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INTRODUCTION 

The tectonically active chain of southern Apennines (Italy) represents an area in 

which the slow landsliding is widespread, the outcropping clayey soils are highly 

disturbed, fissured and full in rock inclusions, as result of an intense long-lasting 

tectonics. The landslide activity can be classified as deep and as slow to very slow 

(Cruden & Varnes 1996) and may be due to changes of the boundary and/or 

loading conditions. 

This is the context of the Pisciolo hill (Melfi, south Italy), subject of the present 

study. The slope is affected by a failure mechanism giving rise to an active and 

complex landslide process that produces several damages to the important 

infrastructures in the surrounding, such as an aqueduct pipeline, a national road 

and a local railway, prompting a comprehensive investigation and monitoring of 

the slope features and processes. 

The recent developments of investigation field suggest that the behavior of these 

fissured soils is highly influenced by hydraulic dynamics also down to large 

depths, reducing even further the material strengths and causing periodic 

accelerations of landslides. 

The aim of this work is to obtain a correct valuation of processes of slope-

atmosphere interaction and the prediction of evapo-transpiration flow, including 

not only geotechnical features but also atmospheric conditions of Pisciolo hill-

slope through the use of Code-bright. The program allows to model thermo-hydro-

mechanical (THM) processes in a coupled way in geological media. 

The first chapter outlines the geological and the geotechnical model of the slope 

created through the field investigations, along with the reconstruction of the slope 

history and the analysis of the collected data. 

The interaction of the slope with the atmosphere occurs through the shallow soils, 

whose fundamental features are shown in the second chapter . 
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The third chapter includes the metheorological data to be assigned to the upper 

edge of the model and that Code-bright requires in order to represent the temporal 

variation of atmospheric conditions that control the inflow or the outflow in the 

media. 

The fourth chapter discuss the procedure followed to built the one-dimensional 

elements with the use of the preprocessing code GID, and then analyzed by Code-

Bright. The geometry and the activated laws allow to focus on the hydro-thermic 

answer of the model. 

The last chapter shows the results obtained with the code. These are investigated  

in order to comprehend  the weight of the features used to describe the model in 

the analysis. A comparison with the collected data is led to find similarities and 

differences respect the behaviour of the site. 
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CHAPTER 1 

THE PISCIOLO HILL-SLOPE. 

This chapter describe the features of Pisciolo hill-slope and the phenomenological 

interpretation of the failure mechanism obtained from the comprehensive 

investigation and monitoring of the slope, funded by the Apulia Aqueduct 

authority after the several damages suffered by the aqueduct pipeline in the last 

decade. 

The interpretation has required the characterization of, first, the geological model 

and, second, the geotechnical model of the slope, along with the reconstruction of 

the slope history, that benefited from a temporal analysis of historical documents, 

aerial photos and field survey data dating since 1955. 

Forty boreholes in the slope, of depth ranging between 20 and 80 m, were 

equipped with either piezometers (Casagrande or electric) or inclinometers, 

monitored since autumn 2009. Thirty-one undisturbed samples were taken and 

tested in the laboratory. 2-D resistivity surveys were carried out along three 

profiles (Geoprospector 2010). Moreover, since early 2010 a continuous GPS 

monitoring is measuring the ground displacements along the water pipeline. 

 

1.1 Geological setting 

The Pisciolo hill-slope (Melfi, Italy) is located in the north-eastern margin of the 

Southern Apennines, along the Ofanto Valley and is developed around the Pisciolo 

gourge, that is the key line of drainage of the hillslope surface water. 
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Figure 1.1 PISCIOLO HILLSLOPE (Melfi, Daunia Apennines) 

 

The slope soils are rapresented by clays interbedding several discontinuous rock 

strata, at large depth part of the RedFlysch, overlain by clays interbedding 

fractured rock intervals,  part of the Transition Flysch, locally covered by 

sandstones, sands and sandy clay layers of the Numidian Flysch. 

The slope soils have been subject to folding and faulting during the orogenesis so 

that at present they are disarranged and disturbed. A main NW-SE anticlinale 

structure, with the Red Flysch at the core, crosses the slope and is crossed by a 

sub-vertical normal fault. 

The sequence of the Red Flysch at bottom, Transition Flysch in the middle and 

Numidian Flysch at the top, has been disturbed very much as effect of erosion at 

the top of the anticlinale. The deep and ancient Red flysch outcrops locally at the 

centre of the slope, surrounded by a wide region of Transition unit, while the most 

recent Numidian Flysch dips along the slope and outcrops at the southern toe of the 

hill-slope (Fig. 1.2) 
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Figure 1.2. Geological and geomorphological map of Pisciolo slope. 

 

Besides the slope debris, some wedge-top basin deposits (Pliocene sandstones) and 

Ofanto alluvial sediments outcrop at the top and at the toe of the hill-slope 

respectively (Fig.1.2). 

Thanks to the geological survey data, the borehole coring data and the results of 

electrical resistivity tomographies, a schematic model of the slope has been built. 

The top soil complex is the Numidian Flysch, N, formed of quartz sandstones and 

clayey levels. The bottom complex, R, is made of the scaly clays of the Red 

Flysch, including few calcarenite blocks. The middle transition complex is made 

up of laminated fissured clays, locally silty or sandy, including disarranged rock 

blocks, from centimeters to metres thick (from 5 cm to 10 m). The rock inclusions 

and levels vary from being calcareous to silicoclastic when moving from the 

bottom to the top of the transition complex. Consequently, two sub-complexes 

could be distinguished within the transition complex: the upper one (ST), rich in 
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quartz sandstone interbeddings, and the lower one, CT, less rich in rock intervals, 

that, in this case, are mainly calcareous. 

 

1.2 Geotechnical soil properties 

1.2.1 Physical properties 

The samples tested in the laboratory belong mainly to either the ST or the CT 

transition sub-complexes, whose presence is dominant in the hill-slope. The 

samples have been distinguished in two groups solely on the ground on their 

geotechnical properties and irrespective of the sub-complexes they belong to. 

Thereafter, it has been recognized that Group 1 clays are mainly part of sub-

complex ST, although occour at places also in CT, whereas Group 2 clays are 

mainly part of CT. 

Mean values of the composition and physical properties for each group are 

reported in Tab. 1.1. 

As Fig. 1.3 shows, the clays of Group 1 are characterized by a higher sand fraction 

(SF between 20% and 31%), a lower clay fraction (CF < 42%) and the lowest 

plasticity indexes (PI between 24% and 33%). On the contrary the clays of Group 

2 have a lower sand fraction (SF), a higher clay fraction (CF > 40%) and high 

platicity index (PI > 40%). Both groups include high activity (A) clays.  

The clays of both the groups are fissured. 
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Materials GF SF MF CF PI CI A 

 % % % % % - - 

Group 1 4 21 35 40 33 1.3 0.9 

Group 2 1 11 36 52 45 1.2 0.8 

Table 1.1. Average values of composition and physical properties of Group 1 and 

Group 2 clays. 

 

 

Fiure 1.3. Particles size distribution of clays of Group 1 (red lines) and of Group 2 

(black lines) and of one sandy sample (brown line) 
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Figure 1.4. A) Casagrande plasticity chart, B) Activity. Red symbols:clays of 

Group 1, black symbols: clays of Group 2 

 

1.2.2 Hydro-mechanical properties 

Several restrained swelling oedometer tests were carried out to study the clay 

compressibility up to high pressures (σ’vmax = 5 MPa), while the shear strengths 

have been obtained with several consolidated undrained triaxial tests (CIU) and 

direct shear tests. The results of the laboratory investigation is  summarized in 

tables 2 and 3. 

 

Materials Sample depth Cc Cs 

m below g.l - - 

Group 1 (shallow) 11 – 17 0.120 0.042 

Group 1 (deep) ≥ 80 0.083 0.042 

Group 2 (shallow) 6 – 22 0.168 0.066 

Group 2 (deep) 31 – 80 0.124 0.042 
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Table 1.2. Average values of compression (Cc) and swelling (Cs) index measured 

during oedometer tests on Group 1 and Group 2 clays. 

Materials c’ φ’ p’ 

KPa ° KPa 

Group 1 (shallow) 20.0 18.4 < 250 

Group 1 (deep) 8.5 – 19 14.4 – 18.6 250 – 950 

Group 2 (shallow) 5.0 14.0 < 250 

Group 2 (deep) 8.5 – 19 14.4 – 18.6 250 - 950 

Table 1.3. Average values of peak strength parameters of Group 1 and Group 2 

clays. Are highlighted the upper and the lower bound of the strength envelope. 

 

The compressibility exhibited by the Group 1 clays (Tab. 1.2) is smaller than that 

of Group 2 clays, because the second ones are less sandy and consitent, and 

shallow samples are more compressible than the deep ones. On the contrary, the 

clays of both groups have similar swelling capacity. The vertical permeability 

coefficients measured in the oedometer for both goups range between 10-11m/s 

and 5-10m/s in their initial state (Pedone et al. 2012) 

The samples of soil have been consolitated until different levels of mean effective 

stress in order to know the strength parameters not only in the first 20-25m below 

the ground level, but also at higher depth, until 95m. 

Through appropriate simplifications four main linear equations have been plotted 

whose parameters are shown in the Tab1. 3. The highest strengths are exhibited by 

the soils of Group 1 located in the first 25m of depth, which correspond the upper 

bound of the strength envelope. The soils of Group 2 have smaller strength than 
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for Group 1, therefore their envelope plots a lower bound of the general strength 

envelope. For deep clays the difference between the two groups seem lost (Tab. 3). 

 

 

 

1.3 Slope history and current landsliding 

The current geomorphological setting of th Pisciolo hill-slope , shown in Figs. 1.2, 

1.5, is the result of the analysis of 2003 aerial photos, field survey data and 

inclinometer data (2009-2011), as well as of yhe failure records logged since 2003. 

The slope today has several landslides divided in three under basin, the landslides 

are of medium to large depth, often cheracterized by rototranslation shear bands 

mainly in the transition complex, but they may also include shallow slipping. 

While in basin 1 three different active bodies L, F and G, can be recognized, in the 

basin 2 main bodies A, C; C9 have the same toe located about the bottom of the 

Pisciolo gorge, other three landslide bodies occur about the Arconcello gorge, in 

basin 3. 
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Figure 1.5. Geomorphological map of Pisciolo slope 

 

Most landslide bodies are today active, but the comparison with the aerial photos 

of the past shows that only fifty years ago the situation was very different. In 1955 

(the date of the oldest photo) not only the landslide basin was smaller and the 

bodies were much thinner, but the largest part of them was inactive. Nowadays 

only the bodies H and B3 are still inactive. During these years the slow deepening 

and enlargement of first-time failure has given rise to new landslide bodies: A, C, 

C9 and L . In addition, further slow retrogression of body F and advancement of 

bodies B, D and G has taken place. 
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Figure 1.6. Evolution landslides from 1955 to the 2010. Key: active 

landslides in the 2010 map represented in red. 

 

The topography also shows that the Pisciolo valley, today much less etched, in 

1955 was a deep groove, essential for the drainage of surface water that run off to 

the valley. On the sides of the gorge there were little, elongated and thin landslides, 

similar to soil slips, whose foot was located in the gorge. 

Linking the two significant morphological changes it is possible to assert that in 50 

years there has been a slow evolution of landsliding strongly influenced by the 

gradual erosion of the Pisciolo valley, which caused the slipping of  the foot of 

lateral landslides. As a result the bulk sediment generated along with the 

enlargement of the landslides barred the valley. The greater amount of water 

infiltrating has consequently increased the pore water pressures and, here forth, 

reduced the strength also down to large depth. 

In order to identify the factors that controlled the processes is been helpfull to 

study the evolution of the collected data during the years of field investigation. 
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Figure 1.7. 180 days cumulative rainfall, hydraulic heads and displacement rates 

measured in the most hazardous zone of the Pisciolo hill-slope 

 

Fig. 1.7 reports the displacement rates measured at 20 m depth down inclinometer 

SDI12 and by means of the GPS sensor S2, both located within the toe of bodies 

C9 – C – A (Fig. 1.5), the piezometric heads, recorded with reference to the ground 

level at 15 m and 36 m depth along borehole SCP7 (Fig. 1.5), and the 180 days 

cumulative rainfall. All the monitoring data are plotted against time and show a 

common variation pattern, with minimum values in summer and the maximum 

values about the end of the winter – early spring. 

The inclinometer data show the seasonal nature of the displacement rates, since 

they are maximum about the end of winter–early spring and become minimum at 

the end of summer. The piezometric heads, recorded in the same area, follow a 

similar seasonal variation trend, with maximum gradients (either positive or 

negative, ±) corresponding to the displacement accelerations (±).  
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This correspondence suggests that the influence on landsliding of the recharge of 

the underground seepage domain, generated by the seasonal accumulation of 

rainfall infiltration, is important. Furthermore the piezometric levels rise levels that 

are only few metres below ground level, also for very deep piezometers.  

This evidence suggest that the piezometric heads are a predisposing cause of 

landsliding on the slope and that their seasonal variation, recurrent in the hill-slope, 

may be the triggering cause. 

It’s important to remark that most of deep piezometers exhibits the same seasonal 

fluctation than the shallow ones, suggesting significant permeability values inside 

the slope. 

Finite element steady-state seepage analyses have shown that the variability of the 

piezometric heads is due to the varyability of the permeability of the different units 

in the slope. The clays, both intensly fissured and rich in the rock/sand inter-

beddings, have field permeabilities that range from 10
-9

 m/s, applying to the less 

fissured clays, to 10
-6

-10
-7

 m/s, for the rock-sand inclusions. 

These permeabilities, despite being higher (of various orders of magnitude) than 

those measured in the laboratory, are still low, as is generally the case for clay 

slopes. However, they are high enough to link the slope’s stability to the rainfall 

infiltration until large depths and with a very limited dalay. The intense fissuring, 

along with the presence of rock inclusions, predisposing the slope to infiltration 

and increase in pressure, with consequent strength reduction, predispose the slope 

to failure. 

The landslides in the three basins have the features of complex and compound 

roto-translation landslides (Cruden & Varnes 1996). 
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CHAPTER 2 

CHARACTERIZATION OF THE SHALLOW CLAYS.  

The performed analysis on the Pisciolo landslide allows to discern that the rainfall 

infiltration have a key role in driving the stability of the slope because of the 

features of the site.  

Among the internal factors, the field permeabilities and connected high 

piezometric heads have been recognized as predisposing causes of marginal 

equilibrium of the slope, while the seasonal variation of the piezometric rises, 

recurrent in the slope, may be a triggering cause among the external factors, more 

so that the same variation trend has been recorded both at shallow and high depth 

withouth large delay and damping. 

The evidence that the superficial dynamics affect the whole slope has made 

necessary a detailed study of the interactions between the atmosphere and the soil 

slope through the soil surface. 

At first it was necessary to start a new field investigation in order to collect more 

shallow specimens, helpful to realize an hydraulic characterization of the soils, 

specially above water table, secondly lots of daily metereological data have been 

collected or derived to represent the climatic conditions tipical in the site. Both 

these elements are the essential ingredients entered in the calculation program, 

Code Bright, used to study the Thermo-Hydrulic response of the slope. 

 

2.1 Physical properties 

The transfer of water and energy between the atmosphere and the earth, through 

the soil surface affects the behavior and properties of the material located in the 

unsaturated region; this zone, that determines the water table depth and the average 
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and seasonal water content profile, has an inluence on the processes that occur at 

different depths in a different way according to the features of the soils. 

In addition to the saturated permeabilities, the aim of the second phase of 

geognostic field has been the definition of the hydraulic behaviour of the shallow 

soils in partial saturation conditions, not obteinable from the least deep available 

samples located 10m below ground level. 

 

 

Figure 2.1. Geomorphological map representing the CO1 sampling area. 

 

The sampling area (Fig. 2.1) falls inside basin 2, where clays belonging to the 

Transition Unit outcrop. Superficial samples called CO1 have been taken at about 

1.3m of depth, in different periods of the year, and then analyzed in the laboratory 

in order to carry out a geothecnical and hydraulic characterization. 
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Picnometer tests give a value of specific gravity of the soil particles that is 

Gs=2.73. 

Mean values of the composition and the physical properties are reported in Tab. 

2.1. and plotted in the Figs. 2.2, 2.3. CO1 can be qualified as a clay of high 

plasticity (wL>50%) and medium inactivity (A<0.75). 

 

Materials GF SF MF CF wL wP PI A 

 % % % % % % % - 

CO1 0.1 2.4 36.5 61.0 60.7 31.23 29.47 0.4831 

Table 2.1. Average values of composition and physical properties of CO1 clays. 

 

 

Figure 2.2. Particles size distribution of clays of CO1 
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Figure 2.3. A) Casagrande plasticity chart CO1. B)Activity CO1 

 

The features of this materials fall in the range of the deeper ones, CO1 clay has a 

value of activity index and plasticity index only a bit smaller than others most 

shallow sample taken from 10m bgl (Fig. 2.3). 

 

 

Figure 2.4. Comparison between CO1 and others less shallow samples (about 10m 

bgl). 
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2.2 Hydraulic properties 

The status of the material belonging to the unsaturated soil zone, between the 

ground surface and the water table, evolves seasonally according to weather 

induced processes. 

As response to the energy balance part of soil-atmosphere interaction, and the 

connected water balance, the values of suction vary during the year, along with the 

water saturation degree Sl and the natural void ratio e° (equal to void volume 

divided by solid volume VV/VS) vary, being these parameters related. 

Fig. 2.5 shows that the natural suction, measured with filter paper or the 

tensiometer on CO1 samples taken in different periods of the year, increase from 

May to August, as typical of mediterranean climate region. The range of variation 

is about one order of magnitude, from 60 to 600KPa. The water saturation degree 

Sl varies from 71 % at the end of the dry season to 92% at the end of the wet 

season and the volumetric water content θw also increases during this period.  

The contextual decrease of natural void ratio e from 0.9 to 0.68 suggests that the 

clay suffers from a significant shrinkage for increasing suction. 



23 
 

 

Figure 2.5. Natural state of shallow sample during the year. A)Suctions. B)Water 

saturation degree. C)Volumetric water content. D)Natural void ratio. 

 

2.2.1 Retention curve 

In the study of slope the knowledge of the pore pressure variation varying 

hydraulic boundary conditions in the soils under partial saturation conditions in the 

layer above the water table is of primary importance. The increase of suction 

depends on the amount of water present in the soil compared to the condition of 

full saturation. This constitutive relation is indicated in the literature with the 

acronym WRC (water retention curve). 

The water retention curve is formulated as the suctions corresponding to the water 

content of the partially saturated soil, which is usually expressed as liquid 

saturation degree Sl or volumetric water content θw. 
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                     (2.1) 

   
  

  
                                  (2.2) 

where φ rapresents the porosity     
  
 
 .  

A typical WRC of a clay can be divided into three basic regions (Fig. 2.6): 

- The region I is characterized by the continuity of the liquid phase only, the 

soil can be considered saturated; 

- The region II, distinct by the air entry values, sees the continuity of both the 

phases, liquid and gas; 

- In the region III there is the continuity of the gas phase only, the oil can be 

considered dried. 

 

Figure 2.6. Usual diagram of a WRC 

 

The experimental techniques for measuring the suction and then the curve WRC, 

are very different in terms of cost, complexity, and measurement interval. They 

may be suitable for laboratory or for field investigation. The laboratory tests are 
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generally carried out on undisturbed samples in order to investigate the effect of 

the soil structure on WRC. 

In this work are shown the results obtained through filter paper Whatman No 42 

and tensiometer techniques on CO1 samples. 

 

 

Figure 2.7 Water retention curve for CO1 

 

The Van Genuchten model has been chosen among the existing empirical models 

to achieve the mathematical expression and prediction of WRC: 

         
      

 
 

 

   
 

  

 (2.3) 

   
       

        
 (2.4) 
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where σ0 is the surface tension at temperature in which P0 was measured (usually 

σ0=0,072 N/m at 20ºC) and Eq. 2.5 allows to consider the influence of temperature 
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in WRC plot. P and λ are two shape parameters chosen with the aim to find the 

mathematical equation which best fits the natural values. The shape of this function 

is also highly dependent on the values of maximum saturation Sls and residual 

saturation Slr. The maximum saturation Sls is the water saturation degree at which 

the suction is zero, while the residual saturation Slr stands for the value at which an 

increase of suction doesn’t produce any sensible variation. 

In the Fig.2.7 are plotted the natural values of water saturation degree against 

suction found with filter paper method in different periods of the year, the values 

obteined with filter paper and tensiometer in the laboratory tests, which explore 

levels of suctions higher than the natural ones, along  with the Van Genucthen 

equation selected (Tab.2.2) 

 

Materials P λ Sls Slr 

 Mpa - - - 

CO1 0.3 0.1 0.92 0 

Table 2.2. Parameter of Van Genuchten model selected to identify the WRC for 

CO1  

 

The hydraulic retention usually varies according to the hydraulic path, if drying or 

wetting, hence a WRC of the same soil exhibits a discrepancy between the drying 

and wetting branches, known as hysteresis, which represents a not fully reversible 

behaviour. Experimental observations suggest that the drying branch retains a 

greater volume of water than the wetting one, as a result at the same suction the 

drying water content (Sl, θw) is higher than the wetting one. 
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In this work the data used to sketch the WRC have been obtained in the laboratory 

through a path of loss of water, therefore the graph has a single drying branch and 

doesn’t consider the hysteresis phenomena. 

2.2.3 Hydraulic conductivity 

Hydraulic conductivity is one of the most important soil properties, which affects 

the water flow processes such as infiltration and pore pressure redistribution in 

saturated and unsaturated conditions. A precise evaluation of the hydraulic 

conductivity is necessary in order to define the pore pressure distributions for 

stability analysis of slopes tending to failure due to rainfall. 

A restrained swelling oedometer test was carried out to study the saturated 

permeability of sample CO1, throughout a compression phase and a swelling phase 

(Fig. 2.8). For each load step the coefficient of volume compressibility mv was 

calculated and the corresponding consolidation curve was obtained in order to 

determine the value of the coefficient of consolidation Cv. Once these two 

parameters are known the value of permeability was derived from the expression: 

                 (2.6) 

 

 

Figure 2.8. Results of the oedometer test. A) Compressibility curve. B) 

Permeability curve 
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The saturated permeability decreases from 3.5∙10
-11

 to 9.5∙10
-14

 m/s during the 

loading phase from 147.15 to 14715 KN/m
2
 and increases up to 5∙10

-13
 m/s during 

the inloading phase when the load returns to147.15 KN/m
2
 (Fig. 2.8). 

If for a saturated soil, the coefficient of permeability is a function of void ratio 

(Lambe and Whitman, 1979), in partially saturated soils the coefficient of 

permeability is sensibly related to the combined effect of variation of porosity and 

saturation degree or water content. 

However the void ratio variation in a partially saturated soil seat of a filtration 

process, if not negligible, can be considered through a hydro-mechanical coupled 

analysis that accounts for the constitutive law in partially saturated conditions. 

Alternatively the effect of void ratio variation is either neglected, investigating 

only the influence of the saturation degree Sl on k, or taken into account in an 

implicit form, where the water content in terms of volume is θw = Sl * φ and the 

permeability is k(θw). 

The strategy adopted to include this complex dependence consists in considering a 

coefficient of permeability composed by two component, one linked to the porosity 

variation, and the other one depending on the degree of saturation of the species 

that are in the voids between the particles. 

Intrinsic permeability can be expressed through the equation: 

         
  

  
              (2.7) 

The law selected between the expressions suggested by Code Bright to assign to 

the material the intrinsic permeability of CO1 clay is the expression of the 

Kozeny’s model for a continuum medium: 

     
  

      
  
      

 

  
 

 (2.8) 

where φ0 is the reference porosity and k0 the intrinsic permeability for matrix φ0. 
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In this work the mechanical aspect is not considered, consequently neither 

variation of void ratio, nor porosity nor intrinsic permeability occur. 

The tensor of intrinsic permeability k0 has been the object of numerous analysis 

with the program discussed in the next chapters. 

The value of φ0 selected is 0.4 according to the results of the lower load steps in 

the oedometer test carried out on the CO1 sample. 

The permeability as function of the liquid phase can be expressed as function of 

suctions k = k(s) or volumetric content of water k = k (θw) or saturation degree k = 

k (Sl). 

In this work the van Genuchten model has been chosen to represent the low of 

permeability variation with the saturation degree: 

                   
    

 
 
 

 (2.9) 

where Se is expressed in the equation 2.5 

The van Genuchten model belongs to the statistic models, which are based on the 

assumption that the structure of a soil can be assimilated to a connected mesh of 

capillary pipes of different diameter, occupied partly by liquid.  

The values of the parameters λ, the maximum saturation Sls and residual saturation 

Slr that stay in Se, utilized to draw the graph of liquid permeability for CO1 soil 

(Figs 2.9, 2.10) through the van Genuchten equation 2.9 are the same founded for 

the WRC of CO1 clays and shown in the Tab. 2.2. 

 



30 
 

 

Figure 2.9. CO1 liquid phase permeability expressed as function of suctions 

resultant from the parameters of Tab.2.2. 

 

 

Figure 2.10. CO1 liquid phase permeability expressed as function of liquid 

saturation degre resultant from the parameters of Tab.2.2. 
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Since the water retention curve is hysteretic, also the curve of liquid permeablity is 

hysteretic, because strongly linked to the variation of water content, specially if 

expressed as a function of the suction. As a result at the same suction drying krl is 

higher than wetting krl because the amount of water is larger in the drying branche. 

The hysteresis is less noticeable if the liquid phase permeability krl is expressed as 

a function of the volumetric water content θw, or the liquid saturatin degree Sl. 

The CO1 krl curve includes only the branch corrisponding to the values of liquid 

saturation degree obteined by drying. 

Both the intrinsic permeability k and the liquid phase permeability krl appear in the 

generalized Darcy’s law which is the constitutive equation used in Code bright to 

express the liquid advective flux ql: 

    
     

  
             

     

  
             (2.10) 

While the intrinsic permeability k, which is function of porosity structure, and the 

gas phase permeability krg are two parameters necessary to compute with the same 

law the gas advective flux qg: 

    
     

  
           (2.11) 

where μl and μg are the dynamic viscosity respectively of the liquid and of the gas, 

and g is a vector of gravity forces. 
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CHAPTER 3 

THE ATMOSPHERIC CONDITION  

The atmosphere is the engine that drives most of the processes affecting the surface 

of the Earth. Drawing its fuel from the Sun, the atmosphere produces the winds, 

rain, hail and dust-storms that interacts with the surface of the Earth, and controls 

the balances of water and energy. 

Behavior and properties of the soils that comprise the unsaturated zone between 

the soil surface and the water table are greatly dependent on the transfer of water 

and energy between the atmosphere and the soil, through the soil surface, for this 

reason collecting most possible atmospheric data during the year is of primary 

importance to build a climatic profile of the area including gradual variations with 

the seasons. 

For this work not all the required weather records derive from monitoring, some 

missing parameters have been estimated through empirical relations. All the data 

have been organized according the procedures required from Code-Bright to 

implement the atmospheric condition in the computation. The aim of the 

calculation is to achieve a reliable estimate of the water inflow and the outflow in 

the soil through the surface. 

The outflow is represented by the evapotranspiration process, that is the 

combination of two separate process whereby water is lost on the one hand from 

the soil surface by evaporation, and on the other hand from the crop by 

transpiration. 

Through the evaporation the liquid water is converted to water vapour. The sun is 

the engine that in different forms provides the energy to change the state of 

molecules of water. 

 

3.1 Interaction between the atmosphere and the soil 

3.1.1 The atmospheric water balance 

The atmospheric water balance is the algebraic sum, at a particular locality, of 

precipitation (rain or snow), which is regarded as an input, and positive, and 
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potential evaporation (i.e. evaporation from a free water, ice or snow surface), 

which is regarded as a loss, and negative. It can be written as: 

B = P – E (3.1) 

in which B is the balance between precipitation P and evaporation E. In climates 

where freezing does not occur, P will consist solely of rainfall, R. 

The atmospheric water balance can be regarded as one of the two basic inputs to 

the soil water balance. (The other is the surface radiation balance.) 

 

3.1.2 The soil water balance 

 

Figure 3.1 Components of the soil water balance 

 

The soil water balance (Fig. 3.1) controls the state of moisture in the unsaturated 

zone of soil between the ground surface and the water table. It can be described by: 

water input to soil = water output + water stored in the soil (3.2) 

The terms in this equation can be described in more detail as follow: 

 water input = infiltration = precipitation – (interception + runoff) 

  = P – ( I + Roff ) 

 water output = water lost by evapotranspiration + water recharged to the 

water table 

 = ET + Rech 

 water stored  = change in total water stored in the soil 

 = ΔS 
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Thus equation (3.2) can be symbolized as: 

P – ( I + Roff ) = ET + Rech + ΔS (3.3) 

 

Infiltration rate depend on the slope and state of compaction of the surface, but also 

on the moisture content of the material underlying the surface, i.e. on the degree to 

which suction in the underlying unsaturated material draws water in. 

Many methods for assessing potential evapotranspiration (the evapotranspiration 

when the availability of water is not a limiting factor) have been developed. 

However, for arid, and semi-arid, non-irrigated areas, which are often those of 

interest to the geotechnical engineer, the availability of water may limit 

evapotranspiration, and actual evapotranspiration may drop well below the 

potential figure. As soil suction increases, increasing quantities of energy are 

required to draw soil water into the atmosphere. Thus soil suction represents the 

energy necessary to extract a unit volume of water from the soil. The energy 

demand is, however, not as important as is often supposed: if there is enough 

energy to evaporate water from the soil surface, there will be enough energy to 

draw it up through the soil. However, as suction increases, soil permeability 

declines and this may have a major effect on inhibiting water loss from the soil. 

Evapotranspiration can be determined by measuring the various components of the 

soil water balance. 

 

3.1.3 The Energy balance  

Evaporation of water requires relatively large amounts of energy, either in the form 

of sensible heat or radiant energy. Therefore the evapotranspiration process is 

governed by energy exchange at the surface and is limited by the amount of energy 

available. 

Because of this limitation, it is possible to predict the evapotranspiration rate by 

applying the principle of energy conservation. The energy arriving at the surface 

must equal the energy leaving the surface for the same time period: if the amount 
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of energy consumed by evaporation can be computed, the corresponding mass of 

water evaporated can be deduced. 

All fluxes of energy should be considered when deriving an energy balance 

equation. 

The equation for an evaporating surface can be written as: 

Rn = G +Le + H (3.4) 

where Rn is the net radiation flux for the surface (incoming solar and diffuse sky 

radiation, less reflected radiation and outgoing long-wave terrestrial radiation see 

Fig. 3.2A), G is the soil heat flux (the heat causing changes in temperature of the 

soil), H is the sensible heat flux for the air (the heat causing changes in temperature 

of the air) and Le is the latent heat flux of evaporation (heat causing evaporation or 

condensation at the soil surface). 

Figure 3.2 B shows these energy components during the day, while there is a net 

inflow of energy, and Fig. 3.2 C shows the balance at night, when the net energy 

flow is outwards. Although the figure does not show this, the amounts of energy 

involved during the day are much larger than during the night. 

 

 

Figure 3.2. Components of the radiation balance at a soil surface: A) Incoming 

and outgoing radiation; B) Radiation interchange during the day; C) Radiation 

interchange at night 

  



36 
 

3.2 Atmospheric boundary conditions module in Code-Bright. 

A flux boundary refers to an interface across which flow occurs. The flux 

boundary condition refers to the conditions at the flux boundary that is affected by 

several factors, such as geological activities, hydrogeological influence, 

topographical features, weathering processes, human interference, vegetation and 

climatic conditions. 

The atmospheric boundary condition is an important input particularly in the case 

of unsaturated soil for the influence of the hydrologic balance on the suction, thus 

on the water table depth, and, as in the analyzed case, also until higher depth. 

The Code Bright atmospheric conditions allows to simulate the soil atmosphere 

interaction by computing fluxes conditions as energy and mass transfers, on the 

boundaries subjected to atmospheric environment. 

The fluxes analyzed relate to three components water, air and energy and they are 

expressed as functions of the state variables, the dependents variables and the 

climatic data which vary with a fixed time step for a programmed period of time. 

The state variables are : 

-liquid pressure Pl (MPa); 

-gas pressure Pg (MPa); 

-temperature of the soil T (°C). 

The dependent variables are: 

-liquid saturation degree Sl (-); 

-fraction of water in the gas phase ωg
w
 (-). 

The climatic data are: 

-atmospheric temperature T (°C); 

-atmospheric gas pressure Pga (MPa); 

-Relative humidity Hr (-); 

-Net radiation Rn (J m-2 s-1); 

-Cloud index In (-); 

-Rainfall P (Kg m-2 s-1); 

-Wind speed va (m s-1). 



37 
 

These data and their variation have to be insert in a excel file, suitable compiled, 

which Code-Bright reads. 

Another set of parameters has to be put in a Combo box of the preprocessing code 

GID in the phase of allocation of atmospheric boundary conditions at the top of the 

model created, in order to allow the run. 

 

3.2.1 Pisciolo Flux boundary condition in the preprocessing phase. 

The prepocessing code GID allows make easier the creation of the model and the 

attribution of geometry, material, condition and interval data of the problem, which 

Code-bright will read and will does run. 

The atmospheric condition can be attributed to the surface line choosing the Flux 

B.C. in the Conditions window. In this step a set of value has to be insert to 

characterize the analyzed site, his location, his vegetation and several features that 

the code will use in the computation of the flux. 

The values introduced to describe the Pisciolo features are: 

-Latitude λ (rad):       0.715541=40°59''51'. 

-Time when autumn ts (s):      22˙809˙600 

That is the time in seconds from the date of the first value of the atmospheric 

measured data (January 1 for the Pisciolo data) to the beginning of the autumn 

(September  21 for the northern hemisphere). 

-Time at noon tm (s):       43200 = 12 h. 

-Length main roughness z0 (m):     2e
-2

 

Depends on the type of surface, according to the ranges suggested from the Tab. 

3.1, for Pisciolo the value corresponding to grass less high than 10 cm has been 

chosen. 

-Screen height za (m):      1.5 

This parameter stands for the distance from the soil surface at which the wind 

velocity and the absolute humidity for the atmosphere are measured; although both 

these variables aren’t obtained through direct measures in situ, a usual value has 

been selected. 
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 - Stability factor φ (-):      1. 

 - Density atm gas ga (Kg/m
3
):     1.2. 

 - Dry albedo Ad (-):      0.2. 

-Wet albedo  Aw (-):      0.2. 

The albedo is the fraction of solar radiation reflected by the surface, it is highly 

variable for different surface and for angle of incident or slope of the ground 

surface. It may be as large as 0.95 for freshly fallen snow and as small as 0.05 for a 

wet bare soil. A green vegetation cover has an albedo of about 0.20 – 0.25. 

-Gas leakage coefficient γg (kg∙m
-2

∙s
-1

∙MPa
-1

):  1∙10
6
. 

-Liquid leakage coefficient γl (kg∙m
-2

∙s
-1

∙MPa
-1

):  -1∙10
6
. 

The coefficient γ is a leakage coefficient, which stays in the expression to compute 

the flux representing a boundary condition. It is a constant that allows to prescribe 

a pressure of gas or liquid with more or less strength. If γ is large, pressure will 

tend to reach the prescribed value. However, an extremely large value can produce 

matrix ill conditioning and a lower one can produce inaccuracy in prescribing the 

pressure.  

A surface where seepage (only outflow for liquid phase is permitted) is possible 

has a boundary condition of prescribed liquid pressure. However, only liquid 

outflow is permitted. To recognize this fact, γ must be negative. 

-Rain factor  krain (-)      1. 

-Radiation factor krad (-)      1. 

-Evaporation factor kevap (-)     1. 

The rain and evaporation factors are input data used to disable respectively 

contributes of rainfall and evaporation in the computation of water flux jw. Rain is 

multiplied for krain and evaporation for kevap. 

The radiation factor krad is an input parameter that multiplied for radiation consents 

to disable the  contribute of net radiation in the computation of total energy flux je. 

 -Radiation Type:       0. 

Through this parameter is possible select one of the options available to include 

radiation. A range of values from 0 to 1 (0 stands for horizontal plane while 1 for a 
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vertical cylinder) indicates that radiation have to be estimated for the site by the 

appropriate Code Bright run. The value 2 could be selected if measured 

atmospheric radiation (short + long wavelength radiation) was available, whereas 3 

assumes that measured data already are net radiation. 

 -Veg fraction       1. 

 

Type of surface Height main roughness 

(m) 

Ice, mud flats 1∙10
-5

 

Water 1∙10
-4

 – 6∙10
-4

 

Grass (up to 10 cm high) 1∙10
-3

 – 2∙10
-2

 

Grass (10 to 50 cm high) 2∙10
-2

 – 5∙10
-2

 

Vegetation (1 – 2m) 0.2 

Trees (10 – 15 m) 0.4 – 0.7 

Table 3.1 Roughness lengths for different types of surfaces (Chow et al. 1988) 

 

Among the items in the list latitude λ, time when autumn begins ts, time at noon tm, 

dry albedo Ad and wet albedo Aw are used for calculating radiation when radiation 

type is lower than 3. 

Roughness length z0, screen height za and stability factor φ are used for 

evaporation estimation and for estimation of the advective energy flux. 

 

3.2.2 Pisciolo atmospheric data input file (root_atm.dat) 

The changing of weather and the consequent response of the built model can be 

simulated including an excel file that reports the variation of the climatic data 

during a fixed period of time. The user can decide the time step for each variable, 

provided expressed in seconds, and the length of the period depending on the 
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available measures and on the aims. The code reads this file to calculate the fluxes 

and updates the computation according to the climatic changes. 

For Pisciolo a daily variation has been simulated, writing in the file the daily 

values of average temperature T (°C) and the daily rainfall P (Kg∙m
-2

∙s
-1

) obtained 

from the nearby weather station of Melfi (Potenza – Italy) for the year 2011. 

The same year has been repeated seven times for the more complete analysis. 

For the atmospheric gas pressure Pga a value of 0.1MPa has been set for all the 

included day. 

The relative humidity Hr, the net radiation Rn, the cloud index In and the wind 

velocity va are necessary data for the run not provided from the field investigation 

and from the nearby station. They have been estimated through empirical relations 

or approximations about the climatic changes of the area. 

 

3.2.2.1 Relative humidity Hr 

The relative humidity Hr is an important input since embodies the amount of water 

in the air, conditioning the potential evapotranspiration and consequently the 

balance of  water in the soil, in the measure in which if the air is already close to 

saturation, less additional water can be removed from the soil. 

It is the ratio between the actual vapour pressure in the air Pva and the saturation 

vapour pressure, Pv,sat that is the maximum at the same temperature: 

    
   

      
 (3.5) 

As saturation vapour pressure is related to air temperature with an empirical 

relation (Tetens 1930) an estimate of actual vapour pressure, Pva, can be obtained 

by assuming that dewpoint temperature (Tdew) is near the daily minimum 

temperature (Tmin). This statement implicitly assumes that at sunrise, when the air 

temperature is close to Tmin, the air is nearly saturated with water vapour and the 

relative humidity is nearly 100%.  

If Tmin is used to represent Tdew then:  

                                 
          

           
  (3.6) 
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While the saturation vapour pressure, Pv,sat is: 

             
                          

 
   (3.7) 

Through these relations (Equations 3.6, 3.7) the daily values of relative humidity 

has been obtained from the daily data of Tmin and Tmax taken from the nearby Melfi 

station for the year 2011. 

 

3.2.2.2 Net radiation Rn 

The net radiation is an important parameter because as energy form affects the 

evaporation. 

The radiation can be given as a measured data or it can be calculated through the 

specific Code-Bright run. For the Pisciolo slope the net radiation Rn have been 

calculated because not existing daily data have been found: 

                              (3.8) 

Where Rg  is direct solar short wave radiation, Ra is long wave atmospheric 

radiation, Al is the albedo, ε the emissivity and σ is the Stefan-Boltzman constant 

(5.67×10
-8

 Js
-1

 m
-2

 K
-4

). 

Both the albedo and emissivity are considered function of the liquid saturation Sl: 

                    
        (3.9) 

                 (3.10) 

where Ad and Aw are the dry and wet albedos. 

The long wave atmospheric radiation Ra depends on the atmospheric temperature 

and absolute humidity according to an empirical relation: 

                                  (3.11) 

The calculation of direct solar short wave radiation Rg is strongly dependent to the 

value of Radiation type set in the Gid definition of boundary line, 0 in the Pisciolo 

case. It takes into account the time of the day and the year according to: 

 

   
    

    
    

                

  
                           

                                                                                                   

  (3.12) 
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where ds is the time span between sunrise and sunset , tm is the time at noon and RG 

is the daily solar radiation calculated by an empirical relation: 

          
        
        

                           (3.13) 

where λ is the latitude, In is the cloud index and RA is the daily solar radiation in 

absence of atmosphere 

           
  

 
            

    

  
               (3.14) 

where S0 is the solar constant (1367 J.m
-2

.s
-1

), rs is the relation between the average 

distance between the earth and the sun for a given moment, dd is the duration of a 

day (=86400s) and δ is the declination of the sun. 

The values of ds, rs and δ are calculated as follows: 

    
  

 
                   (3.15) 

                          
     
  

                 
     
  

 

                 
     
  

                 
     
  

  

(3.16) 

                
     

  
  (3.17) 

where da is the duration of a year (365.241 days = 3.15568×10
7
 s), t0 is the time of 

January 1st, ts is the time when autumn starts set between the Gid parameters and 

δmax is the maximum declination of the sun (0.4119 rad = 23.26°). These 

parameters update day by day with t from the first input data that is the January 1
st
 

for Pisciolo. 

 

3.2.2.3 Cloud index and wind velocity 

As the radiation penetrates the atmosphere, some of the radiation is scattered, 

reflected or absorbed by the atmospheric gases, clouds and dust. Cloud index 

allows to account for a cloudy sky in the radiation computation (In = 1 for a clear 

sky and In = 0 for a completely cloudy sky). 
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The daily value of cloud index is another missing data supposed 1 for all the day of 

the run assuming roughly lack of clouds, usual in southern Italy, for all the year. 

 

The wind and air turbulence are responsible of the vapour removal over the 

evaporating surface. When vaporizing water, the air above the evaporating surface 

becomes gradually saturated with water vapour. If this air is not continuously 

replaced with drier air the evapotranspiration rate decreases. 

The daily wind velocity has been simulated for a year at Pisciolo employing an 

archive of meteorological forecasts for the area of Melfi. 

 

3.3 Fluxes computation 

Trough the data insert in GID and the data file Code-Bright can calculate the 

fluxes: the water flux through gas and liquid phases, due to evaporation and rain, 

the air flux and the energy flux as radiation, advective and convective energy 

fluxes. 

 

3.3.1 Mass flux: air 

For the flux of air only the advective part is considered: 

      
            

      (3.18) 

Where qg is the flux of gas phase given by the equation: 

                 (3.19) 

In the equation Pga is the atmospheric pressure and γg is a leakage coefficient. 

In the model built for this work there isn’t advective flux of air, the gas phase is at 

constant pressure, equal to 0.1MPa, the same of the atmosphere, for this reason 

there isn’t gradient of pressure necessary to generate advective flux. 

 

3.3.2 Mass flux: water 

The flux of water jw is the sum of rainfall P, evaporation E, advective flux of 

vapour gas phase jg
w
 and of surface runoff jsr: 
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       (3.20) 

Where krain and kevap are input data set between the Gid parameters to define the 

boundary atmospheric condition and may be used to disable their respective flux. 

In the test done there isn’t advective flux of gas, so neither advective flux of 

vapour gas phase jg
w
. 

 

Evaporation E is given by an aerodynamic diffusion relation: 

  
       

   
  
  
 
            (3.21) 

where va is the absolute humidity of the atmosphere and v at the node of the 

boundary condition (ρv=ρg
w
=mg

w
/Vg mass of vapour per volume of gas, which can 

be calculated from relative humidity Hr and temperature with the equation of 

perfect gas), k is the von Karman’s constant (often taken as 0.4), va the wind 

velocity read by the climatic input file, while the stability factor , is the roughness 

length z0, the screen height za at which va and va are measured are set in the 

boundary condition definition. In theory, v must be the value at roughness length 

(z0). Instead, it is calculated from the state variables at the node of the boundary 

condition. Hence, a constant profile for v is assumed between this node and height 

z0. 

 

The advective flux of vapour by the gas phase jg
w
 is given by 

 

  
     

                        

  
   

   

   
                      

  (3.22) 

 

Where ρga is the atmospheric gas density and qg is the flux of the gas phase given 

by equation (3.19) 

 

Surface runoff jsr, which corresponds to the flow rate of water through the liquid 

phase jl
w
, is written as: 
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  (3.23) 

Where γw is another leakage coefficient. If the soil is saturated (Pl > Pga) all 

rainfall that cannot infiltrate will runoff, without possibility of ponding because 

Code-Bright does not have a special element representing storage of water in a 

pond. 

When one assumes no ponding, a very high value for γw can be used (but not to 

high to avoid numerical instabilities). 

For the upper line of the model an atmospheric boundary condition that allows 

seepage has been simulated setting a negative sign to γw (-1∙10
6
). 

 

3.3.3 Total energy flux 

The total energy flux can be written as follows: 

                    (3.24) 

Where krad is an input parameter of the atmospheric boundary condition in Gid, the 

net radiation Rn is another input data, calculated for this model through the specific 

Code-Bright run, Hs and Hc are respectively the advective energy flux the 

convective energy flux. 

 

The sensible heat flux Hs is calculated through an aerodynamic diffusion relation: 

    
      

   
  
  
 
                (3.25) 

Where Ca is the specific heat of the gas, Ta is the atmospheric temperature and the 

other parameters are the same of the diffusion relation to compute the evaporation 

E (Eq. 3.21). 

 

The convective or latent haet flux Hc is calculated taking into account the internal 

energy of liquid water, vapour and air: 

             
 
              

          (3.26) 
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Where hv, hla, ha0 are the free energy of vapour, liquid and air respectively. These 

three properties depend on the temperature: temperature used is the temperature at 

node of the boundary for hv and ha0 and the dewpoint temperature, which depends 

on the atmospheric vapour pressure, for hla. 
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CHAPTER FOUR 

THERMOHYDRAULIC PISCIOLO MODELING WITH CODE BRIGHT. 

The computer code utilized in this work is CODE_BRIGHT (COupled 

DEformation, BRIne, Gas and Heat Transport problems) which allows to model 

the coupled thermo-hydro-mechanical (THM) processes in geological media. 

The theoretical approach consists in a set of governing equations, a set of 

constitutive lawsand a special computational approach.The governing equations for 

non-isothermal multiphase flow of water and gas through porousdeformable saline 

media have been presented by Olivella et al. (1994). 

The equations that govern this problem can be categorised into four main groups: 

1. balance equations; 

2.  constitutive equations; 

3.  equilibrium relationships; 

4.  definition constraints. 

The balance equations are: 

- equilibrium of stresses for the variable displacements u, 

- balance of water mass for the variable liquid pressure Pl, 

- balance of air mass for the variable gas pressure Pg, 

- balance of internal energy for the variable temperature T 

The set of constitutive equationand equilibriumi restriction necessary to compute 

the corresponding dependent variables are shown in the Tab. 4.1. 
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EQUATION VARIABLE NAME VARIABLE 

Constitutive equations   

Darcy’s law Liquid and gas advective flux ql, qg 

Fick’s law Vapour and air non advective 

fluxes 

ig
w
, il

a
 

Fourier’s law Conductive heat flux ic 

Retention curve Liquid phase degree saturation Sl, Sg 

Mechanical constitutive 

model 

Stress tensor σ 

Phase density Liquid density ρl 

Gases law Gas density ρg 

Equilibrium restrictions   

Henry’s law Air dissolved mass fraction ωl
a
 

Psychrometric law Vapour mass fraction ωg
w
 

Table 4.1. Constitutive equations and equilibrium restrictions 

 

CODE_BRIGHT uses GiD system for preprocessing and post-processing. GiD is 

developed by the International Center for Numerical Methods in Engineering 

(CIMNE). GiD is an interactive graphical user interface that is used for the 

definition, preparation and visualisation of all the data related to numerical 

simulations. This data includes the definition of the geometry, materials, 

conditions, solution information and other parameters. The program can also 

generate the finite element mesh and write the information for a numerical 

simulation program in its adequate format for Code-Bright. It is also possible to 

run the numerical simulation directly from the system and to visualize the resulting 

information without transfer of files. 
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4.1 The model 

4.1.1 Code-Bright. Preprocess. Problem data 

The aim of this work is to thoroughly investigate the interaction between the 

atmosphere and his daily changes and the soil. Thus primary importance has been 

gave to the hydraulic and thermal laws in order to create a model that was simple 

but also fairly representative of the dynamics explored. In partiuclar has been 

investigated the behaviour of the superficial unsaturated soil upper the water table 

and its influence on the evolution of the main variable with the depth. 

Among the Code-Bright balance equations the balance of water mass and the 

balance of energy have been selected, thus the variables of the analysis are liquid 

pressure Pl and temperature T. The resultant variable is a water two phase non-

isothermal flow, with vapour allowed, gas phase at constant pressure, set 0.1. 

For the unknowns of the problem the tolerance limits have to be fixed. The values 

used are: 

- Maximum (absolute) liquid pressure error tolerance: 1∙10
-3

(MPa) which 

means a precision of a thousand of Pa over the liquid pressure; 

- Maximum nodal water mass balance error tolerance: 1∙10
-8

 (kg/s) which 

means a precision of 1e-2 mg/s over the water mass balance; 

- Maximum liquid pressure correction per iteration: 1∙10
-1

(MPa); 

 

- Maximum (absolute) temperature error tolerance:  1∙10
-3

(C)which 

means a precision of a thousand of C overthe temperature; 

- Maximum nodal energy balance error tolerance .: 1∙10
-5

 (J/s)which means 

aprecision of 1e-2 mJ/s over the water mass balance 

- Maximum temperature correction per iteration: 1∙10
+1

 (MPa). 
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Convergence can be achieved in two ways for each unknowns of the problem: the 

one when the increment of the unknown (Pl or T in this case) is less than the 

maximum error tolerance, the second when the calculated mass or energy balance 

is less than the fixed maximum also for all nodes. The first and the second ways 

should be reached simultaneously because the Newton - Raphson method is 

used.For this reason theprogram stops the iteration process when one of the two 

conditions is achieved. 

The maximum correction per iteration parameter controls the accuracy ofthe 

solution in terms of how large time increments can be. A low value will force to 

usesmall time increments when large variations of unknowns take place. 

 

4.1.2 Code-Bright. Preprocess. Geometry and materials. 

For this work a monodimensional geometry has been chosen in order to semplify 

the model and focus on the parameters governing the problem withouth 

considering the influence of the seepage conditions. After different tests a 

elongated geometry of 20m of length and 100m of hight has been drawn to turn 

away from the shallow soil the influence of hydraulic condition fixed for the 

bottom. 

A single omogeneous material has been definedfor the model filling only two 

flagsin GiD that are hydraulic and thermal data and phase properties. 

In the flag hydraulic and thermal data several fields have been activated choosing 

the law between the Code-bright options and setting the found values or the default 

values. 

The retention curveand the liquid phase permeability have been defined throught 

the Van Genuchten’s law, while the intrinsic pemeability’sdependence on the 

porosity throught the Kozeny’s model, as described in the chapter two. 
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The values chosen to characterize the reference intrinsic permeability have been 

used to calibrate the model making the code’s values of liquid pressure and its 

variation in the years most possible analogous to the piezometric data 

collected.This procedure has allowed to see the influence of the parameter on the 

trasmission of the pressures regime in the unsaturated zone and in the saturated 

one. The fixed range of variation is 1∙10-
19 

- 1∙10-
16

 m
2
 that is equivalent to a Ksat 

range of 1∙10-
12

- 1∙10-
9
 m/s since the equation 2.7. The same value has been set for 

the three principal direction bacause a isotropic media has been considered. 

The gas phase permeability krg has been described with the dafault law number 

one: 

           (4.1) 

Where krl represents the liquid phase permeability. The gas residual saturation Srg 

and the gas maximum saturation Sgs are obteined from the values of liquid 

saturation to default: 

           (4.2) 

           (4.3) 

The nonadvective flux of a species in a phase is composed by moleculardiffusion 

and mechanical dispersion.The fifth voice of the flag isdiffusive flux of vapour that 

allows to select the coefficients of the Fick's law for molecular diffusion. The 

Fick’s law for the vapour is written as: 

  
                

      
      

  (4.4) 

Where φis the porosity, ρg the gas density, Sg is the gas degree of saturation, ωg
w
 is 

the mass fraction of vapour (mass of vapour with respect to the total mas of gas 

ωgas
water

 + ωgas
air

 = 1), Dm
vapour

 is the diffusion coefficient of the specie vapour in the 

phase gas in m
2
/s given by the equation: 
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  (4.5) 

In which Pg is the gas pressure in Pa, T the temperature, D and n are parameters 

whose value is a default one. Setting the law number one tortuosity τ isdefined as a 

constant value τ=τ0=costant=1. 

The Fourier's law is used to compute conductive heat flux: 

          (4.6) 

λ is the thermal conductivity whose dependence on temperature and porosity is 

established through the field conductive flux of heat (1), while on the water content 

through the conductive flux of heat (2). 

In this work to solve the conductive flux of heat has been chosen to give directly 

the values of λdry and λsat instead of calculate these paramaters with the laws 

present in the code. Thermal conductivity of the dry porous medium λdry and the 

thermal conductivity of the water saturated porous medium λsatcan be measured in 

thelaboratory. 

In the flag of phase properties the field of solid phase properties, liquid density and 

dry air density have been filled choosing the default values for all except that for 

the solid phase specific heat Cs set 800 J∙Kg
-1

∙K
-1

. 

The law selected for the liquid density is the first and can be written as: 

                               
   (4.7) 

Where ρlo is the reference density, β the compressibility, α volumetric thermal 

expansion coefficient forwater, γ the solute variation, Pl0 the reference pressure. 

For the dry air density the law for ideal gases and Henry’s law have been selected 

setting the molecular mass M and the Henry’s constant H. 
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In the Tab.4.2 all the values entered to describe the soil properties are shown. The 

proerties have been assigned to the entity Surface. 

 

Soil 

Hydraulic and thermal data Phase properties 

Retention Curve Solid Phase  Properties 

ITYCL 

P1: Po (Mpa) 

P2: σ0 (N m
-1

) 

P3: λ 

P4: Srl 

P5: Sls 

1 

0.3 

0.072 

0.1 

0 

0.92 

ITYCL 

P1: Cs (Jkg
-1

K
-1

) 

P2: (kg m
-3

) 

1 

800 

2700 

 

Intrinsic Permeability Liquid Phase Density 

ITYCL 

P1: (k11)0 (m
2
) 

P2: (k22)0 (m
2
) 

P3: (k33)0 (m
2
) 

P4: φ0 

1 

1e
-16,-19

 

1e
-16,-19

 

1e
-16,-19

 

0.4 

ITYCL 

 

ρlo (Kg m
-3

) 

β (MPa
-1

) 

α (C
-1

) 

γ 

Pl0 (MPa) 

1 

default: 

1002.6 

4.5∙10
-4

 

3.4∙10
-4

 

0.6923 

0.1 

Liquid Phase Relative Permeability Gas Phase Density 

ITYCL 

P3: λ 

P4: Srl 

P5: Sls 

1 

0.1 

0 

0.92 

ITYCL 

P1: Ma (kg mol-1) 

P2: H (MPa) 

1 

0.02895 

10000 

Gas Phase Relative Permeability   

ITYCL 1   

Diffusive Flux of Vapour   
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ITYCL 

 

P1: D (m s-1 K-n Pa) 

P2: n 

P3: τ0 

1 

dafault: 

5.9∙10
-6

 

2.3 

1.0 

  

Conductive Flux of Heat 1   

ITYCL 

P1: λdry (W mK-1) 

P2: λsat (W mK-1) 

1 

0.5 

1 

  

Conductive Flux of Heat 2   

ITYCL 

P4: λgas (W mK-1) 

P5: λliq (W mK-1) 

1 

0.1 

1 

  

Table 4.2. Features of the soil. 

 

4.1.3 Code-Bright. Preprocess. Interval data and conditions. 

In every analysis done two interval data have been programmed. The first of one 

month which represents a starting point and the second of seven years in which the 

daily atmosferic condition is added at the top of column and included in the run. 

Conditions are all the propertiesof the problem, excluding materials, that can be 

assigned to an entity that is Point, Line, Surface or Volume, thus several types of 

conditions could be included.  

The boundary condition is incorporated by adding a flux or flow rate. The mass 

flux or flowrate of species i as a component of phase a iscalculated as: 

  
     

  
 
  
     

  
 
     

              
  

 
      

    (4.8) 
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Where the superscript ( )
0
 stands for the prescribed values, ω is the mass fraction, ρ 

is the density, Pa the pressure of the specie a, ja
0
 is aprescribed flow and γa and βa 

are two parameters of the boundary condition. 

The first one is the mass inflow oroutflow that takes place when a flow rate is 

prescribed at a node. The second term is the massinflow or outflow that takes place 

when a phase pressure is prescribed at a node. Thecoefficient γ is a leakage 

coefficientwhich allows to prescribe a pressure with more orless strength.  

The third term is the mass inflow oroutflow that takes place when species mass 

fraction is prescribed at a node. 

For the case analized as mass flux there are only flux of liquid water (Eq. 4.9)and 

flux of vapourin the gas (Eq. 4.10): 

  
     

     
     

        
              

         
    (4.9) 

  
     

  
 
  
     

        
              

  
 
      

    (4.10) 

For energy the boundary condition has the general form: 

      
       

         
    

     (4.11) 

a series of terms that represent the energy transfer caused by mass inflow and 

outflow through the boundary. 

In this simulation the hydraulic conditions have been fixed for the boundaries 

taking into account that the water table has been placed 7m below ground level and 

the setted value of atmospheric gas pressure is 0.1Mpa, thus the initial prescribed 

liquid pressure trend has been calculated as γwzw + 0.1 Mpa in order to keep the 

statusthat the liquid pressure is equal to atmospheric pressure at water table. 
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Figure 4.1. Initial unknown condition for the water with a linear distribution. 

 

For the bottom of the column a lineflux boundary condition has been included 

putting the following values: 

-prescribed gas pressure Pg
0
=0.1Mpa,  γg = 1∙10

6
; 

-prescribed liquid pressure Pl
0
=1.02 Mpa (corresponding to 0.92 Mpa), γl = 1∙10

6
; 

-prescribed temperature T
0
=10°C, γT = 1∙10

5
. 

Setting these parameters only the second term of the Eq. 4.9 and of the Eq. 4.10 is 

activated with a mass fraction that is respectively ωl
w
=1 for the liquid water, 

because no gas in liquid phase is admitted, and ωg
w
for the vapour equal to the 

value calculated for the medium with the psychrometric law. 

A hydrostatic initial liquid pressure distribution has been assigned on the soil 

selecting a linear initial unknown for the whole surface in wich only Pl varies from 

0.03Mpa (equals to -0.07Mpa) for the top to 1.92MPa for the bottom, while both 

Pg and T remain costant respectively equal to 0.1Mpa and 10°C (Fig. 4.1). 



57 
 

The surface has been characterized also with a initial porosity equals to 0.4. This 

value remains costant during the run since the mechanical aspect of the problem 

hasn’t been taken into account. 

The three conditions described apply to both the time intervals, in the second one 

the atmospheric boundary condition has been adding at the bottom of the 

column(Fig. 4.2). 

Applying this condition means generating fluxes of mass and energy due to 

gradients of temperature, vapour concentration, liquid pressure and haet between 

the media and the atmosphere, which vary day bay day according the prescribed 

data. 

 

Fig 4.2. Representative sections of the boundary conditions A) First interval data. 

B) Second interval data 

The way to assign an atmospheric condition to a surface line and the values 

choosed to describe the Piscolo daily climaticvariation have been described in the 

third chapter. 
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CHAPTER FIVE 

CODE- BRIGHT RESULTS AND COLLECTED DATA 

The aim of the analyses has been to build a model which could be fairly 

representative of the hydraulic behaviour of the slope.As first approssimation it has 

been conducted a Themo-Hydro analysis in 1_dimension, neglecting the 

mechanical part and the second dimension which are important in modelling slope 

response. The result has been an analysis of sensitivity that focuses on the 

equilibrium between the atmosphere and the soil determinated by the presenceand 

the features of the unsaturated soil up the water table. 

The pressure trend obtained from the code has been each time compared with the 

piezometric data derived from the field investigation carried out on Pisciolo in 

order to validate the results. 

The same atmospheric condition, which reflects the Pisciolo climatic profile, 

applied in the same way and for the same number of years produces very different 

results at first in the propagation of liquid pressure in the models tested, confirming 

the importance of the estimation of the hydraulic features of the soil. In the partial 

saturated soil the presence of gas in the voids affects the equilibrium between the 

species, the balance of mass and the balance of energy influencing the system also 

down tolarge depth. 

5.1 The reference piezometric system. 

The piezometer studied in the area have been selected at the light of the crossed 

soil profile prone to a seasonal variation of the hydraulic heads during the years, in 

order to study the influence of atmospheric condition on the slope. The 

piezometers conform to this features are SCP1, SCP5 and SCP7, placed in the 

south of the basin two(Fig 5.1), which show flow sub-parallel to the slope and are 

subject to significant seasonal variation. 
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Figure 5.1. Geomorphological setting of underbasin 2 in which are located the 

piezometersanalyzed underlined in blu. 

 

Figure 5.2. Section of the slope in which are plotted the piezometer SCP5 and 

SCP7. 

 

The three investigated verticals have everyone two cells to measure the hydraulic 

rises at different depths: the SCP7 located at the toe of the slope has a cell at 15m 

and a cell at 36 m bgl, SCP1 on the top has two shallow cells at 13m an 20m bgl, 

while the SCP5 has two deep cells at 40m and 60m bgl. 

The variables of the model modified between the different analysis to best fit the 

real data have been the depth of water table and the intrinsic permeability k0, 

chosen the same for the three principal directions. 
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The field data utilized for the analysis have been collected during three years of 

investigation, from September 2009 until December 2012, they have been overlaid 

on the graph in such a way to discard the early years obtained fromthe runs carried 

out for six or seven years, since not very representative of the final condition but 

rather necessary to achieve a more stable condition. 

For the SCP7 a good approximation has been found with the water table 7 m bgl 

and intrinsic permeability k0 setted 2∙10
-18

m
2
. The same value of k0 has been found 

for model SCP1, but with a water table at 6 m bgl.For the SCP5 a good 

approximation hasn’t been found for both the cells, since the great depths 

investigeted (Figs 5.3, 5.4, 5.5) 

 

 

Figure 5.3. Comparison between the code results of liquid pressure and SCP7 

collected data 
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Figure 5.4. Comparison between the code results of liquid pressure and SCP1 

collected data 

 

 

Figure 5.5. Comparison between the code results of liquid pressure and SCP5 

collected data 

 

The study of comparison carried out has allowed to observe some different 

between the code’s results and the measured trends of liquid pressure specially for 

the deeper cells.For the shallow cells (SCP1 and SCP7 at 15 m) a good fit has been 
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achieved in terms of mean value of liquid pressure, and annual trend since the 

model is able to reproduce the seasonal variation of the hydraulic rises measured at 

those depths in terms of amplitude and frequence of peaks. 

For theother deep cells the model can reproduce only the mean values and not the 

sinusoidal trend that the collected data still exhibitat higher depths, although with 

less amplitude.  

The divergence of the results can be explained considering the approximations 

done to build the model. First of all a single omogeneous material has been 

introduced in the code while the geomorphological setting (Fig 5.2) evidences the 

succession of crackedsandstone-clay soil typical of Flysh in the depth. The rock 

inclusions togheter with the cracks, determining increase of field permeability 

along the vertical, strongly affects the pressure distribution, since modifies the 

fluxes of the slope. The real boundary conditions of the slope, far from the 

monodimensionality, play also an essentialrole to modifythe regime of fluxes and 

of equipotentials compared to the conditions applied to the model. However 

beyond the limits the simple model analyzed has allowed to focus on the answer of 

the code linked to changes in material features and conditions in order to 

comprehend their respective weight. 

 

5.2 Results of the models. 

5.2.1 Liquid pressure evolution. 

In order to reproduce the real bahaviour of  of the site the different resuts has been 

compared cahnging k0 (intrinsec permeability) and position of water table. The 

analyzed values of intrinsic permeability range from k0=1∙10
-19

m
2
 to k0=1∙10

-16
m

2
. 

The position of water table is reported in Figs 5.6-8. 
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Figure 5.6. Liquid pressure evolution during the years in the early 36 m bgl with 

k0=1∙10
-16

m
2
 

 

 

Figure 5.7. Liquid pressure evolution during the years in the early 36 m bgl with 

k0=2∙10
-18

m
2
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Figure 5.8. Liquid pressure evolution during the years in the early 36 m bgl with  

k0=1∙10
-19

m
2
 

 

In Figs. 5.6, 5.7, 5.8 the liquid pressure evolution in the time in the early 36m has 

been plotted, with a depth gap of 1m until 15m. It is clear the influence of the 

annual variation setted at top of the column as boundary condition, but the way in 

which every model feelsthe same condition varies according the different value of 

intrinsic permeability which characterizes the material. The column with the high 

value of k0is more sensible to the daily variations of the atmospheric condition at 

all the depths and with major intensity obviously in the early meters below the 

ground level, as the more smoothed lines of Fig. 5.6 testify, while decresing k0 the 

daily influence becomes less evident, except for the surface, alreadyfrom one m 

bgl (Figs 5.7, 5.8). 

The annual climatic evolution, that is the same for the years because the same 

values have been repeated for all the seven years, causes fluctuation that are 

identical year after year in the more permeable model (Fig 5.6), which quickly 

reaches equilibrium at all the depths with a abrupt jump after 182 days and  as a 

result answers directly to the atmospheric changes, with a stable delay. The 
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maximum of liquid pressure is reached in the month of August, while the 

minimum in the beginning of December for all the examined height. 

On the contrary, for their lower permeability, the other two columns much more 

slowly tend to equilibrium of liquid pressure, the medium value of the function 

tends to rise and the annual fluctuation changes during the time for a fixed depth, 

increasing in amplitude and reaching values very closer to the piezometers 

excursions, however the less shallow elements are less affected from the annual 

variation, so that below 20m the liquid pressure doesn’t oscillatein the year, only 

increases. The delay also varyes with the depth, from 6m until 15m bgl the peack 

comes 85 days later in the k0=2∙10
-18

m
2
column (Fig. 5.7)and 180 days after  in in 

the k0=1∙10
-19

m
2
 column (Fig 5.8). 

To focus on the difference of liquid pressure trend in the first 36 m bgl a 

comparation of excursions’damping of the of liquid pressure has been 

donebetween different cases, evaluating the amplitude as the difference,measured 

for the last year of the runs, between the maximum and the minimum value of 

liquid pressure for each answer at different depths (Fig. 5.9). 

To semplify the search for similarities and differences between the site behaviour 

and the computed values only SCP7 has been considered, as representative of a 

common pattern for the three piezometers mentioned. 
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Figure 5.9. Damping of liquid pressure excursion with the depth according to k0 in 

models with initial water table placed 7m bgl. A)ΔP variation compared with ΔP of 

SCP7. B)Values normalised respect the maximum of each plot. 

 

 

Figure 5.10. Influence of water table depth with high k0. A) Liquid pressur 15m 

bgl. B)Damping. 
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The Figs 5.9, 5.10 show that the column with high permeability exhibits a very 

small damping of amplitude of liquid pressure with the depth, in a similar manner 

to the piezometers’trend, but it doesn’t reach the intensity of excursion found at the 

investigated depths. On the contrary the less permeable reaches ΔP of higher 

intensity, but it damps too much to be able to fit the performance of the site 

characterized from a nearly zero damping also down to the depth. Indeed the points 

that represent SCP7 have been plotted (Fig. 5.9A) to confirm that k0=2∙10
-18

m
2
 

good fits only the shallow cell at 15m bgl, not the deeper at 36m bgl. 

Furthermore the intensity of liquid pressure computated 15m bgl for k0=1∙10
-16

m
2
is 

more elevated than the recorded one at the same depth of 0.03 Mpa. Also a 

lowering of the initial water level (Fig. 5.10) does not produce improvements in 

comparison with the piezometer SCP7 since a deepening of 3 m, from 7 to 10 m, 

produces a lowering of the pressure of only 0.005MPa, therefore to achieve the 

recorded pressure at 15 m the water table should be loweredof 18m,however 

without producing the measured excursion between minimumand maximum. 

In order to interprete the causes that provide a more significant liquid pressure 

excursions with low intrinsic permeability, not only the evolution in the time of the 

other variables of the system has been studied but also the points of maximum and 

minimum Pl in the last year have been considered and analyzedfor the three 

columns varying in k0. The function of liquid pressure taken as reference has been 

that obtained 7m bgl, which is the initial depth of the water table. 

 

 T max Pl (days) T min Pl (days) 

k0=1e-16m
2
 2416.89=August 14

th 
year 7 2194.45=December 4

th
 year 6 

k0=2e-18m
2
 2532=December 8

th
 year 7 2363=June 6

th
 year 6 

k0=1e-19m
2
 2207=January 17

th
 year 7 2415=August 13

th
 year 7 

Table 5.1. Periods of maximum and minimum Pl obtained at depth of 7m bgl in the 

three models in the last year. 
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5.2.3 Liquid saturation degree 

The water retention curve that is a feature of the material has been compared with 

the plot of evolution during the seven years of liquid saturation degree Sl against 

suction, obtained from the code for the early 8m (Fig. 5.11). As the selected van 

Genuchten’s law imposes, all the three models different in k0 exhibit a very low 

variation of liquid saturation degree, of the order of 0.013while the suction 

variation is 0.06MPa from 1m bgl until 7m bgl. 

It’s important to notice that for the higher levels of suction, as the ones of the 

upper elements, the excursion of liquid saturation degree is larger, how the 

suction’s variation, because affected from the closeness to the top of the 

column,exposed to the atmospheric conditions. Indeed the variation found 1m bgl 

covers all the range of the elements below for the exemple with k0=1e-16m
2
 which 

is more sensible to the daily variation than the others two exemples. Furthermore 

the influence of excursion of temperature setted at the top, with value less than 

20°C, causes the pronounced distancing from the reference WRC for the elements 

nearest to the surface. The range of Sl variation decreases with the depth since the 

suctions reduce and at 8m the liquid saturation stands at his maximum degree, 

which is 0.92 according van Genuchten’s values. 

The model with k0=1∙10
-19

m
2
stops at different levels of Sl for 6m, 7m and 8m bgl, 

of the order of 0.001 or less, but it is due to the method of computation of the code, 

in fact the liquid saturation degree is read inside the element of the mesh, triangular 

in this case, while the suction is read in the node of the mesh. 
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Figure 5.11. Plot liquid saturation degree against liqid pressure compared with 

the water retention curve of the material for three order of intrinsic permeability. 

 

The study of the evolution in the time of Sl suggests that for Sl<0.92 the evolution 

of saturation degree well follows the variation of liquid pressure as interval time 

between two peacks, so for maximum saturation there is the highest liquid 

pressure, or the lowest suction. From the time in which the Sl reaches the threshold 

of maximum saturation given from van Genuchten only the liquid pressure 

continues to vary. In the model with high permeability this limit is reach after less 

than 200 days along all the hight and it remains constant, as a results there isn’t an 

unsaturated zone, the hydraulic behaviour is governed by the laws of saturated soil, 

with a KSAT> KUNSAT. The trend isomogeneous at all the depths,asthe sub-parallel 

fluctuations testify(Fig 5.6). 

Decreasing k0(Figs. 5.7,5.8)the behaviour significantly changes, first of all it’s 

possible identify a zone which keeps a degree of saturation less than the maximum. 

Until 1750 days for both the less permeable models for a thickness of 6m the code 

gives negative pressure, which oscillates and dampensin a way that at 6m the 

pression keeps almost costant in the timeand less than zero, while already at 7m 

the code gives positive liquid pressure which exhibits big fluctuations with a 

pattern completely independent from the unsaturated zone.After 1750 days also at 



70 
 

6m the pressure become positive, the soil reaches also here the maximum 

saturation, and consequentlythe line of 6m drastically than before begins to 

oscillate in the time,furthermore as answer to the rise of the saturated zone from 

6m to upwards the pressures regime increases and the fluctuations greatly amplify 

their intensity. 

This evidence suggests that the propagation of the liquid pressure fluctuations is 

affected by the equilibrium between the saturated and unsaturated zones, which 

constitute two systems reacting in different way to the boundary conditions. The 

deeper behaviour is clearly governed by the dynamics of the top of saturated zone, 

which determins level of pressure, and the amplitude and the delay of fluctuations. 

The water table in turn is affected by the dynamics of the unsaturated zone, which 

answers to the boundary conditions in terms of entity and time determinated by the 

liquid saturation degree.The suctions’extinguishingabsorbs the water supplies 

according the liquid saturation degree and establishes the fluctuation of liquid 

pressure. 

A comparison has been done between the profiles of liquid pressure in two 

successive instants of time indicated in the Tab 5.1 for the three cases of study and 

the respective liquid saturation degree (Figs 5.12, 5.13). Sl equal to 0.92 for all the 

depth corresponds at high k0, togheter with a  linear profile of pressure which starts 

from zero at top. For the case of k0=1∙10
-19

 m
2
 the degree of saturation reaches the 

less values than the other cases, but a largerdifference between two steps is 

registered. The pressure profile, far from the linear distribution, shows elevated ΔP 

in the early 40m, while below the condition is the same of the initial time, after 7 

years the variations imposed on the surface don’t affect big depths. The profile 

with k0=2∙10
-19

m
2
 is intermediate in terms of Sl and shows a Pl equilibrium more 

easily achieved until higher depths, without overpressures. 

However the length selected for the column is so that the condition imposed for the 

bottom,fixing a value of liquid pressure obtained considering a hydrostatic 

distribution,doesn’t affect the shallow answer. 
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Fig 5.12. Profiles of the liquid saturation degree chanching k0and time step. 

 

 

5.13. Liquid pressure profiles in the three k0 cases. 
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5.2.4 Mass fluxes 

The total mass flux is the sum of fluxes of the species that compose the system in 

their different phases. In the analyzed case it is obtained by two terms: 

- Non advective flux of vapour ig
w
 

- Advective flux of liquid ωl
w
ρlql 

Because there aren’t advective flux of gas (ωg
w
ρgqg=0) and diffusive flux of 

dissolved air in the liquid phase since the conditions selected 

The mass balance of water in the liquid and in the gas phase is expressed as: 

 

  
   

         
 

  
   

             
        

       

  
     

  

  
     

      

jw= external supply of water 

The term strongly dependent from the intrinsic permeability is the advective flux 

of water, since in the Darcy’s law (2.10) the ability of fluid’s movement in the soil 

is expressed as the product of the relative permeablity and the intrisic one. 

The comparison between the three profiles in a time of maximum and in atime of 

minimum of the liquid pressure fluctuation(Fig. 5.14) taken in the last year(Tab 

5.1), allows to observe that the intensity of fluxes is higher with high intrinsic 

permeability. Decreasing k0 of a order of magnitude also the advective flux 

decreases of a order of magnitude, with k0=1   -16
 m

2
 qL ranges at the top from -

4∙10
-10

 until 1∙10
-10

 m/s, with k0=2   -18
 qL ranges at the top from -3∙10

-11
 until 

1∙10
-11

 m/s, and similarly with k0=1   -19
 ranges from -3∙10

-12
 until 5∙10

-12
 m/s. 
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Figure 5.14. Y-Advective liquid flux profiles in the three k0 cases. Key:the arrows 

indicate the fluxes direction and their intensity 

 

The three profiles show all negative values at the top, even if of different intensity, 

this means inflow of liquid water, and downflow in the early 6m with different 

speeds which confirms the evidence that the model with high k0 fastly reaches  

equilibrium and saturation with the water table rising until almost the ground level 

after 200 days, which causes higher liquid pressure along all the column. In this 

example it’s important to notice that the both the lines follow the same pattern, the 

flux increases in the early four meters, than decrease and tend to a negative 

value,which keeps almost costant with the depth. The flux of maximum and the 

flux of minimum keep a difference of the order of 10
-12

 until the bottom of the 
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column, explaining the less damping obtained in this case for the liquid fluctuation 

until great depth.  

The process  of water entering is more slow in the other two models proportionally 

to the value of k0. The smaller speed of mass water implies that the model responds 

with delay to the atmospheric condition and the line profile of minimum and 

maximum show trends in which the fluxes increase or decrease in a different or 

opposite way. In the model with k0=1∙10
-19

 m
2
, for which the phenomenon is more 

evident, from 6 m the advective flux of Pl max begins to decrease while the flux of 

Pl min continues to increase, at 10m the fluxes are completely out of phase and 

with different trends they reach the same value, from 13m the two lines become 

coincident and tend to zero. In a corresponding manner the difference between the 

maximum and the minimum Pl increases and than decreases from 6 to 20m, where 

neither a peak nor a minimum can be identified yet (Fig. 5.9). 

The diffusive flux of vapour (Fig. 5.15) is not directly affected from the k0, and 

depends on the gradient of vapour between outside and inside. However in the void 

must exist the equilibrium between liquid phase and gas phase, in this case 

respectively liquid water and vapour.  The diffusive fluxes involve only the early 2 

m for the more permeable example, 3m for the middle one and 5m for the less 

permeable one, because the respective height of unsaturated zone is influenced 

from the water inflow velocity. It’s possible to say that the less advective model, 

since the k0 value, has a larger unsaturated zone, and a drier one as testify the 

liquid saturation degree found (Fig 5.12). 

The diffusive fluxes are comparable as order of magnitude, differently from the 

advective fluxes. 

The two less permeable models show the same correspondence with minimum of 

liquid pression and flux of vapour ingoing, like the flux of water, and maximum of 

liquid pressure and flux of water outgoing, while for the most advective the 

tendence is opposite. 
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Figure 5.15. Y-Diffusive flux of vapour profilescompared with the relative humidity 

profilesin the early 20m for the three k0 cases. Key:the arrows indicate the fluxes 

direction and their intensity 

 

The total mass flux profiles substantially follow the same pattern of the advective 

flux profiles (Fig. 5.16). For the k0=1∙10
-16

m
2
case the amount of water is twoorder 

bigger than the amount of vapour involved, for the k0=2∙10
-18

 m
2
case the difference 

is of one order of magnitude, while the less permeable has flux of water and flux of 

vapour of the same order. 
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Figure 5.16. Y-Total flux profilescompared for the three k0 cases. Key:the arrows 

indicate the fluxes direction and their intensity 
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CONCLUSIONS 

In this work has been studied the interaction between the soil and the climatic 

conditions for a real case, the landslide of Pisciolo hill-slope located in the 

southern Italy, near Melfi (Potenza). This is a preliminary modelling able to 

reproduce the data from several years of field monitoring. 

The mathematical modelling of the problem has been performed with 

CODE_BRIGHT which allows to model the coupled thermo-hydro-mechanical 

(THM) processes in geological media. As first approssimation has been conducted 

a thermo-hydraulic analysis in order to be able to study the variation of water 

pressure due to the interaction with atmospheric boundary condition on top. 

The monitored data in terms of pore water pressure has been compared with the 

prediction of the numerical analysis for different depths although in one 

dimension. Furthermore the results have led considerations on the way in which 

the liquid pressure, the liquid saturation degree, the mass fluxes of liquid water and 

vapour spread in the time and with the depth. 

A fundamental rule plays the unsaturated zone in the upper part of the column, 

where the equilibrium between liquid phase and gas phase occurs. The saturation 

of the zone above the water table strongly influences the liquid pressure profile 

also in the deeper zone below the water table. The main variable which influences 

the pore water pressure profile are the permeability and the imposed boundary 

atmospheric conditions. 

The atmospheric boundary conditions allows to take into account the daily 

fluctuation of climatic variables and the related change in pore water pressures also 

during the year. The effects of climatic change depend on material parameters, 

such as intrinsic permeability and water retention curve and on the depth. In 

unsaturated condition, the standard laws must be extended in order to take into 

account the air phase. As an example, the permeability decreases with suction 

increases, while has constant value in complete saturated condition. The behaviour 
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below the water table is controlled by the unsaturated zone and the position of the 

water table, which in turns rises or falls in accordance with the velocity in which 

the saturation is achieved over. For this reason the water table plays an important 

role to link two different regimes, strongly influenced each other. 

The mass fluxes respond to equation of mass balance, with intensity and direction 

influenced by both the features of materials and the climatic conditions. The flux 

of water affects a depth determined by the speed in which the liquid spreads in the 

soil, the flux of vapour involves only the shallow soil which interacts with the 

atmosphere. 

The model allows to comprehend how the interactions occurs in a one-dimensional 

example but could be improved considering a more complex sequence of materials 

and the not negligible influence of the second dimension. 
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