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A B S T R A C T

This paper investigates the effectiveness of vertical gravel drains for liquefaction mitigation in stratified soil 
deposits, emphasising the overlooked hydro-mechanical interaction with adjacent non–liquefiable layers. A 
comprehensive series of fully coupled 3D finite element analyses was first conducted in the OpenSees framework, 
modelling a unit cell within an indefinite drain system. Different spacing ratios, soil types, and seismic inputs 
were examined to provide generality and robustness to the study. The main outcome from the numerical analyses 
is that gravel drains significantly reduce both the peak excess pore water pressure and the duration of high pore 
pressures, with the hydraulic conditions imposed by the overlying non-liquefiable layers proving critical, 
particularly near layer interfaces. To quantify mitigation effectiveness, a new integral, dimensionless parameter 
was proposed, which conveys both the magnitude and dissipation time of the excess pore water pressures.

As a further outcome, this study extends to axisymmetric conditions a 1D uncoupled approach recently pro
posed for assessing free–field liquefaction, incorporating improvements to capture non–uniform cyclic loading 
and frequency variations induced by pore pressure build–up. The methodology couples a nonlinear total stress 
seismic response analysis with an iterative excess pore pressure computation using the Stockwell transform, 
implemented via a Finite Difference scheme in Matlab. Successful validation against the benchmark fully coupled 
3D analyses proves that the uncoupled approach can be effectively adopted with low computational cost.

1. INTRODUCTION

Seismic-induced excess pore water pressures in saturated sandy soils 
can cause severe damage to buildings and civil infrastructure, as 
observed during the 2010–11 Christchurch (New Zealand, Cubrinovski 
et al., 2019) and the 2023 Kahramanmaraş (Turkey, Bol et al., 2024; 
Flora et al., 2024; Moug et al., 2024) earthquakes. Liquefaction risk can 
be mitigated by different techniques, such as jet grouting (Martin et al., 
2004; Croce et al., 2014), artificially induced partial saturation (Mele 
et al., 2019), vertical prefabricated (Howell et al., 2012), and stone 
column (Adalier & Elgamal, 2004) drains. Among these, gravel drains 
are often preferred, due to their relatively low environmental impact 
(García-Torres & Madabhushi, 2019), moderate cost, as well as simple 
construction procedures.

Several numerical and experimental studies have demonstrated the 
effectiveness of gravel drains in mitigating liquefaction (Brennan & 
Madabhushi, 2002; Elgamal et al., 2009; Bouckovalas et al., 2011; 

García-Torres & Madabhushi, 2019; Minaka et al., 2021; Bessette et al., 
2025). Nonetheless, their design still relies upon simplified procedures, 
mostly based on the uncoupled, stress-based approach proposed by Seed 
& Booker (1977). The latter introduces several simplifying assumptions 
to compute seismic-induced excess pore water pressures, namely: (i) 
purely horizontal axisymmetric water flow towards the drain; (ii) infi
nitely permeable drain; and (iii) adopting empirical relations based on 
undrained cyclic laboratory tests (Seed et al., 1975).

Although the simplified approach by Seed & Booker (1977) has been 
improved over the years to account for both vertical and horizontal 
water flow and the finite permeability of gravel drains (Onoue, 1988), as 
well as by modifying the governing equation (Bouckovalas et al., 2011), 
some key features are still not considered, such as: the representation of 
the irregular shear stress time histories, τ(t), through an equivalent 
number of uniform stress cycles; the modification of the frequency 
content of ground motion when liquefaction is triggered; and the in
fluence of soil layering. As for the latter, the role of the hydraulic 
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interaction between liquefiable and non-liquefiable layers in the lique
faction assessment of free-field soil deposits has been extensively high
lighted in the recent literature (Sinatra & Foti, 2015; Cubrinovski et al., 
2019; Cubrinovski & Ntritsos, 2023; Adamidis & Anastasopoulos, 2024). 
In particular, based on observations from liquefaction case histories 
after the 2010–11 Christchurch earthquakes and results from nonlinear 
dynamic analyses, Cubrinovski & Ntritsos (2023) emphasised the sig
nificant influence of adjacent layers on the generation and dissipation of 
earthquake-induced excess pore water pressures, introducing the 
concept of “system behaviour”. This key aspect was explored only 
recently by Bessette et al. (2025) with reference to gravel drains, by 
employing 3D fully coupled Finite Element (FE) analyses validated 
against centrifuge tests. The Authors highlighted the importance of 
considering realistic soil profiles and interlayer interactions (system 
behaviour), showing that the drainage effectiveness of stone column 
drains strongly depends on soil stratigraphy.

In light of the considerations above, this study has two main objec
tives: (i) improving the understanding of the physical aspects affecting 
the effectiveness of vertical gravel drains in layered soil deposits and (ii) 
proposing a novel uncoupled method for their design. To this end, a 3D 
fully coupled FE parametric study was first performed in OpenSees 
(McKenna et al., 2000), considering an indefinite system of drains 
embedded in a two-layers soil deposit. Numerical results were then used 
to validate the Finite Difference (FD) implementation in a Matlab 
(Mathworks Inc., 2021) routine of a novel stress–based uncoupled 
approach for computing excess pore water pressures in an axisymmetric 
configuration with vertical gravel drains. Building on the assumptions 
firstly introduced by Onoue (1988), the proposed method extends the 1D 
uncoupled approach recently introduced by Boccieri et al. (2024) in 
order to assess the liquefaction risk in the presence of a drain installed in 
a layered soil column, accounting for a non–uniform distribution of 
equivalent loading cycles throughout the earthquake duration, and the 

modification of the frequency content of ground motion.

2. 3D fully coupled FE analyses

Fig. 1a shows the 3D numerical domain, where a single, half unit cell 
was modelled to represent an indefinite system of gravel drains, taking 
advantage of the problem symmetry (Elgamal et al., 2009; Asgari et al., 
2013; Tang et al., 2016). The soil column is composed of a deep lique
fiable sand underlying a shallow layer. The thickness of the two layers 
was kept constant, with H2 = 6 m for the liquefiable sand and H1 = 4 m 
for the upper layer, resulting in a total height of the soil column H = H1 
+ H2 = 10 m. The water table is located at the ground surface, and the 
initial pore water pressure regime is hydrostatic. The diameter of the 
drain was fixed (D = 0.80 m), while different spacing ratios were 
considered (s/D = 2, 3, and 4), where s is the distance between the axes 
of two adjacent drains.

Three soil types were considered for the upper layer, that is: a fine- 
grained crust (FC); a dense sand (DS); and a loose liquefiable sand 
(LS), the latter corresponding to the case of a homogeneous soil deposit. 
Tab. 1 summarises the physical and mechanical properties assumed for 
the soil layers and the gravel drain.

Fig. 2 shows the eight acceleration time histories applied at the 
bottom of the 3D model in the numerical analyses, together with the 
corresponding Fourier Amplitude spectra. The seismic inputs are char
acterised by different amplitude, frequency content and significant 
duration. Tab. 2 lists the relevant ground motion parameters.

The 3D numerical domain was discretised with 1800 SSPBrickUP 
eight–node hexahedral elements (McGann et al., 2015), with a physi
cally stabilised single–point integration and based on the u–p formula
tion (Zienkiewicz et al., 1980). The height of all elements is h = 0.50 m, 
which was selected to avoid numerical distortion of the propagating 
waves and to ensure their accurate representation within the model 

Fig. 1. 3D numerical models implemented in the OpenSees framework: half unit cell (a) and free-field soil column (b).

Tab. 1 
Physical and mechanical properties of soils.

soil γsat PI emin emax e DR ϕ'cv su ν kv,h

kN/m3 % − − − % ◦ kPa − m/s

gravel (drain) 21.10 − 0.435 0.923 0.550 76 37.0 − 0.33 1•10–2

fine-grained crust (FC) 17.70 30 − − − − 0.0 40 0.48 1•10–7

dense sand (DS) 19.20 − 0.660 1.000 0.720 82 31.5 − 0.33 1•10–4

liq. sand (LS) 18.50 − 0.660 1.000 0.854 43 31.5 − 0.33 1•10–4

γsat = saturated unit weight; PI = plasticity index; emin = minimum void ratio; emax = maximum void ratio; e = initial void ratio; DR = (emax – e)/(emax – emin) = relative 
density; ϕ'cv = friction angle at constant volume; su = undrained shear strength; v = Poisson’s ratio; kv,h = vertical and horizontal hydraulic conductivity.
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(Kuhlemeyer & Lysmer, 1973). The aspect ratio of the largest element is 
1.35, well within the typical recommended limit of 5 (Potts & 
Zdravković, 1999). Given the mechanical properties adopted for soils 
and drain, the geometry of the problem, and the frequency content of the 
applied earthquakes, the u–p formulation provides a reliable represen
tation of the coupled hydro–mechanical dynamic problem (Zienkiewicz 
et al., 1980).

The analyses were performed in two stages: a geostatic phase, in 
which the gravel drain was wished in place and the gravitational ac
celeration was imposed to define the initial stress state, followed by a 
dynamic calculation phase, where the horizontal acceleration time his
tories were applied to the bottom nodes of the domain (z = H in Fig. 1a), 
along the y–direction. Displacements were restrained for all nodes 
belonging to the y–z plane boundaries along the out-of-plane direction 
(dx = 0 at x  = 0 and s/2), while periodic constraints were applied to the 
nodes on the x–z planes along the direction of the input motion (Δdy =

0 at y = ± s/2). All nodes at the bottom of the model were fully fixed (dx 
= dy = dz = 0 at z = H) during the static calculation phase. As for the 
hydraulic boundary conditions, the vertical and the bottom boundaries 
were set as impervious, while null pore water pressures were set at the 
water table level.

To assess the efficiency of gravel drains, a further set of FE analyses 
was carried out on a 10-m-high free-field soil column (without drains, 
Fig. 1b), which represents the pertinent two-layered deposit subjected to 
the same seismic inputs. The soil column was discretised using 20 
SSPBrickUP eight–node hexahedral elements, with the same hydraulic 

and mechanical boundary conditions as those imposed for the 3D unit 
cell.

All 3D FE analyses performed in this study are listed in Tab. 3, for a 
total of 99 analyses with the 3D unit cell and additional 33 free-field soil 
column analyses. As reported in Tab. 3, some of the input motions, 
characterised by similar values of the strong motion duration, D5–95, but 
different intensities, were scaled, using suitable scaling factors (SF) to 
investigate the combined influence of earthquake intensity and duration 
on the resulting excess pore water pressures.

The SANISAND constitutive model (Dafalias & Manzari, 2004) was 
adopted to describe the mechanical behaviour of the liquefiable and the 
dense sand, while the Pressure Independent Multi–Yield (PIMY, Yang et al., 
2008; Gu et al., 2011) and the Pressure Dependent Multi–Yield 02 
(PDMY02, Yang et al., 2003) models were employed to reproduce the 
cyclic response of the FC layer and the gravel drain, respectively.

The SANISAND constitutive model was calibrated to reproduce the 
dynamic behaviour of the Hostun HN31 sand. Starting from the work by 
Gaudio et al. (2023), model parameters were calibrated based on the 
results of monotonic and cyclic laboratory tests presented by Azeiteiro 
et al. (2017) and De Gennaro et al. (2004).

The PDMY02 parameters defining the relationship between the 
small–strain shear modulus and the mean effective stress, G0(p'), were 
calibrated based on the empirical equation proposed by Nishio et al. 
(1985) for gravels. The remaining parameters were calibrated based on 
the damping and decay curves proposed by Seed & Idriss (1970). Finally, 
the constitutive parameters governing the dilatant and contractive 
behaviour of the soil were set to prevent the generation of excess pore 

Fig. 2. Acceleration time histories (a) and Fourier amplitude spectra (b) of the seismic recordings considered in the 3D numerical analyses.

Tab. 2 
Ground motion parameters of the input acceleration time histories.

earthquake amax fp fmean D5–95 IA Trec

g Hz Hz s m/s s

1994 Northridge (N) 0.582 1.24 2.64 9.0 2.70 25
1989 Loma Prieta (LP) 0.372 0.52 3.26 10.3 1.26 25
1979 Imperial Valley (IV) 0.339 1.36 4.04 8.58 1.24 25
1999 Kocaeli (K) 0.336 0.28 1.43 10.6 1.24 25
1995 Kobe (KO) 0.332 0.60 3.55 10.95 1.66 25
1976 Friuli (F) 0.324 2.00 3.21 4.20 0.76 20
1999 Chi–Chi (CC) 0.321 1.12 6.41 11.25 0.37 25
1961 Hollister (H) 0.194 2.36 2.13 14.6 0.25 25

amax = peak acceleration; fp = dominant frequency; fmean = mean square fre
quency (Rathje et al., 1998); D5–95 = strong motion duration (Trifunac & Brady, 
1975); IA = Arias Intensity; Trec = total record duration.

Tab. 3 
Summary of the 3D unit cell FE analyses carried out in OpenSees.

FE analysis # Top layer s/D seismic input SF amax•SF

− − − − g

1–9 FC, DS, LS 2, 3, 4 N 1 0.582
10–18 FC, DS, LS 2, 3, 4 CC 1.58 0.506
19–27 FC, DS, LS 2, 3, 4 LP 1 0.372
28–36 FC, DS, LS 2, 3, 4 IV 1 0.339
37–45 FC, DS, LS 2, 3, 4 K 1 0.336
46–54 FC, DS, LS 2, 3, 4 KO 1 0.332
55–63 FC, DS, LS 2, 3, 4 F 1 0.324
64–72 FC, DS, LS 2, 3, 4 CC 1 0.321
73–81 FC, DS, LS 2, 3, 4 LP 0.602 0.224
82–90 FC, DS, LS 2, 3, 4 H 1 0.194
91–99 FC, DS, LS 2, 3, 4 KO 0.280 0.093
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water pressures within the gravel drain (Yang et al., 2008).
The PIMY model parameters were calibrated against the decay and 

damping curves proposed by Vucetic & Dobry (1991), considering a 
Plasticity Index, PI = 30 %, and an overconsolidation ratio, OCR = 3. 
The small–strain shear modulus was set constant within the FC layer, 
while the bulk modulus is consistent with a Poisson’s ratio ν = 0.48, 
approximating the undrained response of the clayey crust. Tabs. 4, 5, 
and 6 present the values of the constitutive parameters considered for 
the SANISAND, PMY02 and PIMY models, respectively.

2.1. Effectiveness of gravel drains – 3D FE results

Fig. 3 shows the FE results for three layouts, characterised by the 
presence of a shallow layer of fine–grained soil, dense sand and loose 
sand, respectively, all excited by the 1999 Chi–Chi (CC) earthquake 
ground motion. Specifically, the results of the 3D unit cells analyses (s/D 
= 3) are compared with those from the corresponding 1D free-field 
analyses, in terms of space–time contours of the excess pore water 
pressure ratio, ru(z,t) = u(z,t)/σ'v0(z), where u(z,t) is the excess pore 
water pressure and σ'v0(z) is the geostatic vertical effective stress. For the 
3D analyses, results are reported along the vertical axis at x  = s/2 and y 
= 0 (red lines in Fig. 3). In the 1D free-field soil column with the fine- 
grained crust (Fig. 3a), full liquefaction is reached in most of the liq
uefiable sand soon after the onset of shaking. Moreover, a negligible 
redistribution of excess pore water pressures occurs in the upper soil 
after the strong motion stage, due to its low hydraulic conductivity. 
Conversely, when the free-field column includes a shallow dense or 
loose sand layer, a non–negligible amount of excess pore water pressures 

Tab. 4 
Parameters adopted in the SANISAND constitutive model for the sandy layers.

G0 ν M c λc e0 ξ m h0 ch nb A0 nd zmax cz

- - - - - - - - - - - - - - -

293 0.05 1.265 0.711 0.07 1.00 0.36 0.02 2.90 0.968 1.64 0.15 3.50 10 1000

Tab. 5 
Parameters adopted in the PDMY02 constitutive model for the gravel drain.

Gr Kr p'r n γmax ϕ λc e0 ξ ϕPT

kPa kPa kPa − − ◦ − − − ◦

12.08•104 31.49•104 101 0.44 0.1 37 0.02 0.90 0.70 26
c1 c2 c3 d1 d2 d3 liq1 liq2 NYS
− − − − − − − − −

0.013 5.0 0.0 0.3 3.0 0.0 1.0 0.0 20

Tab. 6 
Parameters adopted in the PIMY constitutive model for the FC layer.

Gr Kr p'r n γmax ϕ c NYS
kPa kPa kPa − − ◦ kPa −

2.98•104 7.35•105 100 0.0 0.1 0.0 40 20

Fig. 3. Space–time contours of the excess pore water pressure ratio (CC motion) from the 1D free-field soil column (a, b, c) and the 3D unit cell analyses (s/D = 3, d, 
e, f), for different shallow layers: fine-grained (a, d); dense (b, e) and loose sand (c, f).
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is also generated close to the soil surface, until complete liquefaction is 
triggered. In the case of the dense sand (Fig. 3b), liquefaction in the 
upper portion of the column is delayed compared to that in the deeper 
loose sand, being significantly influenced by the upward redistribution 
of excess pore water pressures. By contrast, in the homogeneous profile 
(Fig. 3c) the generation of excess pore water pressures is nearly uniform 
throughout the soil column. The presence of the gravel drain (Figs. 3d, e, 
and f) reduces the differences between the various scenarios remarkably. 
In all three layouts, a rapid dissipation phase begins before the end of 

shaking, preventing liquefaction to happen in most of the deep layer.
In the presence of a fine-grained crust, the horizontal water flow 

driven by the gravel drain across the whole sand layer effectively limits 
the extent of full liquefaction within the deepest part of the loose sand. 
However, excess pore water pressures accumulation just below the FC 
layer indicates the presence of a non–negligible vertical flow, in contrast 
with the common assumption of a purely horizontal flow towards the 
drain (Seed & Booker, 1977). In the case of a dense sand layer (Fig. 3e), 
liquefaction is prevented throughout the soil domain, while, in the case 

Fig. 4. Space–time contours of the mean excess pore water pressure ratio, ru, mean(z,t), from the 3D unit cell analyses (CC motion and s/D = 3), for different shallow 
layers: fine-grained (a); dense (b) and loose sand (c).

Fig. 5. Comparison between the results obtained at the mid-depth within the liquefiable soil layer for the 3D unit cell and the 1D free-field soil column.
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of a homogeneous loose sand deposit (Fig. 3d), full liquefaction is trig
gered close to the soil surface for a short period of time, which may be 
ascribed to the combination of the vertical flow and the low confining 
stresses at these depths.

Fig. 4 refers to the same 3D configurations discussed in Figs. 3d, e 
and f, showing the mean excess pore water pressure ratio, ru, mean(z,t), 
computed at each depth within the soil, instead of referring to a specific 
vertical axis. As illustrated in the figure, ru, mean(z,t) corresponds to the 
average value of ru(z,t) over the red–shaded surface of the soil domain. 
The space–time contours show slight differences compared to Fig. 3, 
with marginally lower values of excess pore pressures over time.

The results shown in Figs. 3 and 4 highlight the two main advantages 
provided by gravel drains, such as the reduction of (i) the magnitude of 
excess pore water pressures, and (ii) the time needed for their dissipa
tion. Simple and physically sound parameters can be introduced to 
convey information about the severity of the liquefaction phenomenon 
and the efficiency of the drainage system, namely the maximum excess 
pore water pressure ratio, ru max, and the time interval, Δtru, over which 
the excess pore water pressure ratio is close to ru max, both computed at 
key depths within the soil deposit. Specifically, Δtru has been defined as 
the interval between the first and the last time instants at which ru =

0.90⋅ru max.
In Fig. 5, a comparison between the 1D free–field and the 3D unit cell 

analyses is made in terms of ru max and Δtru, the latter normalised by the 
strong motion duration of the seismic input, D5-95. Both parameters are 
computed at the mid-depth of the liquefiable soil layer (z = H1 + 0.5•H2 
= 7 m for the layered soil deposit and z = 5 m for the case of the ho
mogeneous liquefiable layer) and at x  = s/2, y = 0, in the 3D unit cells. 
Each pair of charts refers to a specific geometrical configuration of the 
3D unit cell (s/D = 2 in Fig. 5 a and d; s/D = 3, b and e; s/D = 4, c and f), 
and pertains to different soil layouts. As expected, the results show a 
reduction in the drainage efficacy for an increasing spacing ratio s/D, 
both in terms of rumax and Δtru/D5-95. In most of the configurations with 

s/D = 2, the drain prevents the attainment of complete liquefaction and 
Δtru/D5-95 is always less than 1, which means that high excess pore water 
pressures are dissipated right before the end of the strong-motion 
duration. In the layouts with s/D = 3 and s/D = 4, ru max is similar to 
that from the 1D free-field analyses, indicating complete liquefaction in 
some cases (particularly when s/D = 4). However, Δtru/D5-95 is smaller 
than in the free-field case, confirming that the gravel drain still enhances 
the dissipation process.

Fig. 6 presents a comparison of ru max and Δtru/D5-95 obtained at two 
different depths within the soil deposit, namely close to the boundary 
with the upper layer (z = 4.5 m, x = s/2 and y = 0; Figs. 6a and b) and at 
the mid-depth within the liquefiable layer (z = 7 m, x = s/2 and y = 0; 
Figs. 6c and d). The two configurations with fine-grained crust (FC) and 
dense sand (DS) shallow layers are analysed, for different spacing ratios. 
At the centre of the liquefiable layer (z = 7 m), a small influence of the 
upper soil is observed, as the vertical flow is negligible compared to the 
predominant horizontal flow towards the gravel drain. Conversely, close 
to the boundary between the two layers (z = 4.5 m), higher values of 
both ru max and Δtru/D5-95 are computed in the presence of a fine-grained 
crust if compared with the DS configurations, with average values 
increasing by about 12 % and 40 %, respectively. This observation in
dicates the presence of a vertical flow towards the non-liquefiable layer 
and demonstrates that assuming a purely horizontal flow is unrealistic. 
The results therefore confirm that the influence of the non-liquefiable 
crust cannot be neglected when assessing drain efficiency, and that 
the entire soil domain should be considered for a proper design of gravel 
drains.

2.2. A novel integral index to assess drain efficiency

To capture the overall response of the soil deposit in free-field con
ditions, Ntritsos & Cubrinovski (2024) introduced a dimensional Pore 
Pressure Index (PPI), defined as: 

Fig. 6. Main results obtained near the crust (a, b) and at the centre of the liquefiable soil (c, d), considering a fine–grained or a dense sand as the shallow layer.
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PPI =
∑n

i=1
Wi • ti • ru max,i (1) 

where n is the total number of layers within the top 10 m of soil; Wi is a 
binary weighting factor (Wi = 0 if the ith layer is either non–liquefiable 
or located above the water table; Wi = 1 otherwise); and ti is the 
thickness of the ith layer. While PPI provides a clear picture of the 
severity of liquefaction and quantifies the total amount of excess pore 
water pressures generated throughout the soil column, it does not 

account for any possible redistributions within the non–liquefiable 
layers, due to the sharp assumption W = 0. Moreover, PPI does not 
contain any information about the system dissipation capacity in the 
presence of gravel drains.

To address the above limitations and to include an indication of the 
system efficiency in the presence of drains, a new dimensionless integral 
Liquefaction Assessment Index, LAI, is here defined as: 

Fig. 7. Functions for evaluating the integral index LAI (Eqs. (3) and (4)).

Fig. 8. Functions to determine the severity of the seismic-induced excess pore water pressures in the free-field soil column (a, b, c) and 3D unit cell for the analyses # 
67, 68 and 69 (d, e, f).
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LAI = −
1
H
•

∫0

H

C1(z) • C2(z) • dz (2) 

where C1 and C2 are functions of ru max and Δtru, respectively, as follows: 

C1(z) = ru max(z)2 (3) 

C2(z) =

⎧
⎪⎨

⎪⎩

Δtru (z)
D5− 95

if Δtru (z) < D5− 95

1 if Δtru (z) ≥ D5− 95

(4) 

By definition, the integral index LAI varies between zero and one. This 
range is useful for a quick assessment of the severity of liquefaction, 
where LAI = 1 indicates a critical configuration, e.g., a poor drain effi
ciency. A quadratic function was adopted for C1 to give less weight to 
small values of ru max, as shown in Fig. 7. It is worth noting that a 
depth–dependent weighting, which would give greater importance to 
excess pore water pressures generated in shallower layers, was not 
applied. This choice was adopted to define a simple index that represents 
the overall response of the soil deposit and the drain system concisely. 
Nonetheless, this assumption might be reconsidered in a more design
–oriented context.

Fig. 8 illustrates the application of the proposed LAI to the numerical 
results discussed in Fig. 3. For further information, function LAIz is also 
introduced, as defined by Eq. (2) but calculated up to the generic depth 
z. Profiles of C1(z), C2(z) and LAIz are reported for both the 1D free-field 
soil column and the 3D unit cell along the vertical alignment considered 
previously. In the 1D free-field soil column with a fine–grained crust 
(Fig. 8a), liquefaction occurs in most of the liquefiable sand and lasts 
over a time interval that exceeds the strong motion duration (Δtru/D5–95 
> 1), resulting in an integral parameter LAI = 0.55. The function LAIz 
remains constant through the fine-grained crust, reflecting the negli
gible excess pore water pressure in the shallow layer, as effectively 
captured by the C1(z) function. When a shallow dense sandy layer is 
present (Fig. 8b), the upward flow increases the severity of the phe
nomenon, as indicated by the higher value of the integral index (LAI =
0.79). This case highlights the importance of considering the full system 
behaviour rather than limiting the assessment of the integral parameters 
to the sole liquefiable layers. In the homogeneous liquefiable deposit 
(Fig. 8c), full liquefaction of almost the entire soil column results in an 
integral index LAI = 0.84, indicating an extremely severe condition.

The presence of vertical gravel drains (Figs. 8d, e, and f) significantly 
reduces the extent of liquefaction in most of the soil deposit, for all three 
configurations, and accelerates the dissipation process (C2 < 1). The 
corresponding LAI are equal to 0.21, 0.19, and 0.36, for the cases with 
the fine–grained crust, the dense sand and a loose sandy layer, 
respectively.

3. A novel uncoupled approach

With the aim of developing a simplified method to assess the effec
tiveness of gravel drains in mitigating liquefaction, the uncoupled 
approach recently proposed by Boccieri et al. (2024) for computing 
seismic-induced excess pore water pressures within a 1D free-field 
stratified soil column (Appendix A) was extended to an axisymmetric 
configuration to represent a 3D indefinite system of drains.

Following Onoue (1988), the governing diffusion equation to solve 
is: 

∂u(z, r, t)
∂t

= cvr •

(
∂2u(z, r, t)

∂r2 +
1
r
•

∂u(z, r, t)
∂r

)

+ cvz

•
∂2u(z, r, t)

∂z2 +
∂ug(z, r, t)

∂t
(5) 

where r is the radial distance from the centre of the drain and z is the 

depth measured from the ground surface (Fig. 9). The first and the 
second term on the right–hand side of Eq. (5) are dissipative terms, 
which are proportional to the radial and vertical consolidation co
efficients, cvr and cvz, while the third one is the source term, which 
represents the rate of excess pore water pressures occurring in fully 
undrained conditions. The two consolidation coefficients are computed 
as functions of the current mean effective stress p', as cvr = kh/ 
(mv(p')•γw) and cvz = kv/(mv(p')•γw), where kh and kv are the horizontal 
and vertical hydraulic conductivity of the soil, respectively, and mv(p') is 
the pressure–dependent coefficient of volume compressibility.

Onoue (1988) solved Eq. (5) considering: (i) null initial excess pore 
water pressures (u(z,r,t = 0) = 0); (ii) null excess pore water pressures at 
the ground water table (u(z = zw,r,t) = 0); (iii) impervious boundary 
conditions at the bottom of the domain (∂u(z = H,r,t)/∂z = 0) and at the 
maximum distance from the drain ((∂u(z,r = s/2,t)/∂r = 0); and (iv) a 
flow continuity condition at the drain–soil interface, which corresponds 
to solve the following equation: 

kvD

khS
•

RD

2
•

∂2u
∂z2

⃒
⃒
⃒
⃒
r=RD

+
∂u
∂r

⃒
⃒
⃒
⃒
r=RD

= 0 (6) 

where kvD and khS are the vertical and horizontal hydraulic conductiv
ities of the drain and the soil, respectively. In the case of a stratified soil 
deposit, the flow continuity must be imposed at the interface between 
two adjacent layers, given by: 

lim
z→H−

1

kv1
∂u
∂z

= lim
z→H+

1

kv2
∂u
∂z

(7) 

where kv1 and kv2 are the vertical hydraulic conductivities of the upper 
and lower layers, respectively, and the limit operators indicate the 
approach to z = H1 from the top (H1

–) and the bottom (H1
+).

Building on the assumptions introduced by Onoue (1988), the 
method developed in this paper was implemented in a Matlab 
(Mathworks Inc., 2021) routine using the Finite Difference Method 
(FDM) with an explicit Forward–Time, Centred–Space scheme (FTCS, 
Recktenwald, 2004). The adopted time and spatial discretization were 
selected to guarantee the stability of the integration algorithm and to 
minimise numerical errors. Details of the FDM implementation are 
provided in Appendix B.

The filtering procedure, introduced by Boccieri et al. (2024) to 
capture the frequency shift caused by liquefaction in the wave propa
gation problem, was handled by using the Stockwell transform 

Fig. 9. Problem layout in its axisymmetric configuration.
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(Stockwell et al., 1996). The maximum excess pore water pressure ratio, 
ru max, computed at the kth iteration at the centre of the deep liquefiable 
layer (i.e., at z = H1 + 0.5•H2 for the layered configuration, and r = RD 
+ 0.5•(s/2 – RD) in Fig. 9), was used to filter the shear stress time his
tories in the subsequent (k + 1)th iteration, τ(t), at each point within the 
liquefiable layer. The shear stress time histories, which define the 
seismic demand for the uncoupled approach, were first derived from a 
1D free–field total–stress Seismic Site Response Analysis. As a result, τ(t) 
does not vary along the radial direction r.

4. Validation of the uncoupled approach

In this Section, the calibration of the novel uncoupled approach is 
presented in § 4.1, and a validation against the results of the above 3D 
fully coupled FE analyses is discussed in § 4.2.

4.1. Calibration of the uncoupled approach

The 1D total-stress site response analysis was performed adopting the 
Modified Hardin and Drnevich (MHD) model proposed by Conti et al. 
(2020), which requires six parameters, namely: the soil shear strength, 
τlim, the small strain shear modulus, G0, two parameters, a and b, con
trolling the shear modulus decay curve, G/G0(γ), and c and d, which 
govern the damping curve, D(γ). The assumed small–strain shear ve
locity profiles, VS0(z), were consistent with the small-strain shear stiff
ness provided by the constitutive model parameters listed in Tabs. 4, 5, 
and 6.

A series of single-element numerical simulations were carried out in 
OpenSees to calibrate: (i) the MHD soil model; (ii) the cyclic resistance, 
CSR-NL, and the excess pore water pressure accumulation curves, ru-rN, 
for the loose sand; (iii) the CSR-NL curve for the dense sand. The pa
rameters a, b, c, and d were calibrated against the decay and damping 
curves resulting from strain–controlled drained cyclic shear tests. Tab. 7
lists the computed parameters, while Fig. 10 shows a comparison 

Tab. 7 
Soil parameters adopted in the total-stress seismic site response analysis (Conti et al., 2020) and in the novel uncoupled approach.

soil a b c d χ θ CSRt β η

− − − − − − − − −

fine-grained crust (FC) 0.10 10.00 0.13 1.23 − − − − −

dense sand (DS) 0.73 0.70 0.35 1.58 0.92 1.30 0.023 1.918 0.750
liq. sand (LS) 1.53 0.46 0.27 1.69 0.92 1.30 0.023 0.641 0.750

Fig. 10. Shear modulus decay (a) and damping curves (b) adopted in this study (lines) and obtained with simulations of cyclic shear tests in OpenSees (symbols).

Fig. 11. Cyclic resistance (a, Eq. (8)) and pore water pressure curves (b, Eq. (9)) adopted in the uncoupled approach.
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between the reference and the calibrated G/G0(γ) and D(γ) curves.
The CSR–NL and ru–rN, curves were described by Eqs. (8) and (9), 

respectively: 

CSR = CSRt + β • N− η
L (8) 

ru = χ • rN
θ (9) 

where CSRt, β, η, x and θ are dimensionless parameters. The curves 
related to the loose sand were calibrated against the results of stress- 
controlled undrained cyclic shear tests, with CSR in the range 
0.05–0.30 for the ru–rN curve and 0.035–0.40 for the CSR–NL curve, both 
with σ'v0 = 40 kPa, representative of the initial effective stress state at 
the mid–depth of a 10-m-high homogeneous loose sand column. The 
cyclic resistance curve related to the dense sand was calibrated by 
simulating three stress–controlled undrained cyclic shear tests in Open
Sees assuming σ'v0 = 15 kPa, this value being representative of the initial 
effective stress state in the middle of the shallow dense sand, and CSR =
0.04, 0.05, and 0.06. Moreover, the same ru–rN curve previously cali
brated for the loose sand was adopted for the dense one. Fig. 11 depicts 
the cyclic resistance and excess pore water pressure accumulation curves 
considered in the uncoupled analyses, together with the numerical re
sults from the element tests. Similarly, Tab. 7 presents the values of the 
parameters obtained through the best–fitting of the curves.

4.2. Comparison and outcome of the validation

Fig. 12 presents a comparison of the space–time contours of ru(z,t), 
obtained through the FD uncoupled and the FE coupled approach, for 
different spacing ratios (s/D = 2, 3, and 4), adopting the scaled (SF =
0.602) 1989 Loma Prieta (LP) earthquake as input motion, and consid
ering a dense sand shallow layer (analyses # 74, 77, and 80 in Tab. 3). 
All contours refer to the vertical alignment located at r = s/2 (vertical 

red lines in Fig. 12). In the benchmark coupled analyses, complete 
liquefaction is detected across most of the deep loose sand layer, for s/D 
= 4. This condition lasts until the end of the shaking in the upper part of 
the liquefiable layer, with a significant generation of excess pore water 
pressures also within the shallower dense sand. On the other hand, a 
closer drain layout (s/D = 2) prevents liquefaction triggering, together 
with a rapid dissipation of excess pore water pressures. Finally, inter
mediate results are obtained for the case s/D = 3, where liquefaction 
occurs at the boundary between the two layers, but the dissipation 
process starts before the end of the shaking.

As for the performance of the uncoupled approach, excess pore water 
pressures within the liquefiable layer tend to be slightly underestimated. 
The difference with respect to the coupled FE analyses, in terms of ru max 
computed at the centre of the loose sandy layer, amount to 36 %, 17 % 
and 10 %, for s/D = 2, 3 and 4, respectively. Nonetheless, considering 
the simplicity of the proposed method, the results are in a very good 
agreement with the coupled simulations and provide a reliable and 
insightful representation of the key physical mechanisms involved in the 
phenomenon, while strongly reducing computational time, as detailed 
below.

A further validation of the new uncoupled approach is proposed in 
Fig. 13 considering different shallow layers, a fixed spacing ratio (s/D =
3), and applying the scaled (SF = 0.280) 1995 Kobe (KO) earthquake as 
ground motion (analyses # 94 ÷ 96 in Tab. 3). Also for these configu
rations, the predictions from the uncoupled approach are in a good 
agreement with the results of the coupled FE analyses. Both the initial 
generation of excess pore water pressures and the subsequent dissipative 
phases are well captured by the proposed approach. The maximum 
differences between the two approaches amount to 3.7 % in terms of ru 

max for the configuration with a dense sand as shallow layer and to 34 % 
in terms of Δtru for the case of the homogeneous loose sand deposit. In 
the latter case (Figs. 13c and f), the uncoupled approach slightly over
estimates the depth at which full liquefaction occurs: nevertheless, the 

Fig. 12. Space-time contours of the excess pore water pressure ratio in the uncoupled (a, b, c) and coupled analyses (d, e, f), with a dense sand shallow layer and for 
different values of s/D (seismic input = LP scaled by SF = 0.602).
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overall agreement between the uncoupled and coupled analyses con
firms that the proposed approach reliably reproduces the relevant fea
tures of the mechanical behaviour of layered soil deposits.

Finally, Fig. 14 shows the comparison between the values of ru max (a, 
b, and c), Δtru/D5-95 (d, e, and f), and LAI (g, h, and i), resulting from the 
proposed uncoupled approach and the coupled FE analyses. The three 
parameters are computed along the same vertical alignment as that 
mentioned above, with ru max and Δtru/D5-95 referring to the mid-depth 
within the liquefiable soil layer. Each chart provides the results for a 
given spacing ratio (s/D = 2, 3 and 4), for all earthquakes considered in 
this study and for all configurations (fine-grained, dense and loose 
shallow layer). For the sake of clarity, the analyses discussed in Figs. 12 
and 13 are represented with blue and green symbols, respectively.

The uncoupled approach tends to underestimate ru max in the cases 
with a spacing ratio of s/D = 2. Nonetheless, as already discussed in 
Fig. 12, an underestimation of ru max of about 25 % at the centre of the 
liquefiable layer does not affect the overall accuracy of the uncoupled 
approach in representing the physical phenomenon. Considering all the 
analyses, the average differences in terms of ru max and Δtru/D5-95 at the 
centre of the liquefiable layer are 15.1 % and 50 % for s/D = 2, 4.6 % and 
25.6 % for s/D = 3, and 5.1 % and 17.3 % for s/D = 4, respectively. With 
reference to LAI (Figs. 14g, h, and i), the most notable discrepancies 
between the proposed uncoupled approach and the coupled FE analyses 
are detected in configurations characterised by very low values of the 
index, which are less relevant for the scope of this study. Indeed, when 
considering only configurations with LAI ≥ 0.4 from the FE analyses, the 
average difference between the two approaches reduces to 15 %, 
compared to 25.1 % when all the analyses are taken into account.

Given the straightforward implementation of the proposed uncou
pled approach and its capability of providing detailed spatial and 

temporal information on the liquefaction phenomenon in layered soil 
deposits equipped with gravel drains, which includes the generation, 
redistribution, and dissipation phases of excess pore water pressures, the 
differences discussed above may be considered acceptable. The pro
posed approach can therefore be deemed as a valuable tool for practical 
applications, especially in light of the significant computational saving 
compared to fully coupled analyses, which would imply a few minutes 
for the uncoupled approach versus several hours for a coupled 3D 
analysis, when run on a workstation equipped with a 24-core Intel Core 
i7–13700 CPU (2.1 GHz) and 32 GB of RAM.

5. Summary and conclusions

Although the effectiveness of gravel drains in mitigating the lique
faction hazard is well documented in the literature, their design still 
relies on simplified procedures that often neglect crucial features, such 
as the hydro-mechanical interaction between adjacent non-liquefiable 
layers in a stratified soil deposit. In the first part of this paper, an 
extensive series of fully coupled numerical analyses was presented, in 
which the liquefaction response of layered soil deposits was studied, 
both with and without vertical gravel drains. Exploiting the symmetry of 
the problem, a 3D unit cell was modelled in the FE programme OpenSees 
to represent an infinite system of drains. Different spacing ratios, soil 
types, and seismic inputs were considered to provide generality to the 
results.

The comparison between the numerical results of the 3D cell ana
lyses and those referring to 1D free–field soil columns confirmed the 
efficiency of vertical gravel drains in mitigating liquefaction, by 
reducing both the maximum excess pore water pressures and duration 
over which these high values are maintained. The role of the hydraulic 

Fig. 13. Space-time contours of ru(z,t) considering a fine-grained crust (a, d); a shallow dense sand layer (b, e); or a homogeneous liquefiable sand (c, f), with s/D = 3 
(seismic input = KO scaled by SF = 0.28).
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condition imposed by the shallow non–liquefiable layers turned out not 
to be negligible when describing the overall response of the system and 
the effectiveness of the gravel drains, especially near the interface be
tween non–liquefiable and liquefiable layers.

An integral parameter was introduced to quantify both the efficiency 
of the gravel drains and the severity of liquefaction. This parameter 
accounts for the maximum excess pore pressure ratio and the dissipation 
time, thereby capturing the two primary benefits of vertical drains in 
improving the soil response. Depth–dependent weightings were not 
included in the current definition, although this aspect might be 
improved in design–oriented applications in the very next future.

The second part of the paper introduced an extension of the 1D 
uncoupled approach proposed by Boccieri et al. (2024) to an axisym
metric configuration with vertical gravel drains, to model the excess 
pore pressure generation and dissipation in stratified soil deposits sub
jected to seismic loading. Starting from the framework introduced by 

Onoue (1988), the proposed approach includes key improvements for 
the liquefaction risk assessment in the presence of vertical gravel drains, 
addressing known limitations of traditional uncoupled methods: (i) the 
assumption of uniform cyclic loading; and (ii) the inability to reproduce 
variations in frequency content due to pore pressure build–up. The novel 
uncoupled approach was implemented in a Matlab routine through the 
Finite Difference Method and compared with the fully coupled 3D FE 
analyses. The proposed method developed herein provides a reliable 
prediction of the overall liquefaction response, including the time evo
lution of pore pressure generation and dissipation, with a limited 
computational cost. It is also worth noting that the proposed approach 
can be easily extended to soil domains with more than just two layers.

Thanks to the quick response of the novel uncoupled approach, 
future developments will focus on the introduction of non-dimensional 
charts for the design of gravel drains, accounting for the influence of 
the hydraulic conductivity of the non-liquefiable layers on the 

Fig. 14. Validation of the proposed uncoupled approach against the coupled results in terms of ru max (a, b, c), Δtru/D5–95 (d, e, f), computed in the middle of the 
liquefiable layer, and LAI (g, h, i).
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liquefiable soil and for the effects of the excess pore pressures redistri
bution within the soil domain.
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Appendix A. – THE UNCOUPLED APPROACH BY BOCCIERI ET AL. (2024)

Starting from the seminal work by Seed et al. (1975), Boccieri et al. (2024) decompose the evaluation of seismic-induced excess pore water 
pressures within a 1D free-field soil column in two steps: (i) the assessment of earthquake-induced shear stresses, τ(z, t), through a 1D free-field 
total–stress site response analysis; (ii) the computation of excess pore water pressures via the solution of the modified 1D consolidation equation 
(Terzaghi, 1923), where a source term is added to consider pore–pressure generation due to seismic loading.

As for the evaluation of excess pore water pressures, the governing equation is (Seed et al., 1975): 

∂u(z, t)
∂t

= cv •
∂2u(z, t)

∂z2 +
∂ug(z, t)

∂t
(A.1) 

where cv is the consolidation coefficient, which is computed as function of the current mean effective stress to account for the effect of pore pressure 
variations on soil stiffness. ∂ug(z,t)/∂t is a source term representing the rate of excess pore water pressure build-up occurring in fully undrained 
conditions, which depends on soil liquefaction resistance and seismic-induced shear stresses. The source term requires the irregular time histories of 
shear stress, τ(t), to be reduced to an equivalent cyclic loading characterised by a constant amplitude τeq = 0.65•τmax, an equivalent number of cycles 
Neq, and a loading duration Td. Accordingly, the source term can be rewritten as: 

∂ug(z, t)
∂t

=
σ́ v0

NL
•

dru

drN
•

dN
dt

(A.2) 

where σ'v0 is the geostatic vertical effective stress, NL is the number of cycles to liquefaction, N is the nth loading cycle, and rN = N/NL is the cyclic ratio. 
Undrained cyclic laboratory tests are required to evaluate both the excess pore water pressure accumulation curve, ru–rN, from which the derivative 
dru/drN in Eq. (A.2) is obtained, and the liquefaction resistance curve, CSR-NL, where CSR = τ/σ'v0 is the Cyclic Stress Ratio. The equivalent number of 
cycles, Neq, was computed under the hypothesis of linear damage accumulation (Miner, 1945) and the peak-counting method (Hancock and Bommer, 
2005), considering the curve CSR-NL given by Eq. (8) as the locus of same damage level (i.e., initial liquefaction). Accordingly: 

Neq =
1
2
∑Nhc

i=1
Xi (A.3) 

with 

Xi =

⎧
⎪⎨

⎪⎩

(
|CSR0.65| − CSRt

|CSRi| − CSRt

)− 1/η

if |CSRi| > CSRt

0 if |CSRi| ≤ CSRt

(A.4) 

where Nhc is the total number of half cycles with amplitude τi in the time history τ(t), CSR0.65 = τeq/σ′v0 and CSRi = τi/σ′v0. Eqs. (A.3) and (A.4) were 
also adopted to assess the cumulative distribution of the number of cycles, N(t), with Nhc being the number of half cycles up to time t. This procedure 
overcomes the assumption of a uniform distribution of Neq over the loading duration Td, as initially proposed by Seed et al. (1975). Accordingly, the 
derivative dN/dt is not constant and must be computed numerically.

To account for the liquefaction-filtering of earthquake motion within liquefiable layers, an iterative procedure was developed based on the 
Stockwell transform (Stockwell et al., 1996) for the time–frequency decomposition of a signal. The key idea was to use the excess pore water pressures 
computed at the centre of the liquefiable layer at the kth iteration, ru,MID(t), to identify when and how to filter the shear stresses τ(t) to be applied at the 
(k + 1)th iteration. It was assumed that pore pressure ratios ru,MID < 0.2 do not affect earthquake-induced shear stresses. For ru,MID > 0.2, the high- 

frequency components of shear stresses are reduced by a factor F
(

rmax
u,MID

)
, where rmax

u,MID = max 
(
ru,MID

)
: 

F
(

rmax
u,MID

)
= 1 − a1

(
rmax
u,MID − 0.2

)a2
(A.5) 

where coefficients a1 = 0.65 and a2 = 0.25 were calibrated against the results of advanced fully coupled FE analyses, using a trial-and-error procedure. 
The filter F was applied to frequencies f ≥ 0.8⋅f0, where f0 is the fundamental frequency of the soil deposit, as derived from total stress site response 
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analysis.
Being S(t, f) the S-transform of the shear stress τ(t) at a given depth, the S-transform of the filtered shear stress, Ŝ(t, f), was computed as: 

Ŝ(t, f) = F̂(t, f) • S(t, f) (A.6) 

where: 

F̂(t, f) =

⎧
⎨

⎩

1 (t < t̂) or
(
t ≥ t̂ , f < 0.8f0

)

F
(

rmax
u,MID

) (
t ≥ t̂ , f ≥ 0.8f0

) (A.7) 

and ̂t is the first time instant when ru,MID reaches 0.2. The iterative procedure ends when: 
⃒
⃒
⃒
⃒
⃒

rmax
u,MID

(k) − rmax
u,MID

(k− 1)

rmax
u,MID

(k− 1)

⃒
⃒
⃒
⃒
⃒
≤ 1% (A.8) 

Appendix B. – FD IMPLEMENTATION OF THE UNCOUPLED APPROACH

The governing equation of the new uncoupled approach (Eq. (5)) is approximated through the FD method and a FTCS scheme. As illustrated in 
Fig. B.1, the physical domain is represented through a mesh characterised by vertical and radial spatial discretisation, with step Δz and Δr respectively, 
and by a time discretisation, with step Δt. By adopting a uniform discretisation for both time and space domain, it follows: 

tn = (n − 1) • Δt, n = 1,⋯, (Nt + 1), Nt =
Tend

Δt

zi = (i − 1) • Δz, i = 1,⋯, (Nz + 1), Nz =
H
Δz

rj = (j − 1) • Δr + RD, j = 1,⋯, (Nr + 1), Nr =
s/2 − RD

Δr

(B.1) 

where Tend is the duration of the analysis and the axes-origin is fixed at the centre of the gravel drain.

Fig. B.1. Numerical discretization of the physical domain.

Eq. (5) is solved within the soil domain in terms of the excess pore water pressure, ui,j
n+1, at depth zi, radial distance rj and time tn+1, to yield: 

un+1
i,j = un

i,j •
(

1 − 2 • Bn
i,j − 2 • An

i,j

)
+ un

i,j+1 • Bn
i,j •

(

1 +
Δr

2 • rj

)

+ un
i,j− 1 • Bn

i,j •

(

1 −
Δr

2 • rj

)

+

+An
i,j •

(
un

i+1,j + un
i− 1,j

)
+ Δun+1

g,i,j

(B.2) 

where A = cvz•Δt/Δz2 and B = cvr•Δt/Δr2, in which cvr and cvz are the horizontal and vertical consolidation coefficients, respectively. Parameters A 
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and B are time–dependent, as the consolidation coefficients vary with the degradation of soil stiffness due to the pore pressures build–up, following the 
uncoupled approach by Boccieri et al. (2024). To guarantee the stability of the explicit FTCS scheme, it is necessary to impose the condition A + B <
0.5 at each point within the discretised domain.

Once the initial and boundary conditions, as suggested by Onoue (1988) and reported in §3, have been assumed, Eq. (B.2) can be solved. As for all 
nodes at the soil-drain interface (r = RD), the flow continuity condition (Eq. (6)) must be satisfied. In the discretised form, the excess pore water 
pressure at each point along the soil–drain interface can be computed as follows: 

− 2 •
khS • Δz2

kvD • RD • Δr
• un+1

i,2 = − 2 •

(

1+
khS • Δz2

kvD • RD • Δr

)

• un+1
i,1 + un+1

i+1,1 + un+1
i− 1,1 (B.3) 

Eq. (B.3) results into a system of (Nz – Nw) coupled equations, with (Nz – Nw) unknowns, where Nw = (zw/Δz) + 1 identifies the depth of the water table 
zw. Finally, in the case of a stratified soil deposit, flow continuity (Eq. (7)) must be imposed at nodes iH1 = (H1/Δz) + 1, which is discretised as follows: 

un+1
iH1 ,j =

kvS,iH1+1 • un+1
iH1+1 ,j + kvS,iH1 − 1 • un+1

iH1− 1 ,j

kvS,iH1+1 + kvS,iH1 − 1
(B.4) 

where kvSiH1+1 and kvS,iH1 − 1 are the vertical hydraulic conductivities of the upper and lower soil layers, respectively.

Data availability

Data will be made available on request.
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