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2D seepage process simulation:
preliminary analyses

Summary

One of the research activities carried out by the “Impact on Soil and Coast” division of
CMCC (Euro-Mediterranean Centre for Climate Change) concerns the impacts on
territory monitoring activity and hydrological risk prevention.

The activity purpose is identifying slide triggering factors in pyroclastic soils of the
Campania Region.

This preliminary analysis identifies the role that shape of the slope and boundary
conditions play into seepage processes.

Seep dynamics into the soil can be analysed with the FEM software SEEP/W (Geo-
Slope International LTD, 2004); it is able to model the water flow and the pore-water
pressure distribution through porous materials.

Depending on the infiltration amounts, suction, pore water pressure and soil physical
properties can be modified.

Pyroclastic soil of Nocera Inferiore (Salerno) is tested.
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1.1 Introduction

This work plugs in the cooperation between CMCC (Euro-Mediterranean Centre for Climate
Change) and AMRA (Regional Centre for Analysis and Monitoring of environmental risk) in order
to study landslides phenomena due to extreme meteorological events.

Research activity will develop a numerical model to investigate the mechanisms of rainfall-induced
landslides in some geomorphological contexts.

This work concerning Nocera Inferiore case-history, and it is aimed to realize a geometry model of
the slope and to develop numerical results; results interpretation, carried out by AMRA, will allows
to identify slide triggering factors in pyroclastic soils of the Campania Region.

Campanian slopes are typically constituted by a carbonaceous bedrock, covered by unsaturated
pyroclastic deposits from the Somma-Vesuvio volcano.

Porosity of pyroclastic layers, thick less than 2 meters, is very high (between 60-80%), so they are
subject to recurrent slope instability phenomena triggered by intense rainfall events.

In fact high porosity and unsaturated conditions are the main factors determining soil liquefaction
upon failure.

During intense rainfalls, increase of water content leads pyroclastic soil near to saturation, causing
matric suction decrease and soil shear strength reduction.

So the interaction between fluid phase and soil structure is very important for slope instability.

The main target of this work is to simulate seep process into soil volume in order to study the
effects of the rainfall (and change of the water quantity stored inside the soil) to the mechanic
behaviour of the soil.

1.2. Seepage analyses

1.2.1 Governing Equations

Seepage analyses aimed to predict rainfall-induced slope failures; in fact the infiltration and/or the
evaporation amounts cause changes in suction, pore-water pressure and soil physical properties.

In order to model the water flow and pore-water pressure distribution through porous materials, a
finite element software (SEEP/W, Geo-Slope International LTD, 2004) is used.

The governing differential equation used in the formulation of SEEP/W is:
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where:

H = total head

ky = hydraulic conductivity in the x-direction
ky = hydraulic conductivity in the y-direction
Q = applied boundary flux

n = volumetric water content

t = time



This equation states that the difference between the flow (flux) entering and leaving an elemental
volume at a point in time is equal to the change in the volumetric water content. More
fundamentally, it states that the sum of the rates of change of flows in the x and y directions plus the
external applied flux is equal to the rate of change of the volumetric water content with respect to
time.

Changes in volumetric water content are dependent on changes in the stress state and the properties
of the soil.

The stress can be described by two state variables (6 - u,) and (u, - uy) where o is the total stress, u,
is the pore-air pressure, and uy, is the pore-water pressure.

SEEP/W is formulated for conditions of constant total stress; the second assumption is that the
pore-air pressure remains constant at atmospheric pressure during transient processes. This means
that (o - u,) remains constant and has no effect on the change in volumetric water content.

Changes in volumetric water content are consequently dependent only on changes in the (u, - uy)
stress state variable, and with u, remaining constant, the change in volumetric water content is a
function only of pore-water pressure changes:
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Since the elevation is a constant, the following governing differential equation is:
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In order to solve this equation it needs to define boundary and initial conditions, and hydraulic
parameters too.

1.2.2 Domain geometry and material property

The soil tested is in Nocera Inferiore (Salerno), and it is a volcanic ash, made of non plastic silty
sand with gravel (Zingariello, 2008).

On 4™ March, 2005, following to a heavy rain event, the slope developed into a significant rapid
flowslide of 33000 m’ that killed three persons.

The slope is 300m length and inclined respect to the horizontal plane of 37°; downstream there is a
horizontal plane of 30m (figure 1). The depth investigated is 2m.

In computing the initial condition, a hydrostatic condition is assumed for soils above the initial
water table.

Natural water table is assumes parallel to slope and located 2m under the bottom and then water
pressure equal to zero at this depth.



Figure 1. Nocera slope geometry

Mesh is shaped by rectangular elements 100x36cm each one; in particular the upper part of the
slope (0,20m) is more dense (100x4cm) in order to have a better analysis.

In fact at upper contour it is possible to have convergence iteration problems because water
pressure, that on the surface is zero, takes up a negative value in a little spatial gradient.

Figure 2. Rectangular mesh elements

In order to define material conductivity and its degree of saturation, it needs to say that in
unsaturated soils, hydraulic conductivity is no longer a constant but varies with changes in water
content and indirectly varies with changes in pore water pressure.

Therefore infiltration processes induce continuous changes of the percentage of saturated voids, and
in soil permeability k,, as well.

SEEP/W models these relationships as continuous functions unlike the most of the other seepage
analysis software packages that do not take these relationships into account.

A conductivity function defines the relationship between pore-water pressure and hydraulic
conductivity.



A soil desaturates and the water content decreases when the pore-water pressure becomes negative;
the ability of the soil to conduct water decreases as the water content decreases. The soil hydraulic
conductivity consequently decreases as pore-water pressure becomes increasingly negative.

Curve has been deduced from took in site sample laboratory tests.

In particular conductivity function has been defined by specifying a series of discrete data points
and fitting a weighted spline curve to the data points in order to create a continuous function.
Conductivity constant at saturation is kg = 1,0e-06 m/s.
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Figure 3. Trend of K vs Suction

The water content must be specified as the volumetric water content, which is defined as the
porosity multiplied by the degree of saturation. In equation form:

n=nS
where:
n = volumetric water content
n = porosity

s = degree of saturation

A vol. water content function describes the volume of water that a material can store as a function
of the pore-water pressure.

As the pore-water pressure moves from a positive to a negative state, the soil begins to desaturate,
and water content decreases.

Volumetric Water Content at saturation (volumetric water content in a saturated soil) is V.W.Cgy =
6,0e-01. It is equal to the porosity of the soil and it is the water content valued at a pressure of zero.
This curve also has been deduced from took in site sample laboratory tests.
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Figure 4. Trend of Vol.W.C vs Suction

1.2.3 Lower boundary conditions

Three seepage analyses have been carried out, assuming different lower boundary conditions: at
first it is assumed impermeable contour, then it is assumed unit gradient, at last potential seepage
face is assumed.

» The first condition imposes exit flux equal to zero (qi = 0); it simulates impermeable

bedrock under pyroclastic layer.

Figure 5. Impermeable contour

1" ANALYSIS 2" ANALYSIS 3 ANALYSIS
Lower contour Impermeable Unit gradient Potential seepage
BOUNDARY . . .
CONDITION | Lateral contour | Potential seepage face | Potential seepage face | Potential seepage face
Upper contour Rain (mm/d) Rain (mm/d) Rain (mm/d)
Table 1




» The second condition allows unitary flux to exit for gravitational potential:
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In other words qoy at i-step is equal to hydraulic conductivity present at i-1 step (ki.1).

In a transient analysis the drainage is free to increase or decrease with time, depending on the small
changes in pressure in the elements above the free drainage boundary. In turn, the water content at
the bottom can, with time, increase or decrease in response to the free drainage or infiltration from
above.

Figure 6. Unit gradient contour

» Finally potential seepage face fixes an upper limit on the number of times a single node can
be reviewed for a possible change in flux to head boundary per time step.
This is a condition that changes as to soil saturation degree: if in the last iteration the node is
saturated, water pressure is zero; if the node is partially saturated, software imposes flux
equal to zero.

Uy, i=0 if uw,i_1>0
{qizo if uw,i_1<0

So it is sure that contour water pressure not exceeds zero value.

Figure 7. Potential seepage face

These boundary conditions are alternately imposed at the slope bottom.



1.2.4 Lateral and upper boundary conditions

» All analyses assume potential seepage face as lateral boundary condition.

Figure 8. Potential seepage face in lateral boundary

» Rainfalls are boundary condition imposing at the top of the slope.

Figure 9. Rainfalls in upper boundary

The phenomena analysis needs a weather station to measure rain, temperature, atmospheric pressure
in order to study the soil behaviour compared with change of the water quantity stored inside the
soil.

The rain data are available from the measurements of a meteo station in S. Pantaleone hill.

In order to understand the entire slide trigger phenomenon it must considerate a long meteorological
history.

The rain events that took place before the 4™ March, increasing soil water content and relative
humidity; the analysis starts from the 1% August 2004, seven months before the slide trigger.

In Figure 10 it’s shown a daily rain trend occurred from the 1% august 2004 until 31% march 2005;
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Figure 10. Daily rain ( 1% august 2004 — 31% march 2005), weather station on S. Pantaleone

Rain intensity must be projected perpendicularly to slope. As it is inclined of 37°, it must to impose
q*cos(37°).

Where the slope surface is horizontal the value of q has to be fixed.
If this condition produces water pressure u,, > 0 kPa it is necessary to impose uy, = 0 kPa.
So upper boundary condition is:

gi or gicoso. if Uy, i1 <O

uw,i=0 if uw,i_1>0
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1.3. Change in slope geometry

Analyses have been carried out to predict slope failure trigger, studying degree of saturation and
water pressure trends. The target of this work is to comprehend the geometry influence on seep
process of pyroclastic soils, so in addition to these analyses, an other slope geometry has been
considered.

Three analyses have been carried out assuming that in the middle of the hill there is a track, like that
is shown in figure 11.

Figure 11

Track could be natural or artificial and it has been considered in order to analyze seepage process
changing the shape of the model.

It can be possible that pumice layer with high permeability could be surface; in fact recent research
carried out on Campanian volcaniclastic deposits has highlighted that, in some cases, pyroclastics
cover overlies decimetre thick pumice level, produced by airfall deposits from explosive eruptions
of Mt. Somma-Vesuvius.

The stratigraphy of sliding zones may be important, in particular the presence of pumice levels
which affect the water content; in fact the saturated condition reached by the permeable pumice
horizon, confined by fine-grained ashy deposits, can be an important slide triggering factor.

Material properties and boundary conditions are the same assumed in previous geometry:

Time history is composed by 227 days and time steps are one day each one.
Furthermore if nodal head value is greater than 5% as regards to previous step, extra time steps are

used. In this instance step time has a range between 1 and 5 hours.

11

SLOPE WITH TRACK 4™ ANALYSIS 5" ANALYSIS 6™ ANALYSIS
Lower contour Impermeable Unit gradient Potential seepage
BOUNDARY . . .
CONDITION | Lateral contour | Potential seepage face | Potential seepage face | Potential seepage face
Upper contour Rain (mm/d) Rain (mm/d) Rain (mm/d)
Table 2




1.4. Results

Saturation degree and water pressure trends in time of four points located at different depth are
investigated; Cross section analysed is the same for both geometries considered, so that influence of
slope geometry is investigated.

Data outputs are showed below; in all graphics the daily rain from 1* august 2004 to 16™ march
2005 is also plotted.

Figure 12 and Figure 13 show saturation degree trends for the two slope geometries above
mentioned, imposing impermeable contour at bottom.
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Figure 12. Saturation degree trends, impermeable contour
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Figure 13. Saturation degree trends, impermeable contour, slope with track

Curves start from different initial soil saturation degree: on the bottom there is a higher volumetric
water content value than other points because of the unsaturated soil capillarity.

It 1s possible to see that saturation degree increases when it’s raining, especially on upper layers
(azure and yellow curves) that feel more rain effects.

Saturation in lower layers of slope (blue curve) is just achieved in January, whereas in the presence
of the track they saturate in February; in last instance it shows that upper layers fluctuation is less
pronounced.



Figure 14 and figure 15 show water pressure trends.
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Figure 14. Water pressure trends, impermeable contour
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Figure 15. Water pressure trends, impermeable contour, slope with track
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Water pressure decreases in dry periods; that is the same as saying that suction increases, in fact
water pressure and suction are different only for the sign. Minus sign of water pressure is equivalent
to plus sign of suction.

Node on the surface (azure curve) achieves the lowest pressure value because water, as soon as
arrives, seeps downward through the soil; thus upper soil layers are the most unsaturated.

Nodes in the lower layer achieve values higher than zero; it means that water table is overlying.

In both geometries it can to see that water pressure not comes back to initial values because water
retention capacity of pyroclastic soils is high.

In second and fourth analyses unit gradient condition is imposed at bottom.
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Figure 16. Saturation degree trends, unit gradient contour
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Figure 17. Saturation degree trends, unit gradient contour, slope with track

As can be seen from the graph, free drainage boundary condition make a problem at the bottom
(blue curve).

It is interesting to note that, without terrace, saturation is achieved on the surface only during rain
events and soil desaturates as soon as the rain stops.

Instead, when there is a track in the middle of the slope, soil saturate after march rainfalls.

Figure 18 and figure 19 show water pressure trends.
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Figure 19. Water pressure trends, unit gradient contour, slope with track
good boundary condition for bottom contour. It is possible that software make a miscalculations
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Saturation degree and water pressure trends of second analysis shows that unit gradient is not a
near the contour line; a more detailed mesh analysis should be carry out.
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Figure 21. Saturation degree trends, potential seepage contour, slope with track
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Figure 23. Water pressure trends, potential seepage contour, slope with track
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impermeable case (soil saturation achieved about in January). Instead it is possible to see that at

As long as bottom is partially saturated, degree of saturation and water pressure trends are similar to
minor depth (azure and yellow curves), soil saturates later.

As well water pressure not exceeds zero value due to imposed condition.



Conclusions

In last years a lot of slides have occurred in pyroclastic soils of the Campania Region (Italy).

One of the most slide triggering factors in these soils is the increase of soil water content, due to
rain events.

Activities carried out by AMRA concerns the know-how acquisition in order to point out the main
geomorphological features in Campania Region and to validate slope-stability software in response
to rainfall events.

In order to simulate a physical model it is necessary defining stratigraphy and hydro-mechanics soil
parameters.

This work, concerning Nocera Inferiore case-history, explains the way to simulate seepage process
trough the soil with a finite element software, SEEP/W (Geo-Slope International LTD, 2004).

In order identify the role that shape of the slope and boundary conditions play into seepage
processes, six analyses have been carried out, three for each geometry considered.

Different boundary conditions have been assumed on the slope bottom: impermeable contour, unit
gradient and potential seepage face.

In all analyses it appears that heavy rainfalls occurring in December and in March are very
important for slope stability.

Layers on the surface are subjected to atmospheric conditions more than layers at bottom; in fact
upper layers fluctuation is highly pronounced, whereas rain effects in deeper layers are putted off.
In both geometries it can to see that water pressure not comes back to initial values because water
retention capacity of pyroclastic soils is high.

Furthermore all the evidence makes it clear that unit gradient is not a good condition to impose at
bottom, whereas potential seepage face condition has given satisfactory results.

It is possible that it depends on the complexity of the model geometry.

The presence of the track in the middle of the slope seems to affect especially deeper layers.

When there is a track, suction decreases more rapidly on the surface, whereas at bottom it decreases
later.

These analyses are carried out for preliminary study; AMRA will use these results in order to define
water content and suction conditions triggered landslides phenomena.

So that it is possible to define threshold values for prevention and protection of landslide risk.
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