (e.g. [1]) have demonstrated that the discrete element method (DEM) can recreate
undrained conditions by restricting the deformation of the spherical assembly to achieve a constant
volume. In this way liquefaction can be simulated using DEM without explicitly considering the wa-
ter phase. Element test simulations using DEM can facilitate useful parametric studies to advance
understanding of macro-scale (i.e. continuum) soil behavior, while also providing a rich set of data
which can be used to inform fundamental understanding at particle level. Soil desaturation, in which
there is a small reduction in the in-situ degree of saturation, is one potential approach to mitigate
liquefaction risk in situ [2]. The method increases the compressibility of the pore fluid by incorpo-
rating gas bubbles into the saturated soil either by chemical or bio-induced means (e.g. [3], [4]). The
novelty and potential of this technique have attracted researchers to experimentally test its efficiency
(e.g. [5]), however, studies focused on the micro-mechanics of this process remain scarce. This study
builds upon prior numerical and experimental work (e.g. [6], [7]) and uses DEM to explore the funda-
mental basis for this approach and advance understanding of the fundamental mechanisms that lead
to liquefaction under constant volume and partially drained deformation, applied to desaturation.

2. Methodology

The DEM simulations were run using the open-source molecular dynamics code LAMMPS [8].
The virtual samples comprised 4,954 spherical particles with a particle size distribution (PSD) corre-
sponding to Toyoura sand [9]. Periodic boundaries were employed in all directions, and a simplified
Hertz-Mindlin contact model was adopted to calculate inter-particle normal and tangential forces as
a function of particle overlap and shear history. The particle density, ps, corresponds to the density
of quartz (2670 kg/m?), scaled by a factor of 10 to reduce the computational cost. The numerical
stability of the simulations was ensured by adopting a conservative timestep, At, following [10]. A
summary of the DEM simulation parameters is presented in Table 1.

Particles were randomly placed on a cubical box and then isotropically compressed to a target
confining pressure of o/, = 300 kPa. A relatively loose packing with a void ratio of e = 0.6308 was
attained by setting the inter-particle friction coefficient to ;. = 0.25. Following the definition of [11]
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Parameter Value Units Parameter Value Units
Shear modulus, G 1.0 GPa | Interparticle friction, p 0.25 -
Poisson’s ratio, v 0.12 - Local damping, n 0.1 -
Particle density, p, 2.67x10~*  kg/m3 Timestep, At 8.88x107% s

Table 1. DEM simulation parameters.

and considering the critical state line in [12], the initial state parameter of the sample, 1/, was esti-
mated as 0.019. After the isotropic compression phase, the sample was subjected to monotonic triaxial
shearing by vertically compressing the samples with a constant strain rate of £, = 0.17 1/s. Samples
were sheared to an 18% of axial strain, .. The inertial number, I, was estimated as 2.8x107%, which
is below the quasi-static limit usually adopted in DEM simulations [13].

Three different types of triaxial shearing were considered here: (i) a fully drained (constant
o%), (ii) a constant volume (fully undrained), and (iii) an intermediate scenario where a fraction
of the volumetric of the drained volumetric strain was applied to the sample. Two 3 values were
evaluated: 5 = 0.05, and 0.25. Condition (iii) was achieved via a control algorithm which imposed
a volumetric strain, €,,; at each increment of axial strain (¢,). The values of ¢,, were specified as
a proportion (S = 0.05 or 0.25) of the drained volumetric strain, 53)1;”, at the same axial strain, i.e.
e’ = BePl where 0 < 8 < 1 is a dimensionless constant. This algorithm is a generalization of the
strain-controlled linear path tests found in the DEM literature (e.g. [6]). The parameters involved in
the control algorithm were then calibrated against the data from the fully drained simulations.

Under the assumption of a discontinuous air phase, the dimensionless constant, 3, can be inter-
preted as an indirect controller of the compressibility of the equivalent mixture of air and water. The
addition of air bubbles into the pore space and their collapse during shearing can lead to an enhanced
contraction or a reduction in the deformation modulus [14]. Recalling the definition of bulk modulus
of the soil skeleton, K, and applying the chain rule over dp’/de,,, it can be shown that the intro-
duction of 3 results equivalent to a reduction in the bulk modulus of the sample, i.e., K ~ BKPE,
Moreover, [ values lesser than unity are reflected in a reduction in Skempton’s B parameter [15],
commonly employed to assess the saturation level in laboratory tests.

3. Macro and Micromechanical Response

Figure 1(a) gives the simulation results in terms of the stress path observed. The undrained
sample and the samples with 3 = 0.05 and 0.25 exhibit classical features associated with static lig-
uefaction. From the onset of shear deformation, the mean effective stress, p’, decreases. Initially, the
deviator stress, ¢ = 01 — 03, increases to a peak value, then it decreases to a local minimum value
at the phase transformation point (diamond markers, labelled as PT), and then there is a subsequent
increase in ¢. It is only in the case of the fully undrained (constant volume) simulation that ¢ re-
duces to zero. Figure 1(b) shows the variation of the volumetric strain, €,,;, as a function of the axial
strain of the sample. Results from both figures indicate an increase of ¢ with [, which means that the
contraction imposed on the sample is reflected in an increment of stresses.

Figure 2(a) illustrates the variation in the coordination number, Z, (average number of contacts
per particle) as a function of axial strain. Interestingly, it is only in the fully undrained case that Z
falls beneath the value of 4 which is the minimum Z value for a statically indeterminant system [16].
In contrast to the fully drained case where there is an initial slight increase in Z, for 5 =0.05 and 3 =
0.25 there is a clear reduction in Z from the start of shearing, however Z remains above 4.5.



10P Publishing

doi:10.1088/1755-1315/1480/1/012025

TC 105 International Symposium
IOP Conf. Series: Earth and Environmental Science 1480 (2025) 012025

(a) ®)
300 Drained N
——B=0.25 ~
250 + —— 03 =0.05 -0.5 ¢ —
Undrained
. 200 ¢ PT (p’=p7mm) —
c@ =
oy S
24150 3
o W
100 t - 1
50 | Z ]
0 : : ‘ -2 : : :
0 100 200 300 400 0 5 10 15
p’ [kPa] e [
Figure 1. Observed response in triaxial shear (a) Deviator stress versus mean effective stress and (b)
volumetric strain versus axial strain.
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Figure 2. Observed response in triaxial shear (a) Coordination number (Z) versus axial strain and (b)

normalized coordination number and phase transformation invariants (p’ and ¢q) versus £.
n
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To assess if there is a systematic variation in the stress response and the coordination numbers

with 3, Figure 2(b) shows the evolution of the normalized minimum coordination number, i.e.
Zmin/ Zo, the normalized mean effective stress at the PT point, i.e. p’op = p pr /D), and the normalized
deviatoric stress at the PT point, i.e. ¢ = qpr/p}, where Zy = 5.2 and p’, = 300 kPa. Whereas a
linear trend is observed for both normalized stress indicators (p'p, and ¢};), a sharp early increase
and a subsequent plateau is observed for Z'. . The different trends depicted in Figure 2(b) suggest
that only a small volumetric contraction or desaturation level is required to rebuild most of the contacts
lost due to a liquefied condition. The data also indicate that the recovery in the number of contacts is
not proportionally reflected in a gain of strength (in terms of ¢), suggesting that most of the recovered
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contacts are not involved in strong force chains (contrary to drained shearing). Further simulations
and analyses are required to confirm or discard these hypotheses.

4. Conclusions

An algorithm was employed to control the volumetric strain during triaxial shear deformation
in DEM simulations through the introduction of an adimensional constant, /3, here interpreted as an
indirect controller of the compressibility of the equivalent mixture. At the macro-scale, the resulting
data show that classical liquefaction phenomena can be observed for the small amounts of volumetric
contraction considered here (8 < 0.25). As might reasonably be expected, the coordination number,
Z is sensitive to 5. A small volumetric contraction (8 = 0.05) is sufficient to maintain a statically
determined soil structure (Z > 4). Further examination of these data may provide insight into the
phenomenon of soil liquefaction, how it is influenced by soil desaturation, and to confirm or discard
the hypothesis herein proposed. A key challenge is to extend this approach to consider cyclic loading.
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