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ABSTRACT: Climate change induces high variability in environmental loading, such as rainfall patterns, snowing and melting
processes, temperature variations. These climatic variables are expected to influence the occurrence of landslides in the upcoming
years. Specifically, significant variations in rainfall frequency and intensity would affect the risk posed to structures and linear
infrastructures. As a result, more efficient and real-time monitoring techniques and stability analyses will be required. The aim
of this study is to couple predictive numerical models with monitoring data for slopes along infrastructures to set-up warning
tools to help stakeholders in decision making. The hydro-mechanical response of a well-monitored unsaturated slope, adjacent
to a railway line, when subjected to rainfall events is investigated. A numerical Finite Element model has been developed and
validated with in-situ measurements. The hypotheses at the base of the modelling, together with the calibration of unsaturated
conditions, will be discussed. The results of a fully coupled hydro-mechanical analysis for different rainfall scenarios will be

shown.
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1 INTRODUCTION

Rainfall-induced shallow landslides are mainly trig-
gered by water infiltration into the soil and may repre-
sent a hazard to existing linear infrastructures, with se-
rious societal and economic consequences. Prolonged
rainfall provokes a rapid reduction of suction in the up-
permost layer of soils with a consequential reduction of
shear strength up to failure (Alonso et al., 2003;
Salciarini and Tamagnini, 2015). In addition, the reduc-
tion of the degree of saturation (S) of the soil signifi-
cantly affects the infiltration process, as soil permeabil-
ity strongly decreases with decreasing S. In practice,
partially saturated conditions of the superficial layers of
the slope are often neglected, both because of the in-
creased complexity of the problem, and because consid-
ering a slope in fully saturated condition is on the safe
side. However, it is now widely recognized that suction
plays an important role in slope stability analyses, par-
ticularly when the effect of rainfall on slope defor-
mations is studied.

Nowadays, landslide monitoring and early warning
systems are effective tools available to safeguard infra-
structures from climate-induced geohazards where
structural mitigations measures are not possible. In this
study, available field investigation data and laboratory

tests were used to create a hydromechanically coupled
model of a Norwegian unsaturated slope. Particular at-
tention was given to the unsaturated soil conditions
above the water table and to the influence of the rainfall
on the deformations of the slope. Recorded pore-water
pressures were used to identify the hydrogeological
conditions of the slope. The nature of the slope infiltra-
tion mechanisms and the complex relationships be-
tween the mechanical and the hydraulic response are
discussed comparing measurements and calculations of
the S.

2 CASE STUDY

The site studied is a 25-30 m high slope in Eidsvoll mu-
nicipality (Norway), with an inclination reaching ca.
45° near the crest. Two railway lines are located near
the toe of the slope, one of those was recently con-
structed in 2021. In addition, a cultural heritage area,
with an old church from the 12 century and its grave-
yard, is located at the top of the slope, making the real-
isation of some structural slope stability measures, such
as reducing the slope inclination, a non-viable solution.
The slope, whose failure may hazardously affect the
railway lines, has not exhibited any significant deforma-
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Figure 1. Cross section of slope, soil stratigraphy, water table position and location of the sensors.

tion so far. A nearby slope failure recently occurred dur-
ing a period of intense precipitation (Heyerdahl et al.,
2018), therefore, sensors were installed to monitor hy-
drological conditions in the studied slope.

Volumetric water content (VWC) and porewater
pressure (PWP) sensors were installed in late
spring/early summer of 2016 to monitor the hydrologi-
cal conditions (as described in Heyerdahl et al., 2018).
Five boreholes were realised in the studied area, where
sensors were installed at different depths (see Figure 1
and Table 1 for more details).

CPTu tests were performed near all the borehole lo-
cations and used in this study to define the stratigraphy
of the slope. Boreholes 2 and 5 were used to collect sam-
ples at different depths for standard lab tests (constant
rate of strain, CRS, and undrained triaxial tests with an-
isotropic consolidation, CKoU), used to identify the me-
chanical properties of the soil layers.

The slope has been schematised with three homoge-
neous layers. From top to bottom: one sandy silt layer
of about 6 m, a thinner clayey silt layer (about 3 m thick)
and a firm marine clay layer to large depths (Figure 1).

Table 1. Depth of sensors (P = piezometer; VWC = volumet-
ric water content sensor) for each borehole in Figure 1.
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Figure 2 — Soil water retention curves for the drying phase
obtained by interpolating the results from pressure plate
tests. (a) sandy silt layer, 0 =6 m depth; (b) clayey silt layer,
6 +7 mdepth.
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At the top of the slope, the seasonal average water
table level is at about 7 m depth, so that the top layers
are partially saturated. The slope is fully saturated at the
toe, as stated from field measurements.

To investigate the unsaturated properties of the two
layers at the top, pressure plate tests were performed by
Heyerdahl et al. (2018). Four different batches were
considered between 1.5 and 7 m depth, for the determi-
nation of the soil water retention curves (SWRC) for the
drying phase in the sandy silt (Figure 2(a)) and clayey
silt (Figure 2(b)) layers.

3 FINITE ELEMENT MODEL

In this study, the finite element code Plaxis 2D Ultimate
(BentleySystems, 2022) was used to solve the coupled
hydromechanical problem at serviceability state level
(solving together the hydraulic problem and the equilib-
rium, see PLAXIS, 2021), under different rainfall sce-
narios. Stability analyses to evaluate the safety factor,
under ultimate limit state conditions, are not the object
of this study. Further details on the hydrological back-
calculation, and the set-up of an Internet of Things
(IoT)- based slope stability analysis and early warning
system is discussed in Piciullo et al. (2022).

Different rain and snowmelting data series, measured
in the Minnesund station (Eidsvoll area), were consid-
ered to study the mechanical response of the slope in
terms of both hydraulic response and deformations un-
der rainfall and snow melting.

The domain was discretised in 15230 triangular ele-
ments, with 15 nodes each. Each element provides a
fourth order interpolation for both displacements and
the numerical integration involves twelve Gauss points,
as for pore pressures. The spatial discretisation was op-
timised by reducing the element size where more defor-
mations are expected (close to the surface, where the
rain infiltrates).

Normal displacements are fixed on the boundaries.
An elastic perfectly plastic constitutive behaviour, with
a Mohr-Coulomb (MC) failure criterion was used for
the unsaturated layers near the top. A modified Cam-
clay (MCC) model was chosen for the over consolidated
clay. The parameters of the constitutive models were
calibrated on lab test results available at different depths
from boreholes 2 and 5 (see

Table 2). Bishop’s effective stresses are implemented
in the unsaturated analysis.

The unsaturated behaviour was modelled with the
van Genuchten model (van Genuchten, 1980), whose
parameters were calibrated on the data in Figure 2. In
particular, the three-parameter equation implemented
by Plaxis relates the saturation (S) to the pressure head

(y):

S = Sres + (Ssar — Sres)[1 + (galtp)In]% (1)
where Sis is the residual saturation; Ssa=1; ga,
gc=(1 - gu)/gn and g, are fitting parameters (Table 3).

The relative permeability, k1, defined as the ratio of
unsaturated and saturated soil permeabilities, is related
to the effective saturation, Sefr = (S - Sres)/(Ssat - Stes), and
is calculated as:

gn-1\ 2

_In 1 gy
k,.; = max seg;f 1-— [1 - Sg;jzl] ;104 (2)

where g is a fitting parameter (Table 3).

3.1 Initial conditions

To model the initial hydraulic conditions of the slope, a
constant hydraulic head was imposed at the left bound-
ary, in a way that the calculated water table emerges at
the average estimated value of 7 m depth at the top of
the slope on the left-hand side. The average value has
been chosen since the water table slightly varies (less
than 1 m) during the seasons around a yearly average
measured in the piezometric data. The hydraulic head is
imposed on both the right-hand and left-hand sides
(making the toe of the slope fully saturated), whereas a
closed boundary is assumed at the bottom and seepage
is possible on the surface.

A fully coupled analysis was run to get the initial hy-
dro-mechanical conditions of the slope, without rain.
Since the hydraulic conditions are an output of the cou-
pled analysis, the results from the initial calculation
steps are compared to average field measurements from
boreholes 2 and 3 in terms of both PWP and S (calcu-
lated as the ratio between the measured VWC and the
porosity of the materials measured in the lab) (Figure
3). Calculated PWP are in good agreement with meas-
ured average values in the shallowest layers, whereas
the measurements in the deepest layer are overestimated
(Figure 3(a)). This is probably due to the presence of a
permeable layer below the marine clay, whose effect
was disregarded for simplicity, resulting in a safe side
estimation of PWP.

Calculated values of S were compared with both the
yearly average measurements and the average measure-
ments during fourteen days without rainfall (1-14 Feb-
ruary 2017).

The comparison between the yearly average meas-
urements and the measurements during the dry 14-days
period (circles and crosses in Figure 3(b), respectively)
shows that sensors below 2 m depth are slightly affected
by external rainfall conditions. Furthermore, the calcu-
lated values before the application of rainfall are in good
agreement with the measurements in dry conditions.
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Table 2. Materials constitutive models and mechanical parameters in drained conditions.

Unit Young  Poisson . Friction . Saturated MCC
. . Cohesion Dilatancy . param.:
Layer Model weight Modulus ratio (kPa) angle ©) permeability L. M
(kN/m*)  (MPa) ) ©) (m/d) "
Sii‘t“dy MC 18 15 0.3 36 8 0.2074 -
Silty MC 18 15 0.3 32 8 8.6¢-3 :
sand
0.058,
Clay MCC 20 - 0.2 - - 0.054e-3 0018, 1.2
Table 3. Van Genuchten parameters. Pore water pressure (kPa)

Layer Sres 8a gn g -100 0 100 200 300 400
Sandy silt 0.067  1.689 1.9 -0.5884 ' - ' ' '
Clayey silt 0.067  1.181 176 -0.5880 AL —— Yearly average values
Clay Fully saturated —PLAXIS (before rain)

10 -

. . 15 +
3.2 Rainfall scenarios o
Since the measurements of PWP were not measured con- = 20+
tinuously since 2016, the numerical model was firstly &
tested using a rainfall sequence that occurred when data & 25 +
from all the sensors (PWP and VWC) were available for
all the boreholes. This period coincides with rainfall and 30 4+
snowmelting data from 15 February to 15 March 2017
(Rainfall Event (RE) 1: Figure 4(a)). Secondly, the 35 4
model (starting again from the initial conditions) was
tested against a longer and more intense event that oc- 40 +
curred in October 2019 (RE 2: Figure 4(b)).

e . ) . (a)
Precipitation was applied vertically on the boundaries e
of the model that represent the ground surface. The infil- Saturation (%)

tration was assumed to be coincident with the rainfall 0 0 30 100

and snowmelt data (mm/d) reported in Figure 4.

On horizontal ground surfaces, the full precipitation
(q) was applied. On a slope, with inclination « with re-
spect to the horizontal, an infiltration perpendicular to
the inclined boundary, with a magnitude of g cosc, was
applied. To be on a safe side estimation of the slope de-
formations, potential run-off on the slope, as well as veg-
etation effects, were disregarded.

4 RESULTS AND DISCUSSION

Consistently with what happened in the real slope, none
of the two rainfall events (REs) brought the slope to fail-
ure. In the analysis, the slope deformed at the end of both
the REs with a maximum ground level horizontal dis-
placement of about 4 cm at the toe of the slope and about
2 cm close to the railway line.

Figure 5 shows the results in terms of saturation pro-
file against depth after the two considered REs. In par-
ticular, red lines are used in Figure 5(a) for the RE 1 and
blue lines in Figure 5(b) for RE 2.

—e— Yearly average values
—1-14 February 2017

—Plaxis (before rain)

Depth (m)
(98]

6 L
(b)
Figure 3 - Comparison between seasonal average values of
field measurements and numerical results after the initial
steps of the fully coupled analysis: (a) pore pressure in bore-
hole 2 and (b) degree of saturation in borehole 3.
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The results are compared against the measurements
after the REs from VWC sensors in borehole 3. After
both the REs, the calculated saturation slightly changes
below 2 m depth ca (i.e. the numerical results before and
after rain almost coincide). This means that the numeri-
cal model properly reproduces the internal infiltration
flow previously observed from measurements in Figure
3.

The results close to the ground surface tend to overes-
timate the degree of saturation. This might be due, in re-
ality, the slope is covered by vegetation, whose hydrau-
lic effects are disregarded in the numerical model,

Rainfall Event 1

[=2)
o
1

wn
(=]
T

40

20 r

Ramfall and snowmelting (mm/d)
s 3

[~ [~ = [~ 0= [~ [~ [~ [~ [~ [~ = 0~ 0= [~ [~ [~ [~ 0~ [~ = [~ [~ [~ B~ = [~ 0~ [~
prbinb ke vk ok o ol ok L i I VL L e e L L e L
OO OO0 OOOOOOOOOOOOOOOOOCOOOOOO
RIS N N N e N N N e e N e S S IS NS NS R
QAN aaaaaa 88800999 388a8a88da
I CICICICI I CICICI CI O G0N 00 00 00 070 0000 00 070 00 0N e 00 00 o0
OO OoOOODOOOoOOODOOoOOo OO OOoOOoOoOoODOooOo
COLOOO0eC000oSC0e000900S200S9
VMOS0 NtV O —Clon OIS —olen <t w
A IO AN NN N O OO OO OO OO i = =
Date (dd/mm/yyyy)
(a)

Rainfall Event 2

wn [=2)
(=] (=}
1

.
S

[*]
(=]

Rainfall and snowmelting (mm})

27/09/2019
28/09/2019
29/09/2019
30/09/2019
01/10/2019
02/10/2019
03/10/2019
04/10/2019
05/10/2019
06/10/2019
07/10/2019
08/10/2019
09/10/2019
10/10/2019
11/10/2019
12/10/2019
13/10/2019
14/10/2019
15/10/2019
16/10/2019
17/10/2019
18/10/2019
19/10/2019
20/10/2019
21/10/2019
22/10/2019
23/10/2019
24/10/2019
25/10/2019
26/10/2019
27/10/2019

Date (dd/mm/yyyy)

(b)

Figure 4 - Rainfall and snowmelting data series from Minne-
sund Station considered in this study. Measurements from (a)
rainfall event 1 and (b) rainfall event 2.

for simplicity, e.g. decrease in soil permeability and de-
lay of water infiltration, discussed in Rahardjo et al.
(2014), Scholl et al. (2014) and Capobianco et al. (2021).

This assumption is likely to give a safe side estimation
of the deformation of the slope. However, the numerical
results close to the ground surface for RE 2 (Figure 5(b))
better approximate the measurements if compared to RE
1. This is because the hydraulic initial configuration of
RE 2 is closer to the average initial configuration con-
sidered in this study, whereas RE 1 occurred after an un-
usual dry period.

15 March 2017

Saturation (%)
0 20 40 60 80 100

—&— Measurements (after rain)

Plaxis (before rain)

Depth (m)
("53]

= = DPlaxis (after rain)

(a)

27 October 2019
Saturation (%)

—&— Measurements (after rain)

Plaxis (before rain)

Depth (m)
("3 )

— — DPlaxis (after rain)

(b)
Figure 5 - Comparison between of data measured in borehole
3 and numerical results in terms of saturation after (a) RE 1

(March 15" 2017) and (b) RE 2 (October 27" 2019).
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Despite the model giving safe-side estimation of po-
tential instabilities, the fitting of numerical results with
measurements might be improved by modelling the ac-
tual initial configuration of the water table instead of the
average one.

Furthermore, the effects of vegetation might be in-
cluded in the model.

5 CONCLUSIONS

In this study, an advanced finite element model was de-
veloped with the final goal of simulating the hydro-me-
chanical response of a Norwegian slope under two dif-
ferent rainfall scenarios. The mechanical properties of
the materials and the initial conditions were calibrated
against both field measurements and lab tests. The re-
sults were compared with available field data. The finite
element model was able to capture some of the essential
aspects of the infiltration mechanism due to precipitation
through the slope surface, making it potentially suitable
to be used as a tool to define triggering conditions of
failure for future studies on the impact of climate
change.

The procedure used in this study is completely gen-
eral and based on simple principles of soil mechanics. It
might be used for other similar applications where suffi-
cient monitoring and site investigation data are availa-
ble.
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