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EXTENDED ABSTRACT (English) 

 
The present research activity deals with the evolution of the equilibrium condi-

tions in time with reference to climate-induced landslides. The approach followed 

herein is mainly linked to the comparison between numerical analyses and field moni-

toring data which are of major importance to state the success of the numerical pre-

dictions. 

The research is first aimed at identifying the main internal and external factors 

to be accounted for numerically replicating the field evidences. As such in this step of 

the work, the purpose is to diagnose the current seasonal activity observed in a case 

study (the Pisciolo slope) in terms of hydraulic and mechanical behavior. In particular, 

a boundary value problem has been numerically solved with different and gradually 

more complex numerical strategies. Specifically, hydraulic and hydro-mechanical 

numerical analyses have been carried out, aimed at highlighting strengths and weak-

nesses of each numerical strategy in modelling the current activity of the Pisciolo 

slope. 

The representativeness of the Pisciolo slope with respect to several landslide 

mechanisms in the South-Eastern Apennine, makes this case study of particular in-

terest, since the site-specific conclusions drawn may be also valid for other mecha-

nisms. 
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This circumstance appears to be very relevant, since it allows for a transposi-

tion of concepts and design strategies from a representative slope to others, even 

without very detailed site-specific studies. 

The final aim of this research work is to give advices on two different mitiga-

tion measures, addressing the design of early warning systems and bio-engineering 

interventions for the landslide mechanism of reference. 

The early warning system is designed with reference to different landslide 

bodies, from shallow to deep, highlighting the differences on both the reference 

threshold variables and threshold values. This analysis is carried out by means of hy-

draulic numerical modelling followed by the computation of the safety factor with the 

limit equilibrium method. 

The climatic forcing input for these analyses is obtained from real climatic da-

ta, from 2001 to 2016, for which rainfall and minimum and maximum temperatures 

were available from climatic annals provided by a climatic monitoring station close 

the Pisciolo slope. The results of the diagnosis of the landslide mechanism allow to 

realize that also the pre-existent climatic condition may affect the subsequent impact 

of a certain climatic input. As such, among all the monitored years available, two dif-

ferent years have been chosen as representative of a very rainy and a very dry one; 

those have been applied prior the application of the climatic year under investigation. 

The analysis of the efficiency of a bio-engineering intervention has been of in-

terest in this research activity; in particular, the use of deep-rooted crops on the soil 

cover for stabilizing shallow and deep bodies is studied herein. 

As such, a test site (approx. 2000 m2) has been installed at the toe of the 

Pisciolo landslide, aimed at determining the hydraulic efficiency of some selected 

crop types. The various crop types have been seeded into the test site, and the moni-

toring of climatic variables, the shallow cover state (unsaturated zone), and the deep-

er soil state (saturated zone) has been activated in January 2018 and is still on-going. 

A numerical platform of differential equations for solving the thermo-hydraulic 

boundary value problem is described, with the future aim to back-calculate the up-

ward fluxes of evaporation and plant-induced transpiration. 
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Although not being conclusive, this study may be scientifically relevant, and is 

then intended to have repercussions on the practical side, being useful for future 

guidelines for the design of bio-engineering interventions. 

 

key words: equilibrium changes, climate-induced landslides, transient analyses, 

evapo-transpiration, mitigation strategies, early warning system, bio-engineering. 
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EXTENDED ABSTRACT (Italiano) 

 
L’attività di ricerca affrontata dal dottorando riguarda l'evoluzione delle condi-

zioni di equilibrio nel tempo in riferimento alla stabilità di frane clima-indotte. L'ap-

proccio seguito è principalmente legato al confronto tra analisi numeriche e dati di 

monitoraggio di campo, che sono di fondamentale importanza per poter determinare 

la veridicità delle previsioni numeriche. 

La ricerca mira innanzitutto ad identificare i principali fattori interni ed esterni 

da considerare per il replicare correttamente numericamente, le evidenze sul campo. 

Come tale in questa fase del lavoro, lo scopo è quello di diagnosticare l'attuale attività 

stagionale osservata ricorrentemente e documentata in un caso di studio (la frana di 

Pisciolo) tramite monitoraggi di sito. Attraverso strategie numeriche diverse e gra-

dualmente più complesse si è effettuato un calcolo del processo franoso. In particola-

re, sono state condotte analisi numeriche idrauliche e idromeccaniche, volte a mettere 

in luce i punti di forza e di debolezza di ciascuna strategia numerica nella modellazio-

ne dell’attività attuale della frana in studio. 

La rappresentatività del pendio di Pisciolo con riferimento a diversi meccani-

smi di frana nell'Appennino sud-orientale, rende questo caso di particolare interesse, 

poiché le conclusioni sito-specifiche sono valide anche per casi di studio meno stu-

diati, o meno monitorati. 
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Questa circostanza è molto rilevante, dal momento che consente una traspo-

sizione di concetti e strategie di progettazione dal caso specifico (la frana di Pisciolo) 

ad altri casi di studio, anche senza studi dettagliati sito-specifici. 

L'obiettivo finale di questo lavoro di ricerca è di fornire consigli per quanto 

concerne due diverse strategie di mitigazione; in particolar modo il dottorando si è 

occupato della progettazione di sistemi di allerta e di interventi di bioingegneria in re-

lazione al meccanismo di frana di riferimento. 

Il sistema di allerta è progettato con riferimento a diversi corpi di frana, da su-

perficiale a profondo, evidenziando le differenze sia per quanto riguarda le variabili di 

soglia di riferimento sia che i valori di soglia. Questa analisi viene effettuata mediante 

modellazione numerica idraulica seguita dal calcolo del fattore di sicurezza con il me-

todo del limite di equilibrio. 

L'input forzante climatico per queste analisi è ottenuto da dati climatici reali, 

dal 2001 al 2016, per i quali sono disponibili precipitazioni e temperature minime e 

massime da annali climatici forniti da una stazione di monitoraggio climatico vicina al 

versante di Pisciolo. I risultati della diagnosi del meccanismo di frana consentono di 

comprendere che anche la condizione climatica preesistente può influire sul succes-

sivo risultato di un certo input climatico. Di conseguenza tra tutti gli anni monitorati 

disponibili, sono stati scelti due anni diversi come rappresentativi di uno molto piovo-

so e di uno molto secco; questi sono stati applicati prima dell'applicazione dell'anno 

climatico in esame.  

L'analisi dell'efficienza di un intervento di ingegneria naturalistica o di bioinge-

gneria è stata anch’essa analizzata in questa attività di ricerca; in particolare, è stato 

effettuato uno studio preliminare sull'uso di colture radicate sul suolo per la stabilizza-

zione di corpi superficiali e profondi. 

A questo scopo, un campo prova (circa 2000 m2) è stato allestito al piede del 

meccanismo franoso di Pisciolo, allo scopo di determinare l'efficienza idraulica di al-

cuni piante selezionate. I vari tipi di colture sono stati seminati nell’area del test e il 

monitoraggio delle variabili climatiche, dello stato di copertura superficiale (zona insa-
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tura) e dello stato del suolo più profondo (zona saturata) è iniziato a gennaio 2018 ed 

è tuttora in corso. 

Una piattaforma numerica di equazioni differenziali per risolvere il numerica-

mente il calcolo termo-idraulico è stato descritto, con lo scopo futuro di calcolare in 

maniera inversa i flussi verso l’atmosfera evaporativi e traspirativi indotti dalle piante. 

Pur non essendo conclusivo, questo studio può essere scientificamente rile-

vante, ed è quindi auspicabile che esso abbia ripercussioni sul lato pratico, risultando 

utile per future linee guida per la progettazione di interventi di bioingegneria simili a 

quello in studio. 

 

Parole chiave: variazione di equilibrio, frane clima-indotte, analisi transitorie, evapo-

traspirazione, mitigazione del rischio, sistemi d’allerta, ingegneria naturalistica. 
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(13) line of the sections shown in Figure 5.8; (14) site of the shallow sampling 

(Cotecchia et al., 2014). 

Figure 5.4 - Damages to the aqueduct pipeline (2m of diameter) (a) and to 

secondary hydraulic structures (b). 

Figure 5.5 - Fractured rocks interbedded in the clayey materials, both out-

cropping (a and b) and intercepted at 20 m depth while drilling the boring P7 in Figure 

5.3 (c). 

Figure 5.6 - Outcropping clays belonging to the Paola Doce formation. 

Figure 5.7 - Example of electrical tomography obtained with reference to the 

southern zone of the Pisciolo hill-slope (Cotecchia et al., 2014). 

Figure 5.8 - Stress paths followed by clay specimens of both the groups (p' < 

250kPa) during consolidated undrained triaxial tests. Group 1: red stress paths; 

Group 2: black stress paths. 

Figure 5.9 - Stress paths followed by clay specimens of both the groups 

(250kPa < p' < 900kPa) during consolidated undrained triaxial tests. Group 1: red 

stress paths; Group 2: black stress paths. 

Figure 5.10 - Lithological sections of the Pisciolo hill-slope (the sections' lines 

are reported in Figure 5.3). Key: (1) fan deposit; (2) debris deposit; (3) alluvial depos-

it; (4) Pliocene complex; (5) N Complex;(6) ST subcomplex; (7) CT sub-complex; (8) 

rock levels interbedding clays (a) or continuous rock interval (b); (9) R Complex with 

rock levels or coarse-grained intervals (a); (10) stratigraphic (a) and tectonic (b) con-

tacts; (11) boreholes and inclinometer shear bending (a); (12) landslide: a-crown in-

tercept, b-failure surface, dashed line when it is inferred (Cotecchia et al., 2014). 
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Figure 5.11 - Data collected along the inclinometer I12 located within the Pis-

ciolo Landslide (Figure 5.3) (after Cotecchia et al., 2014). 

Figure 5.12 - Data collected along the inclinometer I5 located within the Pisci-

olo Landslide (Figure 5.3) (after Cotecchia et al., 2014). 

Figure 5.13 - Displacement rates measured by inclinometers I12, I8 and I14 

(Figure 3.24) in correspondence to the intercepted shear bands and by the GPS sen-

sor S2 (Figure 3.24) connected to the pipeline in correspondence to the Pisciolo 

gorge (Pedone, 2014) 

Figure 5.14 - 180-days cumulated rainfalls (red line) and piezometric levels 

recorded by the piezometers (dashed and continuous lines; depth ranges of the cells 

specified in the legend) (Cotecchia et al., 2014 plus new monitoring data from the end 

of 2016 on). 

Figure 5.15 - 180-days cumulated rainfalls, piezometric heads and displace-

ment velocities measured in the most hazardous zone of the Pisciolo hill-slope (close 

to the Pisciolo gorge in Figure 5.3), where the pipeline experiences the most severe 

damages (Figure 5.4) (replotted, Pedone, 2014, Cotecchia et al., 2014). 

Figure 5.16 - Zoom from 2009 to 2013 of the Figure 5.15 (replotted, Pedone, 

2014, Cotecchia et al., 2014). 

Figure 5.17 - Desiccation fractures observed on the Pisciolo hill-slope in Au-

gust 2012 (typical fracture pattern (a), maximum depth measured (b), mean opening 

measured (c) and mean spacing measured between two fractures (d)); (Pedone, 

2014).  

Figure 5.18 - Spring located at the top of the Pisciolo hill-slope, at the contact 

between the Pliocene Sandstones (Figure 5.2) and the clayey materials belonging to 

the transition complex (Figure 5.2); (Pedone, 2014).  
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Figure 5.19 - FE slope model and boundary conditions (section b-b" in Figure 

5.10). The piezometric heads along P7, P0, P5 and P3 are shown in Figure 5.22: ○, 

measured and numerical; , only numerical. z=0 at 100 m below the bottom of the 

model. 

Figure 5.20 - Test data and WRC used in the model (Pedone, 2014). 

Figure 5.21 - Values of Kcb (black) and Ke (white) used in the analyses; for 

Kcb, the corresponding plant growth stage is reported. 

Figure 5.22 - Measured and numerical piezometric heads down verticals (a) 

P7, (b) P0; (c) P5 and P3. The net 180-day cumulated rainfall is the one input in the 

modelling. 

Figure 5.23 - Numerical pressure heads at shallow depths along vertical P0 

and net daily rainfall. 

Figure 5.24 - Pore water pressure profiles along vertical P0: late spring to late 

summer. 

Figure 5.25 - Pore water pressure profiles along vertical P0: autumn. 

Figure 5.26 - Pore water pressure profiles along vertical P0: winter to early 

spring. 

Figure 5.27 - Pore water pressure profiles along vertical P0: spring. 

Figure 5.28 - Variations in safety factor for the shallow bodies 1 and 2 and net 

daily rainfall. 

Figure 5.29 - Pisciolo slope: hummocky ground highlighting the disturbance 

due to shallow landsliding. 

Figure 5.30 - Variations in safety factor for bodies 3 and C and 180-day net 

cumulated rainfall. 

Figure 5.31 - Kr function with suction. 
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Figure 5.32 - Ks function with suction. 

Figure 5.33 - Numerical pressure heads at shallow depths along vertical P7, 

comparing the Seep/W 2004 and the Seep/W 2012 analyses. 

Figure 5.34 - Numerical piezometric heads at depths along vertical P7 (com-

paring the Seep/W 2004 and the Seep/W 2012 analyses) and monitoring data of pie-

zometers at 15 and 36 metres depth. 

Figure 5.35 - Net daily rainfall and factor of safety with time (comparing the 

Seep/W 2004 and the Seep/W 2012 analyses) with respect to 0.5 and 1 metres depth 

sliding bodies. 

Figure 5.36 - 180-day cumulated rainfall and factor of safety with time (com-

paring the Seep/W 2004 and the Seep/W 2012 analyses) with respect to body C. 

Figure 5.37 - Lab unconfined drying test results in terms of void ratio and 

suction; (Pedone, 2014). 

Figure 5.38 - Lab unconfined drying test results in terms of degree of satura-

tion and suction; (Pedone, 2014). 

Figure 5.39 - Lab unconfined drying test results in terms of suction and pro-

gressive time; (Pedone, 2014). 

Figure 5.40 - Drying path overlapped with the INCL, K0NCL and swelling line 

of the overconsolidated clay. The drying path refers to the suction on the x-axis, 

whereas the INCL and K0NCL refer to the p’BISHOP (which is equal to the Terzaghi effec-

tive stress when Sr=100%) on the x-axis. 

Figure 5.41 -Drying path overlapped with the related INCL and K0NCL. The 

drying data now are reported in terms of p’BISHOP (in the framework of Cafaro & Cotec-

chia 2015). 
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Figure 5.42 - Lab unconfined drying test data in terms of void ratio and Bish-

op's effective isotropic invariant. 

Figure 5.43 - Geometrical 2D scheme of the oedometer specimen (a); 

scheme of the displacement (b) and hydraulic (c) boundary conditions superimposed 

in the analysis. 

Figure 5.44 - FE mesh adopted for the analysis; width and height are respec-

tively 28 and 10 centimetres. 

Figure 5.45 - Yield surfaces characterizing the Soft soil constitutive model in 

the q-p plane. 

Figure 5.46 - Early numerical analysis (Mohr-Coulomb constitutive model) of 

the unconfined drying test compared to the lab data; input parameters of the M-C 

constitutive model as follow: γunsat=17 kN/m3; γsat =19 kN/m3; E'=10000 kPa; 

ν'=0.25; φ'=15°; c'=15 kPa ; Ψ=0°; einitial=0.76. 

Figure 5.47 - Numerical analysis (Soft soil constitutive model) of the uncon-

fined drying test compared to the lab data in terms of void ratio against Bishop's ef-

fective stress isotropic stress; input parameters of the S-S constitutive model are re-

ported in Tab 5.6b. 

Figure 5.48 - Numerical analysis (Soft soil constitutive model) of the uncon-

fined drying test compared to the lab data in terms of suction against time; input pa-

rameters of the S-S constitutive model are reported in tab 5.6b. 

Figure 5.49 - Numerical analysis (Soft soil constitutive model) of the uncon-

fined drying test compared to the lab data in terms of void ratio against Bishop's ef-

fective stress isotropic stress; both the analyses where the residual degree of satura-

tion has been modified (=45%, blue line) and not modified (=6%, red line) are re-

ported. 
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Figure 5.50 - Numerical analysis (Soft soil constitutive model) of the uncon-

fined drying test compared to the lab data in terms of suction against time; both the 

analyses where the residual degree of saturation has been modified (=45%, blue line) 

and not modified (=6%, red line) are reported. 

Figure 5.51 - Numerical analysis (Soft soil constitutive model) of the uncon-

fined drying test compared to the lab data in terms of degree of saturation against 

suction; both the analyses where the residual degree of saturation has been modified  

Figure 5.52 - Numerical model and boundary conditions for the hydro-

mechanical analyses. 

Figure 5.53 - Mesh for the initial model, initialization n.1. 

Figure 5.54 - Plastic points after excavation, for four different values of the 

K0_initial (0.65, 1, 1.5 and 2). 

Figure 5.55 - Corresponding results of Figure 5.54 in term of deviatoric shear 

strain. Note that the scale of values is in common among the first two cases, and the 

second ones.  

Figure 5.56 - Cumulated deviatoric shear strain across the slope after 10 

years of net rainfall at the ground surface, with reference to four different values of the 

K0_initial (0.65, 1, 1.5 and 2). 

Figure 5.57 - Pore water pressure: monitoring data of the piezometer P7 (red) 

and numerical prediction (black), with reference to the same vertical at 15 m b.g.l. (a) 

and at 36 m b.g.l. (b). 

Figure 5.58 - Geometry and corresponding mesh of the model accounting for 

an additional layer of soil (above in light green). 

Figure 5.59 - Variation of the void ratio with depth, obtained after the oedome-

ter unloading. 
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Figure 5.60 - Final slope model (in light blue) and clusters to be excavated (in 

red). 

Figure 5.61 - Profiles with depth of the K0 after the oedometer unloading. Dif-

ferent curves correspond to different K0_initial values being used the K0 procedure. 

Figure 5.62 - Deviatoric shear strain field across the slope with reference to 

different K0_initial values, after the lateral excavation.  

Figure 5.63 - Permeability function with depth implemented in the analysis 

(black line) and in situ monitoring (Pedone, 2014; red dots). 

Figure 5.64 - Cumulated deviatoric shear strain across the slope after 10 

years of net rainfall at the ground surface. The straining due to the excavation is not 

here included. 

Figure 5.65 - Pore water pressure: monitoring data of the piezometer P7 (red) 

and numerical prediction (black), with reference to the same vertical at 15 m b.g.l. (a) 

and at 36 m b.g.l. (b). 

Figure 5.66 - Numerical model of the third initialization process presented. 

Figure 5.67 - Numerical model with drained excavations; plastic points (a), 

deviatoric shear strains (b), and deviatoric shear strains after ten years of transient 

analysis (c) are shown. 

Figure 5.68 - Numerical model with undrained excavations; plastic points (a), 

deviatoric shear strains (b), and deviatoric shear strains after ten years of transient 

analysis (c) are shown. 

Figure 5.69 - Numerical pore water pressure simulations with different Pois-

son's ratios; values related to the analysis with Poisson's ratio of 0.3 are reported in 

black, whereas, grey lines correspond to the analysis implementing a Poisson's ratio 

of 0.4; in red the piezometric monitoring data. 
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Figure 5.70 - Numerical pore water pressure simulations with different Young 

moduli; values related to the analysis with Young modulus of 10000 kPa are reported 

in black, whereas, grey lines correspond to the analysis implementing a Young modu-

lus of 20000 kPa; in red the piezometric monitoring data are reported. 

Figure 5.71 - Numerical pore water pressure simulations with different satu-

rated permeability; values related to the analysis with 10-8 m/s are reported in black, 

whereas, grey lines correspond to the analysis implementing with 10-9 m/s; in red 

the piezometric monitoring data are reported. 

Figure 5.72 - Numerical modelling referred to numerical analysis implement-

ing heavier and weaker material (the saturated and unsaturated unit weight of the soil, 

21 and 19 kN/m3, respectively, and the M-C strength parameters were c' and φ', 

equal to 15 kPa and 20.5°); plastic points (a), deviatoric shear strains (b) after the ini-

tialization and deviatoric shear strains after ten years of transient analysis (c) are 

shown.  

Figure 5.73 - Pore water pressure numerical results referred to both numerical 

analyses (black and grey line), and monitoring data, at 15 and 36 metres depth along 

the piezometric vertical P7. 

Figure 5.74 - Numerical results in terms of pore water pressure referred to 36 

metres depth along the piezometric vertical P7 (grey line) and horizontal displace-

ments (blue line) at the ground surface along the same vertical of the piezometric data 

(i.e. P7), with reference to the analysis in Figure 5.68. 

Figure 5.75 - Comparison between the numerical velocity and the monitored 

ones with reference to the ground surface. 

Figure 5.76 - Numerical results in terms of pore water pressure referred to 15 

metres depth along the piezometric vertical P7 (grey line) and horizontal displace-
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ments (blue line) at the ground surface along the same vertical of the piezometric data 

(i.e. P7), with reference to the analysis in Figure 5.72. 

Figure 5.77 - Slope model subjected to the initialization process. The hydro-

mechanical boundary conditions are also reported.  

Figure 5.78 - Initialized slope model subjected to the transient boundary con-

dition representing SVA interaction. 

Figure 5.79 - Mesh adopted for the analysis. 

Figure 5.80 - Total heads resulting from the consolidation analysis (i.e. im-

posing 40 kPa of suction at the ground surface, Figure 5.77) after the undrained ex-

cavation phases.  

Figure 5.81 - Zoom on the plastic point at the end of the second consolidation 

stage.  

Figure 5.82 - Net rainfall applied at the ground surface in the transient calcula-

tion phase. 

Figure 5.83 - Numerical results in terms of pore water pressure and monitor-

ing data, at 15 (a) and 36 (b) metres depth along the piezometric vertical P7 and 

along vertical P5 at 40 metres b.g.l. (c). 

Figure 5.84 - Horizontal displacement field after the 15 years of net rainfall.  

Figure 5.85 - Deviatoric shear strain field. 

Figure 5.86 - Horizontal displacements in time, with respect the ground sur-

face (a) and a point 40 metres b.g.l. (b) along the vertical P5. 

Figure 5.87 - Horizontal velocities in time, with respect the ground surface (a) 

and a point 40 metres b.g.l. (b) along the vertical P5. 

Figure 5.88 - Initialized slope model subjected to the transient boundary con-

dition representing SLVA interaction. 
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Figure 5.89 - Initialized slope model later subjected to the transient boundary 

condition. 

Figure 5.90 - Plastic points field after the initialization process. 

Figure 5.91 - Deviatoric strain field due to the initialization process. 

Figure 5.92 - Numerical results in terms of pore water pressure and monitor-

ing data, at 15 (a) and 36 (b) metres depth along the piezometric vertical P7. 

Figure 5.93 - Numerical results in terms horizontal displacement along the P7 

vertical, inside the shear band. 

Figure 5.94 - Horizontal velocity in time (black) corresponding to the dis-

placements in Figure 5.93 compared with the horizontal velocities computed by 

means of inclinometric data (green). A zoom on the last years of this plot is reported 

in Figure 5.95. 

Figure 5.95 - Zoom on the last years of the Figure 5.94. 

 

Figure 6.1 - Rainfall and both minimum and maximum temperature data from 

the 1st of September 2001, until the 31st of August 2016, as recorded by the Melfi 

meteorological station. 

Figure 6.2 - Crop specific evaporation (red line) and transpiration (green line) 

fluxes from the 1st of September 2001, until the 31st of August 2016, as computed 

by means of FAO Penman-Monteith dual crop approach. 

Figure 6.3 - Slope model for the H analysis in Seep/W 2012. Material and re-

gions are the same as for the slope model in Figure 5.19. 

Figure 6.4 - Zoom on the top soil layer mesh highlighting the positions of the 

three boundary conditions here taken into account. 



xxvii 
 

Figure 6.5 - Numerical piezometric heads (z=0 is set at the ground level) at 

15 and 36 metres below ground level compared with the piezometric monitoring data 

along the vertical P7; together with the net rainfall, and both the net and total 180-day 

cumulated rainfall. 

Figure 6.6 - Numerical piezometric heads (z=0 is set at the ground level) at 

0.5, 1, 3 and 5 metres below ground level, with respect to the net rainfall. 

Figure 6.7 - Numerical piezometric heads (z=0 is set at the ground level) at 

0.5, 1, 3 and 5 metres below ground level, with respect to the net rainfall from 1st 

September 2010, until 31st August 2011. 

Figure 6.8 - Numerical piezometric heads (z=0 is set at the ground level) at 

0.5, 1, 3 and 5 metres below ground level, with respect to the net rainfall from 1st 

September 2011, until 31st August 2012. 

Figure 6.9 - Numerical piezometric heads (z=0 is set at the ground level) at 

0.5, 1, 3 and 5 metres below ground level, with respect to the net rainfall from 1st 

September 2008, until 31st August 2009. 

Figure 6.10 - Numerical piezometric heads (z=0 is set at the ground level) at 

15 and 36 metres below ground level compared with the piezometric monitoring data 

along the vertical P7; together with the net rainfall, and both the net and the total 180-

day cumulated rainfall in black and grey respectively. 

Figure 6.11 - Effect of the antecedent climatic year on the stability of the body 

C9: lighter lines (light blue, piezometric head; light red, factor of safety; grey, 180-day 

net cumulated rainfall) refer to the analysis anticipated by a very dry climatic year; 

darker lines (blue, piezometric head; red, factor of safety; black, 180-day net cumu-

lated rainfall) 
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Figure 6.12 - Effect of the antecedent climatic year on the stability of the body 

C9: lighter lines (light blue, piezometric head; light red, factor of safety; grey, 180-day 

net cumulated rainfall) refer to the analysis anticipated by a very dry climatic year; 

darker lines (blue, piezometric head; red, factor of safety; black, 180-day net cumu-

lated rainfall).  

Figure 6.13 - Numerical piezometric heads (z=0 is set at the ground level), 

factor of safety, and the net daily rainfall with respect to the body 0.5m. 

Figure 6.14 - Numerical piezometric heads (z=0 is set at the ground level), 

factor of safety, and the net daily rainfall with respect to the body 1m. 

Figure 6.15 - Numerical piezometric heads (z=0 is set at the ground level), 

factor of safety, and the net daily rainfall with respect to the body 3m. 

Figure 6.16 - Zoom on the hydrological year 2006-2007: numerical piezomet-

ric heads (z=0 is set at the ground level), factors of safety, and the net daily rainfall 

with respect to the all the shallow bodies. Lines for body 0.5 are the lighter, whereas 

for body 3m are the darker one. 

Figure 6.17 - Numerical piezometric heads (z=0 is set at the ground level), 

factor of safety, and the net 120-day cumulated rainfall with respect to the body 3m. 

 

Figure 7.1 - Aerial view from Google maps of the Pisciolo landslide mecha-

nism toe area. Body C9 (blue line), the trace of the acqueduct pipeline, the P7 piezo-

metric vertical (black dot), and the vegetated site area (light green quadrangle) are re-

ported. 

Figure 7.2 - 3D view of the test site position (green quadrangular) with refer-

ence to the trace of the aqueduct pipeline (red) to the main scarp of the C9 body (blue 
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line), and to the position of the piezometric vertical P7 (black dot). Looking at the to-

pography, the Pisciolo gorge may be recognized at the left of the Body C9. 

Figure 7.3 - Perimeter of the test site area (March 2017). 

Figure 7.4 - Test site: plowed soil made ready for the seeding (March 2017). 

Figure 7.5 - Pictures of Fabacee plants at the Pisciolo test site (November 

2017). 

Figure 7.6 - Pictures of Poacee plants at the Pisciolo test site (November 

2017). 

Figure 7.7 - 3D view of the test site area, together with all the installed instru-

mentations (a); corresponding planar view of the test site area (b). 

Figure 7.8 - MPS-6 matrix water potential and thermistor probe (Decagon de-

vice, 2016). 

Figure 7.9 - Diviner 2000 probe and acquisition unit (a); sliding of the Diviner 

2000 probe inside the plastic tube previously installed in the soil (b). 

Figure 7.10 - Meteorological monitoring station, including a pyranometer for 

monitoring the net radiation, an anemometer for the wind velocity and direction, a rain 

collector cone for the amount of rainfall, a thermistor for both the temperature and the 

relative humidity. Also, a solar panel was installed to ensure the functionality of the 

rechargeable battery in time. 

Figure 7.11 - Grading curves of the soil block sample taken in 2017 from the 

test site (red line), of the CO1 and CO4 samples (light blue and green lines; Pedone, 

2014) and of the sample from the Trenches test (dark blue line; Bottiglieri, 2013).  

Figure 7.12 - Casagrande plasticity chart with reference to the same samples 

shown in Figure 7.10. 
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Figure 7.13 - Water retention measurements with reference to both SCP9_C1 

and SCP10_C1 from the test site (red line), and to the CO1 and CO4 samples (grey 

dots; Pedone, 2014), together with the corresponding WRC (Pedone, 2014). 

Figure 7.14 - Climatic data measured by means of the meteorological station 

at the site. The monitoring started on 7th January 2018. 

Figure 7.15 - Piezometric heads (z=0 at the ground surface) measured by 

means of the electric piezometers with reference to SCP9 (black dots), SCP10 (blue 

dots) and SCP11 (red dots) from January 2018. The P7 piezometer at 15 m depth is 

also reported in green; the latter is 35 metres far from the piezometer SCP11 (Figure 

7.1).  

Figure 7.16 - Suction values monitored by MPS-6 probes along verticals 

SDS9 (black symbols at 1 m and 2.5 m b.g.l.) and SDS10 (blue symbols at 1 m, 2.5 

m and 4 m b.g.l.) since January 2018.  

Figure 7.17 - Temperature values monitored by MPS-6 probes along verticals 

SDS9 (black symbols at 1 m and 2.5 m b.g.l.) and SDS10 (blue symbols at 1 m, 2.5 

m and 4 m b.g.l.) since January 2018.  

Figure 7.18 - Vegetation (a) inside (close to the SDS10 vertical) and (b) out-

side (close to the SDS9 vertical) the test site area; both pictures have been taken in 

September 2018.  

Figure 7.19 - Pore water pressure profiles with depth in time along (a) the ver-

tical inside the test site area (SCP10-SDS10) and (b) the vertical outside the test site 

area (SCP9-SDS9); in (c) the same data of (b) has been zoomed in with respect to 

the pore pressure axis.  
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Figure 7.20 - Volumetric water content profiles with depth along the D10 (a) 

and D10a (b), inside the seeded area, and along D9 (c) and D11 (d) upslope and 

downslope, respectively.  

Figure 7.21 - Volumetric water content profiles with time at (a) 0.2 m, (b) 0.5 

m and (c) 1 m b.g.l., compared to the total daily rainfall,  

Figure 7.22 - Scheme of the soil column implemented in CodeBright. The 

depths at which the output data (i.e. suction, temperature or pore water pressure) of 

the numerical analysis are compared to the monitoring data are indicated. The red line 

represents where the atmospheric boundary condition has been applied. The light 

green rectangle represents where the vegetation boundary condition has been applied 

(root depth of 2 metres). 

Figure 7.23 - Climatic input data implemented in CodeBright as for the atmos-

pheric boundary condition on the top of the soil column in Figure 7.21. 

Figure 7.24 - Vegetation boundary input parameters. 

Figure 7.25 -Profile of saturated hydraulic conductivity with depth implement-

ed in the soil column model. 

Figure 7.26 - Numerical temperatures with time (black lines) compared with 

the temperature values monitored during the year, along the SDS10 vertical (red dots) 

at (a) 1 m, (b) 2.5 m and (c) 4 m b.g.l.. 

Figure 7.26 - Numerical pore water pressures with time (black lines) com-

pared to the pore water pressures monitored during the year (red dots), along the 

SDS10 vertical at (a) 1 m, (b) 2.5 m and (c) 4 m, along (d) the SCP10 vertical at 7 m 

and along the P7 at (e) 15 m and (f) 36 m below the ground level. 
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CHAPTER 1 

INTRODUCTION AND ORGANIZATION OF THE THESIS 
 

1.1 Introduction 
 

The management of the landslide hazard is a major problem in geotechnical 

engineering practice all over the world and, despite the efforts of the scientific com-

munity for the progress in landslide hazard predictions, this subject requires still fur-

ther research advancements. The diagnosis of the stability of slopes and the subse-

quent design of landslide-risk mitigation measures require an in-depth understanding 

of the failure mechanism, which, in general, is even more complex for natural slopes 

than for the engineered ones, given the uncertainties about the slope history and cur-

rent state. Furthermore, both the determination of the thermo-hydro-mechanical char-

acteristics of the slope materials involved in the instability phenomena, and their im-

plementation within models of the stress-strain conditions across the slope, represent 

a big challenge for the prediction of natural slope responses to the external actions. 

These aspects are usually controlled in an engineered slope, where the material and 

the initial stress state are controlled, according to the design.  

 

The research work presented in this thesis aims at providing a contribution to 

the prediction of the behaviour of slopes in relation to the climatic actions. The study 

focuses on instabilities, from shallow to deep, activated by the slope-vegetation-
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atmosphere interaction, with particular reference to slopes mainly formed of clays, 

called clayey hereafter.  

The research investigates the slope-vegetation-atmosphere interaction, hence 

the evolution of the equilibrium conditions across the slope due to the transient seep-

age related to climate, and the landslide mechanisms which may become active. The 

motivation of the research derives from diffuse field observations of severe instabili-

ties, or serviceability problems, resulting from the interaction of infrastructures with 

clayey slopes in the south-eastern Apennines (southern Italy). In this region, natural 

slopes in clayey formations have been found to be location of displacements which 

appear to be due to their interaction with the climatic factors at the ground surface, 

not only at shallow depths, but also at large depths. The research has investigated 

how the observed phenomena may be due to the geological and geo-structural set-

tings of these slopes, which are formed of clayey turbidites, i.e. characterized by 

complex lithological profiles and diffuse hydro-mechanical heterogeneities. 

 

Despite the research activity presented herein is explicitly addressed to the 

natural clayey slopes, many of the research results may have a general validity, being 

applicable also to engineered slopes resulting from cuttings, or even of formed of 

compacted clays. The methodology followed for the diagnosis of the slope response 

to climate and of the possible landslide mechanisms, e.g. the adopted numerical ap-

proaches used for the numerical modeling of the slope-vegetation-atmosphere inter-

action (SL-V-A), are believed to be of reference also for engineered slopes. Further-

more, the methodology used in the analysis of the impact of climate and vegetation 

on both the mass and the energy exchanges between the soil, the vegetation and the 

atmosphere, i.e. the soil-vegetation-atmosphere interaction (SVA), has been derived 

from both a study of the literature (within both the fields of agronomy and geotech-

nics; Clemens, 1970; Gray, 1982; Johnson, 1985; Greenway, 1987; Marriott, 1996; 

Stokeset al., 2007) and the experience currently ongoing within a project addressing 

the use of vegetation for the protection of earth fills and engineered slopes (Mulyono 

et al., 2018). 
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The objective of the research activity discussed in the following is to progress 

in the assessment of the phenomena of interaction between the soil, the vegetation 

and the atmosphere at the ground surface of the slope, and of their implications on 

the evolution of the equilibrium conditions at depth, trying to convert the main physi-

cal processes in numerically computable processes. To this aim, different numerical 

approaches to estimate the SL-V-A interaction (Elia et al. 2017) have been experi-

enced in the work with reference to a representative slope case study (Cotecchia et 

al. 2014), the Pisciolo slope, which is a prototype of the clayey slopes location of the 

observed climate driven landsliding in the south-eastern Apennines (Cotecchia et al. 

2015, 2016). 

The modelling of the slope response for the prediction of the landslide mech-

anisms makes reference to a stage-wise methodology for landslide hazard prediction 

proposed by Cotecchia et al. (2016). As a result of the so gathered interpretation of 

the slope conditions and evolution processes, the research work aims at proposing 

scientifically based measures for the mitigation of the instability phenomena. 

 

The study of the SL-V-A interaction is increasingly present in the recent litera-

ture. However, the studies are mostly concerned with the shallow depths, where the 

interaction phenomena may result in rapid soil mass movements (Brand et al., 1984; 

Murry & Olsen, 1988; Gullà & Sorbino, 1996; Lacerda, 2004; Gui & Han, 2008; Ra-

hardjo et al., 2009, Cascini et al. 2014). The studies that concern the overall phe-

nomena involving the climatic factors, the vegetation and the slope soils from the 

ground surface to large depth, are instead still few. 

The shallow landslides connected to the SVA within the shallow soils, are of-

ten triggered by intense rainfalls (Leroueil, 2001) and the studies of SL-V-A for the 

slope top strata have, so far, often not taken much account of the vegetation effects, 

neither from a mechanical, nor from a hydraulic point of view. However, recent re-

search activities have been carried out to include in the analysis of shallow landslide 

mechanisms the presence of the vegetation; in particular, the contribution of the 
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crops root system has been on interest mainly from a mechanical point of view (Wu 

et al., 1979, 2013; Waldron, 1977; Abe et al. 1991; Greenwood et al., 2004; Preti et 

al., 2009; Cecconi et al. 2012). In this thesis, the mechanical contributes of the root 

system in increasing the shear strength of the top soil cover is not taken into account. 

Instead, the role of vegetation in the fluid (liquid and gas) mass balances and in the 

energy balances at the ground surface is investigated (see Chapter 3) and implement-

ed in the modelling of the slope-vegetation-atmosphere interaction, for models which 

represent the whole slope, from small to large depths. In particular, the modelling is 

addressed to clayey slopes location of slow landslides.  

 

According to the literature, deep slow movements in slopes are generally ob-

served in fine-grained materials, eventually triggered if prolonged rainfalls occur 

(Leroueil, 2001), so that the continuous and slow rainfall infiltration may produce 

pore pressure variations also at depth (D'Elia et al., 1998; Santaloia et al., 2001; Pica-

relli et al., 2004; Lollino et al. 2010; Di Maio et al. 2010; Tommasi et al., 2013; 

Cotecchia et al., 2011, 2014; Pedone, 2014). In these cases, the slope-vegetation-

atmosphere interaction has to be analysed with reference to long periods, during 

which the SVA balances are significantly influenced by the vegetation (e.g. through 

the transpiration processes, Allen et al., 1998), as well as by the runoff processes 

(Blight, 1997), whose account is crucial for correct predictions.  

Hence, to model the hydro-mechanical response of slopes in fine-grained 

soils to the SVA interaction, from small to large depths, the hydrological balance at 

the ground surface, i.e. the water mass balance of water, where the main factors are: 

the rainfall, R, the evapotranspiration, ET, the runoff, RO and the infiltration, I, must be 

modelled. In particular, the evapo-transpiration is defined as the combined loss of 

water from a given area, and during a specified period of time, due to evaporation 

from the soil surface and transpiration from the plants. As will be discussed in the lit-

erature review about the SVA interaction (Chapter 3), several are the strategies to 

model the hydrological balance. Where the rainfall rate, R, is a measured input of the 

analysis, ET results from a complex set of coupled hydraulic, thermodynamic and 
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mechanical processes, taking place both above the ground surface and within the 

soil. Such set of processes have been discussed in an ample literature (Penman, 

1948; Monteith, 1965; Olivella et al., 1994; 1996; Blight, 12 1997; Allen et al., 1998; 

Gens, 2010; Elia et al., 2017), and can be implemented in the slope modelling 

through either coupled, or uncoupled strategies (see Chapters 2 and 3). Elia et al. 

(2017) review the different slope modelling strategies of the slope-vegetation-

atmosphere interaction, of different level of advancement, also showing the extent to 

which they fulfil adequate predictions of the slope conditions with time in relation to 

the climatic action. In brief, through coupled thermo-hydraulic modelling, ET rates can 

be predicted through the modelling. This must implement both the hydraulic and the 

thermodynamic laws inherent to: the balance of water in the soil pores, either as liq-

uid or vapour, the balance of air, the balance of energy. If the modelling is thermo-

hydro-mechanical, it implements also the momentum balance, which allows to pre-

dict the soil deformations, which in turn affect the mass balances through the hydro-

mechanical coupling. On the other hand, the modelling of the SVA interaction at the 

ground surface may be un-coupled from the slope phenomena, in which case the ET 

rates are not predicted through the modelling, but must be input at the top boundary 

of the slope model. These can be estimated accounting for the thermo-hydraulic phe-

nomena determining ET, but through procedures which, although physically based, 

are empirical (Penman, 1948; Monteith, 1965; Allen et al., 1998). The modelling of 

the slope response to such top boundary condition can then be either solely hydrau-

lic, or may implement the hydro-mechanical coupling, allowing for the prediction of 

the slope displacements. 

The modelling of the SL-V-A interaction developed in this research work, from 

small to large depths, has been hydraulic as first, and successively extended to be 

coupled hydro-mechanical (Chapters 5 and 6). Therefore, the ET rates have been pre-

processed and then input in the model at the ground surface (Chapters 2, 3 and 5). 

Thereafter, the thermo-hydraulic modelling of the SVA interaction has been designed 

for the interpretation of the phenomena at shallow depths within a test site, where a 

specific controlled vegetation has been implanted (Chapter 7).  
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Also the runoff, RO, must be estimated for the assessment of the mass bal-

ances at the ground surface. In this respect, the hydraulic conductivity of the out-

cropping clayey materials plays a fundamental role. In fact, it has a crucial role in the 

balance between the amount of rainfall going into runoff, and that available for infiltra-

tion. In this respect, it must be taken into account that the field permeability of the 

outcropping soils depends on both the degree of saturation of the soil (Mualem, 

1976; 1978; Fredlund et al., 1995) and on the presence of desiccation fractures (Li et 

al., 2011), in turn depending on the SVA interaction. Although the modelling devel-

oped in this research work could not implement a refined simulation of the processes 

determining the runoff, or the flow of water in the desiccation fractures at the ground 

surface, it accounted for these processes through simplified approaches (see Chap-

ters 3 and 5).  

 

The study of the climate-driven phenomena at depth in slopes made of clays 

has been seldom dealt with in the literature, because homogeneous and un-fissured 

clays have generally been considered not to be sensitive to the climatic actions at 

depths larger than 5 to 10 m (Kenney & Lau, 1984; Vaughan, 1994). This belief has 

derived mostly from piezometric monitoring in the wet climates of United Kingdom 

and Canada. Furthermore, the deep slow landsliding in cohesive materials has been 

generally not considered a result of the slope-atmosphere interaction. Rather, deep 

and slow landslide movements have been often considered effect of creep phenome-

na, whose accelerations were considered caused by changes of the viscosity values 

(Picarelli & Russo, 2004). However, the literature reports also evidences that creep 

effects can be neglected with respect to the effects produced by pore pressure varia-

tions (Ledesma et al., 2009; Alonso et al., 2003; Rouainia et al., 2009). Evidences of 

pore water pressure variations at large depths due to the seasonal climatic regime 

have been observed in slopes location of turbiditic formations, mainly formed of 

clays, but also characterized by significant heterogeneities of both the mechanical 

and hydraulic properties (Cotecchia et al. 2014, 2016; Lollino et al. 2010). These het-
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erogeneities increase the average permeability at the slope scale (Tacher et al., 

2005), allowing for the deepening of the climatic effects, as the research results pre-

sented in this thesis will show.  

 

The turbiditic formations in the slopes of reference in the research work were 

sedimented in active chain areas. They were hence subjected to tectonic actions, able 

to induce an intense fissuring of the clayey lithotypes (D'Elia et al., 1998; Cotecchia & 

Santaloia, 2003), that are then referred to as ‘structurally complex’ materials (Croce, 

1971; Esu, 1977). An increase in the permeability of these clays has been seen to be 

connected to the intense fissuring (Urciuoli, 1994; Comegna & Picarelli, 2008; Vitone 

and Cotecchia 2011; Pedone et al., 2012; Cotecchia et al. 2015); hence, fissuring, 

along with the inclusion of the more permeable materials, represent an internal factor 

contributing to infiltration in the slopes of interest in the research. These internal slope 

factors allow for the presence in the slopes of high piezometric heads at depth 

(Cotecchia et al., 2009; 2014), which predispose the slopes to deep failures. 

Furthermore, the clay fissuring makes the slope prone to failure also because 

it confers it with very low shear strengths, even lower than those characterizing the 

same clay when reconstituted (Olivares et al., 1993; Vitone & Cotecchia, 2011). 

These predisposing factors are commonly diffused in the Southern Apennines, where 

numerous deep and slow landslide processes are active. The research being present-

ed contributes to assess the extent to which these phenomena may be related to the 

SVA interaction.  

 

Lollino et al. 2016, Cotecchia et al. (2014), Pedone (2014) and Cotecchia et 

al. (2015) reported about case histories of deep landslides in the slope made of clay-

ey turbidities recalled above. They provide phenomenological evidence of the connec-

tion of the deep landslide activity with the climate (e.g. case histories such as the 

Pisciolo, Volturino, Bovino). The phenomenological analyses have shown that the 

current activity of the landslides follows a seasonal trend, which appears to relate 

with seasonal piezometric variations, in turn concurrent with the seasonal trend of the 
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180-day cumulated rainfalls. In particular, inclinometric data appear to testify that the 

reactivation pre-existing landslide bodies concurs with the reach of the peak pore wa-

ter pressures recorded at depth, about the end of winter - early spring. A first confir-

mation of the connection between these landslide reactivations and the climatic re-

gime has been achieved by Pedone (2014), and also reported by Cotecchia et al. 

(2014) and Pedone et al. (2018), based upon numerical modelling. This modelling 

represents the background of the modelling presented in this thesis.  

Throughout the research activity presented in this thesis, the Pisciolo slope 

has been considered as a prototype slope. Based on the background literature cited 

above, an advancement in the quantitative modelling of the transient seepage pro-

cesses induced by the SVA interaction in slopes has been performed, through both 

hydraulic (H) and hydro-mechanical (H-M) numerical simulations (Cotecchia et al. 

2018 a and b). The pore pressure variations induced by the SVA interaction, have 

been first predicted through hydraulic analyses, using the code Seep/w (Geo-Slope 

International Ltd., 2012), which is a finite element software able to integrate numeri-

cally the Richards' equation (1931). The transient pore water pressure field across the 

slope, predicted by means of Seep/w, has been then input in Limit Equilibrium, LE, 

analyses with the code Slope/W, to determine the variation of the safety factors dur-

ing the year for different landslide bodies (Chapter 5). The numerical diagnosis of the 

landslide mechanism has been then carried out also by means of H-M coupled nu-

merical analyses, carried out with the finite element code Plaxis 2016 (Chapter 5). 

 

Both the hydraulic and the coupled hydro-mechanical analysis results have 

been used to investigate in detail the processes causing the excursions in pore water 

pressure during the year, from shallow to large depths, and how these can determine 

landslide activity. The variations in pore pressure during the year for the input climate 

are explored in different portions of the slope. In particular, the numerical suction pro-

files have been also interpreted with the aim to assess the vertical component, vz, of 

the flow velocity with time above the water table (Vaughan 1994; Smethurst 2012; 

Ridley, 2012). When the vertical flow component goes upwards, evidently evapotran-
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spiration takes control of the flow rate over infiltration and the gravitational flow. The 

pore water pressure profile will stand either to the left or to the right of the hydrostatic 

profile when downward or upward flow occur respectively (Ridley, 2012). The analy-

sis results allow to frame the phenomena determined during the year by the mass 

(gas and water) exchanges between the slope, the vegetation and the atmosphere, in 

terms of: direction and versus of the flow, degree of soil saturation, pore water suc-

tion/pressure values (Chapter 5). Also, the analysis allows to interpret the field condi-

tions which, in non-uniform slopes, induce an increase in the piezometric excursions 

at depth, with respect to the ideal uniform clay slopes (Pedone et al., 2018).  

 

The coupled H-M numerical analyses have been carried out for different val-

ues of the slope hydro-mechanical properties. A sensitivity analysis has been per-

formed to assess the impact on the predictions of different values for the slope inter-

nal factors (Terzaghi, 1950) being modelled. In particular, the impact on the slope be-

haviour of the clay stiffness, of the clay saturated permeability, of the heterogeneities 

in permeability, of the initialization of the slope equilibrium have been thoroughly in-

vestigated. 

In this respect this work is original, since such sensitivity analysis has been 

seldom reported in literature for coupled H-M numerical analyses of climate-driven 

phenomena in slopes. 

 

Furthermore, the hydraulic numerical analysis has been used with the aim to 

identify the climatic variables threshold of landslide activity in the slopes of reference. 

This part of the study has been intended to the progress in the design of early warning 

systems for landslide risk mitigation. In fact, hydraulic and LE numerical analyses 

have been addressed to study the variation in time of the safety factor of landslide 

bodies of different depths, bringing into evidence the variability of the alert threshold 

variables with the type of landslide mechanism, and the relationships between the 

alert values and the slope hydro-mechanical features (Anderson et al., 2011; 

Maskrey, 2011; Intrieri et al. 2012; Garcia and Fearnley, 2012; Calvello & Piciullo 
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2014; among the others). The deep landslide activity in the context of reference, being 

slow to moderate, damages structures and infrastructures located either in the crown 

area, or at the toe of the sliding bodies. The latter is the case of the Pisciolo land-

slides, which put at risk an aqueduct pipeline, a national road and a railway seasonal-

ly (Cotecchia et al., 2014). Given the low velocities of the movements, an early warn-

ing system may represent a good solution for the mitigation of the landslide risk, until 

the slope is not stabilized. In fact, an early warning system (EWS) of the landslide re-

activations for this type of landslide mechanisms may make reference to either cli-

matic alert precursors, or to the pore water pressures as alert indicators (UNISDR, 

2004, 2012; Lacasse & Nadim 2008; Versace et al. 2012). A contribution to such de-

sign is provided in the thesis (see Chapter 6). Furthermore, shallow landsliding is also 

analysed through the same modelling, and the corresponding climatic precursors and 

piezometric indicators are assessed. 

The methodology being used in this research activity for the design of EWS is 

alternative to those often employed to characterize the threshold values of the precur-

sors within EWS for risk mitigation at the regional scale. These are often either empir-

ical, or statistical, and are based on sets of rainfall data and landslide records, whose 

correlation is derived based upon historical evidence (e.g., Caine 1980; Aleotti 2004; 

Guzzetti et al. 2007 and 2008). For instance, Guzzetti et al. (2007 and 2008) compile 

a database of rainfall intensity (I) and duration (D) of events that concurred with land-

sliding in given European areas, based upon both literature data and chronicle. All the 

data are subjected to statistical analyses according to either a bayesian (Guzzetti et 

al., 2007 and 2008), or a frequentist approach (Brunetti et al., 2010). Such a method 

differs from that proposed in this thesis (Chapter 6), which is deterministic and based 

on a thorough assessment of the slope processes. Furthermore, the proposed meth-

od accounts for the whole set of climatic variables affecting the slope and relates the 

threshold values to the slope geo-hydro-mechanical features and to the landslide 

mechanism.  

Also other deterministic procedures, based on the numerical modelling of the 

slope-climate interaction, have been proposed in the literature to characterize the 
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threshold variables causing risk (see, e.g., Montgomery and Dietrich 1994; Frattini et 

al., 2009). These are most often designed to account solely for failure mechanisms 

resulting in shallow landsliding, either at site scale (Netti et al., 2012; Pirone et al. 

2012) or in vast areas (Salciarini et al., 2012; Cascini, 2014). Conversely, the present 

study refers to landslide mechanisms from shallow to deep, in slopes of complex 

stratigraphy. As such, it is more suited for the design of site-specific early warning 

systems. However, although the modeling cannot be easily applied over vast areas 

through the repetition of the numerical analysis, it exemplifies the processes giving 

rise to climate-caused hazard for all the slopes of vast areas similar to that being 

modelled. Accordingly, following a reductionist approach (Multiscalar Method for 

Landslide Mitigation, MMLM; Cotecchia et al. 2010; 2016), the characterization of the 

threshold variables for instability derived from representative site-specific studies, is 

thought to be of reference in the design of early warning systems for several slopes in 

a selected area. 

 

Among the possible landslide risk remediation strategies, also the bioengi-

neering is potentially useful to stabilize the slopes here of reference.  

Bio-engineering for slope stabilization deals with the use of vegetation, estab-

lished by conventional seeding or live planting, generally to treat sites where surface 

stability and erosion problems are to be faced (Morgan & Rickson, 2003). The main 

goal of erosion control is to protect the face of the slope and to strengthen subsurface 

parts, typically by interlocking soil particles with a complex matrix of roots, from the 

mechanical point of view, and by decreasing the amount of water reaching the ground 

surface.  

From a practical point of view, the vegetation has been always believed to be 

very beneficial for sloping areas. Since the beginning of the agricultural and earth sci-

entific research, several were the phenomenological reports about the positive effects 

of vegetation in mitigating soil erosion and shallow landsliding. Many regions of the 

world are exposed to destructive fast flows initiated by shallow landslides occurring 

on steep slopes after extreme rainfall events. These slopes often consist of well-
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drained and poorly cohesive colluvial soils (de Campos et al. 1991) or pyroclastic de-

posits (Andriola et al., 2009) covered by dense forest, with a slope angle larger that 

the internal soil friction angle. The stability conditions of these slopes depend on the 

mechanical reinforcement provided by the plant roots to the soils, and on the soil 

suction regime in the unsaturated soils, which in turn is also influenced by root water 

uptake. Assessing stability enhancement due to vegetation is an important aspect for 

a reliable assessment of the spatial and temporal distribution of these shallow land-

slide hazards (Roering et al., 2003), as well as for a proper evaluation of the best for-

est management strategies for hazard mitigation. However, from an engineering point 

of view, the mechanisms of soil strength increase due to the presence of roots, as 

well as the impact of vegetation on the hydraulic soil conditions and the available soil 

strengths, has not been fully assessed yet. Although these mechanisms at the plant 

scale have been described, their implementation in modelling for the predictions of 

their effects at the site scale is still being pioneered (Vaunat et al. in prep., Cotecchia 

et al. in prep.). 

Moreover, the effect of deep-rooted vegetation in mitigating the landsliding in 

the context of reference has never been investigated. As such, a first step for the 

evaluation of the hydrological impact of deep-rooted crops has been carried out in the 

research work presented in this thesis by means of a field test, in which selected crop 

types have been seeded (see Chapter 7). 

 

In the last decades several studies demonstrated that hillslope morphology 

and processes are highly influenced by vegetation distribution (Marston, 2009). Vege-

tation has generally a positive impact on the stability of soils on sloping surfaces 

within the vadose zone, according to two main effects (Pollen, 2007):  

 a geo-mechanical effect, related to the reinforcement provided by the root 

network which explore the soil in the vadose zone in order to maximize the efficiency 

in water uptake and guarantee the stability of the above ground canopy; 

 a soil-hydrological effect, by increasing the frequency of high suction pres-

sure head values as result of the root water uptake. 
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These two effects are also very much interrelated. On the one hand, root dis-

tribution is influenced by the climatic regime and soil-hydrological properties, particu-

larly in areas where plant-growth occurs in water-limited conditions. On the other 

hand, mechanical properties of the root-soil system are affected by the actual soil 

strength, the single root strength, the interface strength between soil and roots (Wal-

dron et al. 1981) and the root spatial structure (Schwarz et al. 2010). 

The hydrological reinforcement pursued through the evapotranspiration ET 

has been shown to be relevant to the slope stability (Simon et al. 2002; Pollen-

Bankhead et al. 2010; Leung et al. 2013; Rahardjo et al. 2014; Ng et al. 2016a; Ng et 

al. 2016b; Tsiampousi et al. 2016). 

Various field and laboratory studies reported that the antecedent drying effects 

by the transpiration before rainfall could induce a significant amount of matric suction 

and hence preserve suction in the soil (between 5 and 150 kPa; depending on the 

types of soil and plant) after rainfalls (Rahardjo et al. 2014; Smethurst et al. 2015; 

Leung et al. 2015; Garg et al. 2015; Ng et al. 2013; 2016). Centrifuge model tests 

conducted by Ng et al. (2016) have shown that neglecting the effects of the transpira-

tion before rainfall could result in an underestimation of factor of safety (FS) by up to 

50% after rainfalls. Suction induced/preserved did not only reduce soil hydraulic con-

ductivity (hence infiltration; Ng & Leung, 2012) but also increase soil shear strength 

(Ng & Menzies, 2007). When subject to prolonged rainfall, although matric suction is 

likely to have dropped to zero within shallow depths, it is not uncommon to see some 

amount of suction preserved in deeper depths (i.e., 1-2 m; Rahardjo et al. 2014; 

Smethurst et al. 2015; Glendinning et al. 2009), where sliding mode of slope failure 

typically happens. In fact, the transpiration process does not remove soil moisture 

only within the root zone, but may also extend its influence zone to a much deeper 

depth below the root-zone, for up to four times of the root depth (Ng et al. 2013; 

2014; 2016).  

Hydrological effects of vegetation should not collectively refer only to the an-

tecedent effects of ET-induced matric suction. Previous studies have revealed that the 

presence of plant roots in the soil could cause a change in soil hydraulic properties 
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(Leung et al. 2015, Ghodrati, 1994; Scholl et al., 2014; Vergani et al., 2015; Sme-

thurst et al. 2015; Ng et al. 2016). Experimental work reported by Scanlan and Hinz 

(2010), Scholl et al., (2014) and Leung et al. (2015) have all shown that the presence 

of roots affects the water retention capacity, hence the shape of soil water retention 

curve (SWRC), especially in low suction ranges. Ng et al. (2016) develops a model to 

explain the root effects as the change in void ratio of coarse-grained soils due to 

physical root occupancy in soil pore space. The effects of vegetation on the hydraulic 

conductivity, on the other hand, also received some attention in the literature (Ghodra-

ti, 1994; Glendinning et al. 2009; Smethurst et al. 2015; Vergani et al., 2015). 

In this framework, an instrumented test site has been set up, where different 

deep-rooted crops have been seeded. The aim of this work is to check whether the 

deep-rooted crops are able to cause a decrease of the piezometric levels also at 

depth, well below the root zone. The deep-rooted crops have been selected by Pra-

tiArmati Srl, to maximize the transpiration capacities. The deep root system, together 

with a higher transpiration potential have been hypothesized to cause a decrease of 

the pore water pressure at depth; a first check of such hypothesis has been gathered 

through numerical simulations and is now being checked at the field scale.  

The decrease of the piezometric heads at depth of even one or two meters is 

may be enough to increase sufficiently the stability of the slopes of reference. As 

such the test site has been monitored in terms of pore water pressure, suctions, and 

water content with depth; also, the climatic factors have been monitored, with the aim 

at carrying out a back-analysis of the evapo-transpiration fluxes with time, stating the 

efficiency of the deep-rooted crops in the context of reference (see Chapter 7).  

Similar works have been carried out and reported in literature (see Chapter 3); 

some of them have been addressed to the direct measure of the evapo-transpiration 

fluxes with time with reference to a physical model, others have been carried out in 

situ, involving a pretty little portion of soil. Among the first category, Rianna et al. 

(2014) and Reder et al. (2018) have built a physical model consisting of a wooden 

tank containing the above-mentioned silty volcanic soil, put in place with high field 

porosity (around 70%) using the pluvial deposition technique. Around one cubic meter 
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of material was used and exposed to weather conditions to investigate soil-

atmosphere interaction under one-dimensional flow conditions. 

The physical model was monitored in terms of pore water pressures, suc-

tions, water contents, thermal fluxes, together with all the climatic data; moreover, al-

so the total weight of the whole model was monitored with the aim to back calculate 

the mass balance exchanges in time (Reder et al., 2018). 

Similarly, Ng et al. 2016, carried out laboratory measurements at the plant 

scale, assessing the link existing between the planting density of trees with respect to 

the plant-induced suction. On the other side, in situ qualitative estimation of the evap-

otranspiration fluxes (Gonzalez-Ollauri et al. 2017; Zhan et al. 2007; Rahardjo et al. 

2014) have been carried out, in different climatic contexts and with reference to dif-

ferent crop types.The present in situ test is thought to differ from the cases already 

reported in literature; as first, the effect of deep-rooted crops has not been fully un-

derstood and analysed yet in the literature, representing still an open issue. Moreover, 

the growth and the development of the crops, both in depth and above the ground 

surface, is strongly influenced by the environmental conditions, regarding both the 

climate and the soil; as such every case may differ from the others. As such, interest-

ing data about the impact of the selected vegetation on the suctions, water contents 

and pore water pressure with time is given (see Chapter 7), aimed at building a con-

sistent database to be of use for a back-analysis of the evapotranspiration fluxes with 

time. The in-situ monitoring involves both the vegetated area and the spontaneous 

vegetated area; the comparisons between the area where deep-rooted crops have 

been seeded with respect to the field outside the portion vegetated with PRATI AR-

MATI, may represent a preliminary determination of the efficiency of the new crops. 

 

1.2 Organization of the thesis 
 

The work introduced in the previous section, is reported in 7 chapters. 
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In Chapter 2, the object of the research is contextualized within the scientific 

literature of reference. In particular, examples of climate-induced landslides in various 

geo-hydro-mechanical contexts are reviewed briefly, together with the different nu-

merical approaches available in the literature and usually used for the numerical anal-

yses of the effects of climate on the slope stability.  

 

Chapter 3 contains a description of the strategy that can be used to model the 

soil-vegetation-atmosphere interaction. As first, the phenomenological aspects are 

dealt with, are given together with physical and chemical laws at the plant scale, de-

fining the soil-plant-atmosphere system. The latter is of use for the numerical compu-

tation of the fluxes due to the slope-vegetation-atmosphere interaction. 

 

In Chapter 4, the methodological approach followed in this research activity 

has been described, introducing all the activities carried out both in the numerical and 

in the experimental work. In particular, the numerical activity has been addressed, in a 

first step, to the diagnosis of the landslide mechanism of reference (the Pisciolo case 

study; Cotecchia et al. 2014); afterwards, numerical analyses have been carried out 

with the aim of defining the mitigation strategies. 

Furthermore, in this chapter, a description of the numerical codes used in this 

research activity has been given, highlighting peculiarities and potentialities with re-

spect to other similar numerical codes. 

The experimental activity has been divided into two different parts; in particu-

lar, geotechnical characterization of the material at the ground surface of the slope, 

location of the SVA interaction, has been carried out. Furthermore, measurements of 

the retention capacities of this material has been also done (Chandler & Gutierrez, 

1986; Marinho & Oliveira, 2006; Ridley & Burland, 1993; Ridley & Wray, 1996; Ridley 

et al., 2003). 

Moreover, in situ field monitoring is presented for the Pisciolo slope. 
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In Chapter 5, the numerical diagnosis of the current activity of the landslide 

mechanism of reference, is discussed. In particular, with reference to the Stage-wise 

methodology (Cotecchia et al. 2016), advanced numerical analyses of II and III level 

are carried out. 

In a first stage transient hydraulic analyses of the slope-vegetation-

atmosphere interaction are presented, with the aim to reproduce the behaviour of the 

slope from 2001 to 2016. Following the hydraulic analysis, the LE analyses with time 

are presented, with reference to different landslide bodies, making comparison among 

numerical results and monitoring data (both piezometric and inclinometric data). 

 

Chapter 6 is devoted to a series of hydraulic and LE analyses aimed at provid-

ing indications for the design of an early warning system of use for both the deep and 

the shallow instabilities in the prototype slope. This is the Pisciolo slope, but the re-

sults may represent a reference procedure for analyses aimed at designing EWS in 

general in clayey slopes for landslide bodies from shallow to depth.  

 

In Chapter 7 a description of the experimental test site and campaign con-

ducted to evaluate the hydraulic efficiency of deep-rooted crops is given. A 2000 m2 

area on the Pisciolo hillslope (in the toe area) has been seeded with selected crop 

types, monitoring the state of the soil both in the shallow soil layer and more in depth. 

The monitoring is on-going both inside and outside the test site, so that it is possible 

to make comparisons between the spontaneous vegetation and the peculiar deep-

rooted crops seeded. 

 

In Chapter 8, as last, the conclusions of the work have been summarized, to-

gether with proposals for the prosecution of the research activities. 
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CHAPTER 2 

FIELD EVIDENCES AND MODELLING OF CLIMATE-INDUCED LAND-
SLIDES: LITERATURE REVIEW 

 

2.1 The slope equilibrium as boundary value problem 
 

The equilibrium conditions across a slope, hence its level of stability, repre-

sents a boundary value problem, whose solution requires the knowledge of the ther-

mo-hydro-mechanical constitutive laws of the materials, the laws controlling the sev-

eral different balances taking place in the system, e.g. the mass (liquid and gas) bal-

ances, the energy balance and the momentum balance (Elia et al. 2017), and the 

boundary conditions. Therefore, the equilibrium conditions in slopes depend also on 

the boundary conditions applying to the ground surface, that include the exchanges of 

water between the top soils and the atmosphere due to rainfall infiltration, evaporation 

of water from the soil pores and the transpiration of water through the vegetation 

(Blight, 1997; Gens, 2010).  

The changes in equilibrium in slopes, the same as for any other geotechnical 

system, result in deformations and corresponding displacement fields. However, giv-

en the slope geometry and, hence, the shear strengths that even only the gravitational 

loading mobilizes in slopes, the variations in the degree of stability caused by the 

changes in equilibrium applied by external actions to slopes are likely to bring the 

slope system to failure more than for the other geotechnical systems. Landsliding is 
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the eventual final event of the sequence of hydro-mechanical processes taking place 

in slopes since the onset of those actions which determined the change in equilibri-

um, defined as triggering causes; it is reached since then, all way through strain lo-

calisation and progression of failure (Chandler 1974; Chandler and Skempton 1974; 

Potts et al. 1997), in a time lapse that can be from short to very long. This whole set 

of processes is defined as landslide mechanism (Figure 2.1; Picarelli, 2009; Cotec-

chia et al. 2014b; Cotecchia et al. 2016).  

 

 

 

Figure 2.1 - Stage-wise methodology for the diagnosis of the landslide mechanism and hazard (Cotec-

chia et al. 2016). 
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The landslide mechanism can be modelled through several strategies. For ex-

ample, in the theoretical framework of continuum mechanics, it is modelled through 

the solution of a boundary value problem, requiring the simultaneous integration of 

several differential equations, representing the different processes taking part to the 

equilibrium of the system. In this framework, the numerical solution of the boundary 

value problem will require the discretization of the slope system (Figure 2.2). 

 

 

 

Figure 2.2 - The slope system interacting with vegetation and the atmosphere, as boundary value prob-

lem (Elia et al. 2017). 

 

In the most general terms, the equations are: equilibrium and compatibility 

equations (momentum balance), fluid and gas mass balance equations and internal 

energy balance (Biot, 1941; Fredlund & Rahardjo, 1993; Potts et al. 1997; Gens 

2010; Elia et al. 2017; Figure 2.1). Each balance equation requires constitutive laws 

and corresponding parameter values to be determined; hence the solution of the prob-

lem is quite a complex task. However, to accomplish the assessment of the slope 
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stability conditions and predict the slope behaviour, in order to make the slope model-

ling affordable, it is rational to simplify the modelling and simulate the most influential 

processes in a first round of analysis, increasing the model complexity in stages. To 

this aim Cotecchia et al. (2016a, b) outline a stage-wise methodology, that is briefly 

recalled in the following, because it represents the background of the analyses of the 

slope-vegetation-atmosphere interaction of reference in the present research work. It 

is considered a routine methodology to model the slope systems, hence of use to 

model the response of slopes to the climatic actions, which determine continuous 

variations in equilibrium. 

Figure 2.1c recalls the system of differential equations holding for isothermal 

conditions, and assuming the air present in the partially saturated soil portions to be 

at atmospheric pressure. The integration of the system of equations makes reference 

to the boundary conditions of the slope and implements the characterization of both 

the internal and the external factors (Terzaghi 1950), synthesized in Figure 2.1a. In 

mathematical terms, these are to be represented by either constitutive laws, or pa-

rameter values, to be implemented in the integration of the system accounting for the 

slope boundary conditions.  

 

The internal factors may predispose the slope to failure, whereas the external 

ones are the actions which may trigger the slope failure. Although the basic process-

es which control the slope equilibrium and, eventually, bring about failure, are always 

represented by the same set of laws (e.g. Figure 2.1c), the landslide mechanisms 

vary with the variability of the landslide factors and boundary conditions. Hence, the 

investigation of the slope factors is crucial for a correct diagnosis of the landslide 

hazard and features. Such investigation is part of the stage-wise methodology of 

landslide hazard assessment.  

 

In the literature, landslide mechanisms triggered by rainfalls have been usually 

referred to as rainfall-induced landslides, although these phenomena are caused by all 

the climatic factors and physical processes taking place at the top boundary of the 



22 
 

system (i.e. the ground surface), representing the interaction between the slope and 

the atmosphere. It is worth to highlight that the so called ‘rainfall-induced’ landslides 

may represent just a specific class of slope instability mechanism connected to cli-

mate. They are mainly shallow landslides, controlled mostly by the rainfall events of 

extreme intensity and duration, than by the concurring wind, net radiation, relative 

humidity and temperature have on the resulting soil conditions. This is why, the cli-

matic precursors of shallow fast landslides are generally considered to be solely the 

rainfall intensity and duration (Caine 1980; Aleotti 2004; Guzzetti et al. 2007 and 

2008; Guzzetti et al., 2007 and 2008; Brunetti et al., 2010). 

However, when referring, in general, to the landslide mechanisms which may 

be caused by the soil-atmosphere interaction, all the climatic factors and, in general, 

the climatic regime must be taken into account in the prediction of the effects on the 

slope and it is more appropriate to refer to this category of phenomena as ‘climate-

induced landslides’. 

 

The field study conducted by Johnson and Sitar (1990) suggested that the 

hydrological response of a hillslope to rainfall is extremely complex and can not be 

explained using traditional hydrological models (Zhan et al. 2007). The infiltration pro-

cess and its effects on the slope stability are also strongly influenced by the vegeta-

tion cover of the slope surface (Coppin et al. 1990; Gray 1995; Barker, 1995). These 

evaluation have been historically treated first investigating the relationships amongst 

vegetation, rainfall infiltration, and slope stability level on a qualitative basis. However, 

recently the scientific research has paid large attention to the quantitative determina-

tion of the effects of rainfall and vegetation on the slope stability. In particular, field 

studies have been carried out with the aim of determining the influence of vegetation 

on the rainfall infiltration and the corresponding slope stability (Zhan et al. 2007; 

Leung et al., 2011; Smethrust et al., 2012; Leung and Ng, 2013a, 2013b; Rahardjo et 

al. 2014; Ni et al. 2016; among others). A few of them (Kim and Lee, 2010; Lim et 

al., 1996; Simon and Collison, 2002) found that the field data seem to indicate that 

vegetation may induce higher suctions than those measured in the bare soil, but in 
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some occasions, opposite findings are observed. The reason of these inconsistent 

observations is not fully understood yet (Leung 2016), however, the need to imple-

ment the impact of vegetation in the hydraulic and hydro-mechanic analyses to diag-

nose landside mechanisms that may relate to the climatic regime, is well established 

nowadays. 

 

For clayey slopes, such as those of reference in the present thesis, most of 

the literature concerning the slope-vegetation-atmosphere interaction has so far con-

cerned the phenomena at shallow depths, often above the water table. Here the bal-

ance between the rainfall and the evapo-transpiration rates determines important vari-

ations of the soil suctions (Vaughan 1994; Ridley 2012; Cascini 2010; Comegna et 

al. 2016; Urciuoli 2016; Papa et al. 2013; Askarinejad 2013; Springman et al. 2013; 

Pirone 2014; Netti 2012). The limited depth of the slope portions being studied is like-

ly to be due to the low permeability of clays, such that the climate effects have been 

generally considered minor at depths larger than few metres in clayey slopes. Kenney 

and Lau (1984), Vaughan (1994) and Leroueil (2001) report that for slopes made of 

rather uniform clay in Canada and United Kingdom (UK), the climate effects at depth 

are negligible. Accordingly, very limited is the literature concerned with the climate ef-

fects on the equilibrium conditions at large depths in clayey slopes, also for slopes in 

other climates. Conversely, recent research studies have pioneered the recognition 

that also in clayey slopes deep movements may be related to the climatic regime. 

Cotecchia et al. (2014 and 2015) and Lollino et al. (2016) have reported field obser-

vations indicative of slow variations of the pore water pressures at large depths in 

clayey slopes located in southern Italy, which, over six months (referred to as one 

season in the following, e.g. autumn plus winter, or spring plus summer), appear to 

relate with the whole regime of the slope-vegetation-atmosphere interaction over the 

season. The authors show that these seasonal pore pressure variations determine 

yearly fluctuations, and that in several years, when the peak pore pressure is reached 

in late winter, instability events are recorded. These may vary in typology, but are of-

ten due to the mobilization of pre-existing rather large and deep landslide bodies. This 
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is why, in the present research study the effects of climate down to large depths in 

clayey slopes are studied. 

 

In the present chapter all the climate-induced slope phenomena, eventually 

bringing about landslides from shallow to deep, are briefly reviewed, trying to charac-

terize on one side the basic common processes that the soil-vegetation-atmosphere 

interaction gives rise to in slopes, on the other the differences between the climate-

driven shallow landslide mechanisms and the deep ones. The phenomenological as-

pects of climate-induced landsliding are covered first, with reference to both shallow 

and deep landsliding. Thereafter, the methodologies to carry out the numerical analy-

sis of the boundary value problem represented by climate-induced landslide mecha-

nisms is discussed. The general numerical aspects are given, so that the scheme 

may be applicable to the analysis of the trigger of both shallow and deep landsliding. 

 

2.2 The climate-induced landslides: a phenomenological review 
 

As already stated, climate-induced landslides may result from different failure 

mechanisms, depending on the internal factors of the slope (Terzaghi, 1950).  

The shallow climate-induced landslides are most often fast and have been ob-

ject of research for decades (Reid et al., 1988;Johnson and Sitar, 1990; Anderson 

and Kemp, 1991; Reid and Iverson, 1992; Anderson and Sitar, 1995; Ter-lien, 1997; 

Miller and Sias, 1998; Bogaard et al., 2000; Iverson, 2000; Wilkinson et al., 2000; 

Wilkinson et al., 2002; Uchida, 2004; Van Asch, 2005; Wen and Aydin, 2005; Ander-

son and Sitar 1995; Alonso et al. 1996; Iverson et al. 1997; Fredlund et al. 2012; 

Sorbino et al. 2013; Kim et al., 2014). On the contrary, monitoring data and numerical 

analyses of deep climate-induced landslides, which are generally slow (Cruden and 

Varnes, 1996), have been provided in the literature only recently (Cascini et al. 2010; 

Tommasi et al., 2006; 2013; Cotecchia et al. 2014 and 2015, Elia et al. 2017, Pedone 

et al. 2018). 
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Shallow fast landslides triggered by the slope-atmosphere interaction can be 

very harmful, even causing fatalities, or otherwise jeopardizing the stability of struc-

tures and infrastructures, depending on the velocity of the movements.  

The stability of top debris strata on steep slopes is most often connected to 

the presence of suctions in the unsaturated debris, whose drop with rainfall infiltration 

may bring about the trigger of flows, representing the highest rate landslide type (Cru-

den and Varnes, 1996) and, hence, the most hurtful for human life (Salvati et al., 

2014). 

The deep and slow landslides, activated or reactivated by the slope-

atmosphere interaction, instead, generally interrupt the serviceability of structures and 

infrastructures interacting with the landslide body. But they can also cause secondary 

risk for human life (for example, if the damage to the interacting structure in turn 

causes fatalities). 

 

Active mitigation measures may be effectively applicable to deep and slow 

landsliding, since the runout of the slow deep climate-induced landslides makes it 

possible to reduce the hazard through stabilization interventions. On the contrary, fast 

and shallow landslide mechanisms are often characterized by long runout and fast ve-

locities; therefore, the risk mitigation measures are most often of passive typology 

(e.g. runout retaining or diverging structures or accumulation artificial basins), or non-

structural, e.g. early warning systems, EWS (Anderson et al., 2011; Maskrey, 2011; 

Intrieri et al. 2012; Garcia and Fearnley, 2012; Calvello & Piciullo 2014; among the 

others). Some mitigation measures are investigated in the final part of this thesis for 

the landslide mechanisms studied. 

 

2.2.1 Shallow climate-induced landslides: a phenomenological review 
 

From a geotechnical perspective, the main reason for slope failure at shallow 

depth is the loss of matric suction and, hence, a reduction in effective stress taking 

place when water infiltrates in the soil. Many researchers (Sorbino et al. 2013; Fred-
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lund et al. 2012; Kim et al., 2014) have studied shallow rainfall-induced landslides 

through laboratory and field tests, as well as through numerical analysis. They have 

presented a mechanism for rainfall-induced landslides that commonly occurs when 

the wetting bands progress into the soil (Lu & Likos, 2004; Lu & Godt, 2008). 

As example, the Campania region has been affected by rainfall-induced slope 

instabilities that often involve large areas, from which the propagation of flow-like 

phenomena can start, causing huge damages in terms of loss of life and economic 

losses, also at large distance from the source area, due to the huge run-out paths. 

In particular, based on a comprehensive historical database concerning the 

in-situ soil suctions and the soil behaviour observed in laboratory tests, Cascini et al. 

(2014) discussed the relationships among in situ soil suction, rainfall conditions and 

slope instability typology, with particular reference to shallow pyroclastic deposits of 

the Campania region. The authors stated that the triggering conditions for first-time 

shallow slides depend on the season, since the type of slope instability may differ be-

tween summer/autumn and winter/spring. Based on in situ soil suction measure-

ments, four periods of soil suction conditions have been identified: January-May, 

June-August, September-October, November- December, corresponding to low (<10 

kPa), very high (>30 kPa), high (20-30 kPa), and medium (10-20 kPa) suction val-

ues, respectively (Cascini et al; 2014).  

 

Within this framework, each period has been seen to be connected to a typi-

cal rainfall: either frontal rainfall, hurricane-like rainfall or isolated convective storms 

(Figure 2.3). In the period when low suction values are attained (January-May), frontal 

rainfall typically occurs and may cause a distributed or a widespread triggering of 

first-time shallow slides, later propagating as debris flows or debris avalanches. In 

June-August, when very high suction values exist, isolated convective storms may 

only cause local erosion phenomena and/or small-size, first-time shallow slides. Fi-

nally, when hurricane-like rainfall occurs (September-October), soil suction is high 

enough to prevent the initiation of any shallow slide, while widespread erosion phe-
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nomena, quite often turning into hyper concentrated flows, can be triggered by high-

intensity rains making ponds on the ground surface.  

 

 

 

Figure 2.3 - Interpretation of slope instability types based on rainfall, suction and historical data (Casci-

ni et al. 2014); * data from Rossi and Chirico (1998); ** Data from Cascini and Sorbino (2004); *** 

Data from Mete and Del Prete (1999), Cascini et al. (2008b) and Bovolin (2012). 

 

Cascini et al. (2014) concluded that the relationship between the soil suction 

and the rainfall intensity and duration must be assessed to predict shallow landsliding.  

  

Damiano et al. (2012) monitored rainfalls and suctions over six years in the 

instrumented site of Cervinara, providing useful data to interpret the hydrological re-

sponse of an unsaturated pyroclastic sloping cover resting on a fractured calcareous 

formation. By comparing rainfall data and suction values, the mechanisms of evapo-

transpiration and infiltration were investigated, and the flux of water from the ground 

surface to the subsoil, and vice versa, was correlated with precipitation. The available 

set of data enabled an accurate assessment of the variations in slope stability caused 

by the slope-atmosphere interaction (Figure 2.4).  

In fact, rainfall infiltration has been seen to cause a drop in suction at depths 

ranging from 0 to 2.5 metres below ground level, resulting in a consequent drop in the 

safety factor with reference to different shallow bodies at different depths. The au-
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thors then carried out limit equilibrium analyses using the Mohr-Coulomb failure crite-

rion, extended for the unsaturated behaviour as proposed by Fredlund et al. (1978).  

 

 

 
Figure 2.4 - Rainfall and mean suction readings at different depths: a) from November 2001 to Novem-

ber 2002; b) from November 2002 to November 2003; c) from November 2003 to November 2004; d) 

from January 2006 to April 2007. (Damiano et al. 2012) 

 

Greco et al. (2010) carried out laboratory flume tests, with inclination of 40°, 

slightly larger than the estimated friction angle for the material (i.e. loose granular vol-

canic ashes), aimed at investigating the infiltration process until slope failure. The 
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work was aimed to define the most important hydrological variables to be monitored 

within early warning systems in real slopes. Discussing the experimental evidences, 

the authors concluded that the infiltration process is strongly affected by the soil vol-

umetric collapse upon wetting, which increases water transfer parallel to the slope 

surface, from the top of the slope towards the bottom, locally accelerating soil satura-

tion. Moreover, they found that the soil suction during wetting is smaller than ex-

pected from laboratory water retention curves. They also showed that post-failure, the 

development of total or partial undrained conditions takes place, which can produce 

high pore water pressures and, eventually, liquefaction. 

Generally speaking, the top soil cover of slopes is, for the majority of the year, 

in partially saturated condition, characterized with a certain suction level. For the ma-

jority of the steep pyroclastic covers and of shallow clay strata, the trigger mecha-

nism may be represented by the transient reduction of the shear strength due to the 

transient seepage activated by the soil-vegetation-atmosphere interaction. Hence, 

since the assessment of climate-induced shallow landslide hazard, defined as the 

probability of occurrence of a potentially damaging landslide phenomenon within a 

given area and in a given period of time (Varnes, 1984), requires the prediction of the 

magnitude, the spatial location and the time recurrence of the landslide event (Brabb, 

1984; Guzzetti et al. 2006; Corominas et al. 2014; van Westen et al. 2008; Corominas 

et al. 2014), it requires a prediction of the transient seepage relating to climate. This 

hazard mapping at the regional scale is actually based, as first, on the assessment of 

the landslide susceptibility (that is a pre-requisite of the landslide hazard assessment 

and provides information on the proneness to landsliding), in terms of initiation areas, 

on the basis of a set of relevant environmental characteristics. In particular, the main 

data layers required for such landslide susceptibility assessment are landslide inven-

tory data, predisposing and triggering factors (Soeters & van Westen, 1996; van 

Westen et al., 2008; Corominas et al., 2014). Thereafter, since landslide susceptibility 

maps do not suggest the frequency or the time of occurrence of future landslides (Fell 

et al. 2008) the occurrence of the shallow climate-induced phenomena with time is 

either knowledge-driven, or data-driven, or physically based (according to simplified 
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modelling; e.g. SHALSTAB, Montgomery & Dietrich 1994; TRIGRS, Baum et al. 2002; 

TRIGRS-unsaturated, Savage et al. 2004).  

 

Given the fragility of the activation phenomena for this type of landslides, the 

soil straining cannot be used as indicator of the onset of landsliding in early warning 

systems (EWS). Therefore, the geotechnical research addressed to the prediction of 

climate-induced shallow landslides for mitigation purposes, has concentrated the ef-

forts into the characterization of the precursors of landsliding, that are the climatic 

factors, or into the characterization or the pore water pressures as indicator of the 

reach of the landslide activation. A review of the literature concerning the activation of 

these phenomena (the triggering mechanisms) is presented in Chapter 6, where the 

analyses carried out in the research work presented in this thesis and concerning the 

variability of the precursors and indicators of climate-induced landslides with varying 

depth of the landsliding are discussed. Since the propagation mechanism, or run-out 

process, has not been analysed in this work, the literature concerning the research on 

the run-out of fast shallow landslides will not be reviewed. 
 

2.2.2 Deep climate-induced landslides 
 

As previously said, although most of the soil-atmosphere exchanges take 

place within the top soils, recent research has demonstrated that also deep slope 

movements may be triggered by slope-atmosphere interaction. In this case, the mobi-

lization of large soil masses interacting with structures is activated. This is because 

the slope-atmosphere interaction generates a variation of the top boundary of the 

whole seepage regime in the slope. For given hydraulic properties of the slope soils 

down to depth, climatic seasonal phenomena may generate seasonal excursions of 

the piezometric heads at depth; excursions up to 2-3 m at 25 to 50 m depth in frac-

tured clayey slopes have been observed (Pedone, 2014; Cotecchia et al., 2014). 

Such seasonal piezometric cycles have been shown to bring about progressive yield-

ing of weak soils (e.g. disturbed clays), with significant seasonal slope movements. 
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Furthermore, in slopes that are location of old landslide bodies at marginal stability, 

the cycling of pore water pressures due to climate may bring about the reactivation of 

sliding. In general, these phenomena are classified as slow landslides (Cruden & 

Varnes, 1996), sometimes even defined as creep movements. Indeed, it is being 

shown how such movements are the effect of the unsteady equilibrium applying to 

slopes due to the variable boundary conditions generated by the climate, and are not 

due to viscous phenomena. Recurrent is the reactivation of damages for structures 

and infrastructures interacting with these slow-moving masses. 

 

An example of progressive failure in a clay slope (i.e. overconsolidated kaolin) 

due to cycles of the top boundary atmospheric condition has been reported by Take & 

Bolton (2011). The authors induced cycles of wetting and drying, through cyclic vari-

ations of the relative humidity and the simulation of rainfall, at the surface of a scaled 

slope installed in a centrifuge. The slope model was built in plain strain condition, and 

the lateral wall of the model were such to make possible the use of PIV (particle im-

age velocity) using digital photography.  

Measurements of suction were carried out in different portion of the slope 

model, and at different depth by means of tensiometers. The suction data were com-

pared with the wetting and drying conditions the authors applied cyclically at the top 

boundary. 

Furthermore, PIV (White et al., 2003) was used to determine the displacement 

field as consequence of the induced strain field across the slope. 

The authors observed a deep failure mechanism to develop in time, i.e. a pro-

gressive slope failure. As such, they showed phenomenologically that a cycles of wa-

ter exchanges at the top boundary of the slope may cause in clayey slope a deep pro-

gressive failure. It is worth mentioning that the kaolin has a relatively low hydraulic 

conductivity (Altabbaa and Wood, 1987), but still a bit higher than for the majority of 

clays. The hydraulic conductivity will, in fact, be shown to play a major role in deter-

mining how the climate may act on the soil equilibrium conditions at depth in slopes. 
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Since the field evidences of climate driven deep landslide activity have been 

acquired through observations in the south-eastern Apennines (research activity at 

the Technical University of Bari), before quoting these observations, it is worth re-

calling the geo-hydro-mechanical scenario where these observations are recurrent. In 

this mountain chain, urban centres are built on promontories, whose setting corre-

sponds to one or another of the classes in Figure 2.5b (Cotecchia et al., 2010) loca-

tion of slow landsliding, of typology shown in Figure 2.5c. These usually border the 

urban area and the slow and deep movements are often recognized through the moni-

toring of the damages produced on structures and infrastructures located along the 

landslide scarps (Figure 2.6), because it is very difficult to identify the geometry of the 

landslide bodies just from geo-morphological surveys (Palmisano et al., 2016). 

 

 

 

Figure 2.5 - Geo-structural map of Italy (a); representative geo-hydro-mechanical settings recognized 

in the South-eastern Apennines (b), where (1) is referred to the clayey lithotypes and (2) is referred to 

the rocky lithotypes; landslide mechanisms recurrently observed in the Southern Apennines (c) 

(Cotecchia et al., 2010). 

 

All the observed instability processes mainly start within the clayey lithotypes, 

bringing to light the necessity of characterizing the geotechnical properties of these 

materials, with the aim of understanding if their properties represent a predisposing 

factor of the landsliding.  
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The clayey units, generally disarranged and fissured, result to have Clay Frac-

tions (CF) varying from 50% to 70%, Plasticity Indexes (PI) ranging between 30% and 

80% and Activities (A) going from 0.5 to 1; the high activity is due to the high smec-

tite content of the clays (within inter-layered illite-smectite minerals). The shear 

strengths of these materials are generally low, both due to their high plasticity and fis-

suring intensity (Vitone & Cotecchia, 2011), the latter induced by tectonic processes. 
 

 

 

Figure 2.6 - Damages to structures and infrastructures in the towns of Volturino (a) and Bovino (b and 

c) (Cotecchia et al., 2011). 

 

Within the geo-hydro-mechanical settings of reference (Figure 2.5b), three re-

current landslide mechanisms have been recognized (Figure 2.5c; Cotecchia et al., 

2010). The first one, named M1, is a composite roto-translational landslide, very of-

ten multiple and characterized by a retrogressive evolution. The mechanism named 

M2 is representative of a clayslide, of medium to large depth. The M3 mechanism, fi-

nally, has been characterized as slide-flow. These landslide mechanisms are often 

evolution of ancient landslides and are characterized by very low average early veloci-

ties (vmean<5*10-5 mm/s; Cotecchia et al., 2011). These are not constant and can be 

affected by paroxysmal increments, the latter usually recorded at the end of winter-

early spring. The depth of the processes is generally high (Dmean>35 m; Cotecchia et 

al., 2011), since their shear bands have been identified and monitored through deep 

inclinometers. Given the identification of deep failure processes, deep piezometric 

measurements have been conducted, allowing for the recognition of seasonal piezo-
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metric fluctuations of few meters (2-3 metres) even at depth (Cotecchia et al., 2011). 

These fluctuations are characterized by maximum values at the end of winter/early 

spring, i.e. concurring with the displacement accelerations.  

The landslide activity has then been demonstrated to be prompted by the pore 

pressure variations, in turn likely to be induced by the climatic regime of the area un-

der investigation (Pedone, 2014, Cotecchia et al., 2014). In particular, it has been 

shown that the 180-day cumulated rainfall is seen in several cases to concur with the 

peak in the in-situ piezometric heads, and also with the acceleration of the landslides. 

It may be then concluded, on phenomenological basis, that the deep and slow land-

sliding is triggered by the whole interaction between the slope, the vegetation and the 

atmosphere in the long term, during seasonal cycles rather than within shorter peri-

ods, as is the case for shallow landsliding. 

 

 

 

Figure 2.7 - Pisciolo slope: piezometric levels recorded by the cells installed at different depths from 

the ground surface (a: P1, b: P5 and P7). The velocity in time is reported from inclinometric measures 

(in red) and from gps sensor (in black). The blue line is the 180-day cumulated rainfall. The red arrows 

indicate the time period during which the aqueduct pipeline, lying at 4 m below the ground surface at 

the toe of Pisciolo slope, has experienced yielding and damages (Cotecchia et al. 2014). 
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Figure 2.8 - Pianello slope: piezometric levels recorded by the cells installed at different depths from 

the ground surface (at 59.5 and 36 metres depth). The red line reports the computed velocity for incli-

nometric measures in time. The blue line is the 180-day cumulated rainfall (Cotecchia et al. 2016b). 

 

 

 

Figure 2.9 - Volturino slope: monitoring data and 180-day cumulated rainfalls with time, along the dis-

placement rates from inclinometer in landslide body 45 m deep (I2) and piezometer head (z=0 at 

ground surface, P1); (adapted from Lollino et al., 2016). 
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In Figures 2.7, 2.8 and 2.9, the in situ piezometric heads, the 180-day cumu-

lated rainfall and the velocity of the landslide body are reported with time, highlighting 

the phenomenological diagnosis reported with reference to the Pisciolo landslide, 

(Figure 2.7 Cotecchia et al. 2014), the Pianello landslide (Fig 2.8, Cotecchia et al 

2016b) and the Volturino landslide (Figure 2.9 Lollino et al. 2016). 

The climate has been seen to play an important role in this geo-hydro-

mechanical context. The regional climate has been defined as “Mediterranean sub-

continental to continental, partly semiarid to arid” (Costantini et al. 2013), with a rainy 

and cold ‘wet season’, from late autumn to late winter-early spring, and a ‘dry sea-

son’ from mid spring to mid autumn. In the latter season, a warm rainy period (of 

maximum evapotranspiration) anticipates a very warm and dry period, from June to 

late August. Evidences of this may be observed analysing the mean monthly total 

rainfalls recorded at the meteorological stations of Volturino (Apulia Region, Italy), 

Bovino (Apulia Region, Italy) and Melfi (Basilicata Region, Italy) with reference to the 

period 1972 to 2009 (Figure 2.10).  

 

 

 

Figure 2.10 - Mean values of total rainfalls, afferent to the period 1972-2009, referred to the three most 

investigated case studies (Cotecchia et al., 2011).  
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The weather then presents features that justify the presence of pore pressure 

fluctuations and, in turn, of seasonal reactivations of the landslide bodies. The ge-

otechnical characterization data, together with the monitoring data, have allowed to 

state that the low strengths of the clayey lithotypes represent one of the main predis-

posing factors (Terzaghi, 1950) for the diffuse landsliding observed within the south-

eastern Apennines (Cotecchia et al. 2014, 2016, Pedone, 2014). In this context, it is 

also possible to observe recurrently high piezometric heads at depth, measured all 

over the area of reference, which represent another significant predisposing factor of 

deep instability. Instabilities were then supposed to be activated because of the fur-

ther increase in piezometric head induced by rainfall infiltration, the latter assumed to 

be the main triggering factor (Cotecchia et al. 2014). 

 

2.3 Different numerical strategies to model the slope system 
 

This section is devoted to the description of the most advanced modelling 

strategies of use to assess the effects of slope-vegetation-atmosphere interaction on 

the stability of slopes. The assessment of the processes activated in the soils by the 

interaction with the atmosphere and with vegetation is a necessary background of the 

evaluation of the slope instability, which has to be based on interdisciplinary analyses. 

These entail knowledge in different scientific fields, mainly: soil hydro-mechanics, hy-

drology, meteorology, agriculture and thermodynamics. The disciplinary broadness of 

the analyses and the complexity of the modelling are due to the coupling of the sever-

al phenomena resulting from the soil-vegetation-atmosphere interaction. Recently, the 

capacity of models to simulate such phenomena has broadened up.  

 

Elia et al. (2017) presented a review of the possible strategies to model these 

coupled phenomena, from the ground surface to depth, impacting the slope equilibri-

um in time and, possibly, bringing about landsliding. In this way Elia et al. (2017) por-

tray a methodological framework of the modelling of slope-vegetation-atmosphere in-

teraction, providing also comments about the accuracy of the predictions and the 
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sources of the corresponding uncertainties. The authors show applications of the dif-

ferent analytical strategies through several case histories. In the following, this meth-

odological framework will be the context of reference for the modelling presented in 

the present thesis. 

 

Generally speaking, the climatic factors to be accounted for in the analyses 

are, primarily: rainfalls, relative humidity, temperature, net solar radiation and wind 

speed, which together concur to determine the top boundary condition of the slope 

system (Figure 2.2). 

The portion of the slope above the water table may be in partially saturated 

conditions; hence the seepage processes within the soil pores involve both liquid and 

gas flows, along with thermodynamic processes. The atmospheric conditions are 

transient and, as such, determine variations of the pore fluid pressures across the 

slope and, in turn, variations in the available shear strengths. 

  

The main modelling variables determining the thermo-hydro-mechanical state 

of the slope soils may be set as (Table 2.1): the pore liquid pressure (scalar Pl), the 

pore gas pressure (scalar Pg), the temperature (scalar T) and the solid phase dis-

placements (vector u). The values attained by these variables are essentially con-

trolled by the balance equations (Olivella, 1995, see Table 2.1): 

 

 Mass balance of liquid                 variable Pl   [kPa] 

 Mass balance of gas    variable Pg   [kPa] 

 Internal energy balance for the medium       variable T   [°] 

 Momentum balance for the medium  variable u   [m] 

 

Since the thermal, hydraulic and mechanical processes in the soil are cou-

pled, the variables of the different balance equations are related to each other and the 

balance equations should be solved simultaneously, accounting for such coupling. 

Nevertheless, different levels of coupling are accounted for in the different modelling 
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strategies, resulting in different levels of accuracy in the prediction of the slope condi-

tions (Elia et al. 2017).  

 

The physical variables involved in the processes are controlled by physical 

laws, such as: the law expressing the liquid and the gas transport, the diffusion law, 

the change of phase law and the constitutive law of the soil skeleton. In the frame of 

hydraulics of ‘equivalent’ porous media, the laws that may be used to simulate some 

of the basic processes involving the pore fluids are: the Darcy’s law to describe either 

the liquid or the gas advective flux, the Fick’s law for vapour and air non advective 

fluxes. The Henry’s law may be used to predict the air dissolution in the liquid phase; 

the psychrometric law to correlate suction and relative humidity at a given tempera-

ture, and predict the transition of water from the liquid to the gas phase; the Fourier’s 

law to describe conductive heat fluxes through either the fluid, or the solid skeleton 

(see Table 2.1).  

Furthermore, soil constitutive laws are required in the integration, which are 

typically: the water retention curve, SWRC, θw(s)= Sr*n , where θw is the volumetric 

water content, Sr is the degree of saturation, n the soil porosity and s the soil suction; 

the hydraulic conductivity function, k(s, n, T), where T is the temperature; the me-

chanical constitutive law; the thermal conductivity law, that depends on T, Sr and n; 

the air conductivity law; the diffusion and the dispersion coefficients, both dependent 

on T, Sr, n and Pg. 

 
Balance equations Nodal 

variables  
Physical laws and con-
stitutive properties 

Boundary conditions 

Mass balance of liq-
uid: liquid water and 
air dissolved in water 
(H balance) 

Pl 

 Darcy’s law 
 Fick’s law 
 Henry’s law 
 Psychrometric law 
 Ideal gas law 
 Retention curve 
 Conductivity functions 
 Diffusion/Dispersion 

coefficients 

Pressures or Fluxes or  
Meteorological factors 

Mass balance of gas: 
water vapour and air 
(G balance) 

Pg 
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Internal energy bal-
ance 
(T balance) 

T 
 Fourier's law 
 Thermal conductivity 
 Density variations 

Temperatures/Fluxes 

Momentum balance 
(M balance) 

u 
 Constitutive models 

and corresponding pa-
rameters 

Displacements/Forces 

 

Table 2.1 - Balance equations, variables, constitutive laws and parameters of the problem; (Elia et al. 

2017). 

 

In order to solve the boundary value problem, the numerical model has to be 

spatially discretized in a mesh (Figure 2.2). Therefore, the variables, or unknowns, of 

the analysis are obtained as simulation output in a discrete number of points. It 

should be noted that the top shallow layers, just below the ground surface, which are 

location of partial saturation conditions, of the vegetation roots, and of all the energet-

ic and hydraulic flows, require finer discretisation of the mesh, since higher gradients 

of the variables with time is expected there (Figure 2.2). 

 

The boundary conditions for integration of the balance equations in Table 2.1, 

at the lateral and base boundaries of the model (see Figure 2.2) may be: 

 

 The boundary liquid pressures and/or fluxes; 

 The boundary gas pressures and/or fluxes; 

 The boundary temperature and/or thermal flux; 

 The boundary solid displacements and/or forces. 

 

At the ground surface, the climatic variables (Figure 2.2) and the vegetation 

represent the boundary of the system. Where the rainfalls will be always an input flux 

of the model at the ground surface, the evapo-transpiration flux may be a result of the 

model simulation, when thermo-hydraulic coupling is accounted for, whereas it has to 

be introduced as input boundary condition in analyses disregarding such coupling. 

Common to most models, instead, either solely hydraulic or coupled, runoff process-
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es (Blight, 1997) are modelled in a simplified way. They are often assumed to occur 

when the rainfall rate exceeds the saturated permeability of the soil (Krahn, 2004); at 

this stage, the very top soil pore water pressure is set to zero, simulating ponding, 

hence the top boundary condition turns into a pressure value from being a flux value. 

Another established approach assumes that runoff occurs when the very top pore wa-

ter pressure becomes equal to zero (Smith et al., 2008); also, in this case, the zeroing 

of the top pore water pressures is set at the top boundary condition, until the pore wa-

ter pressure becomes negative. 

In the following, the different possible numerical strategies for the numerical 

computation of the slope-vegetation-atmosphere interaction are described, highlight-

ing also the limitations of each approach. 

 

2.3.1 Hydraulic numerical modelling 
 

The minimum requirement for an analysis to assess the slope stability condi-

tions in relation with climate is to achieve the variations in pore water pressure across 

the slope with time. The cyclic variations in time of the pore water pressures across 

the slope, represent the trigger to be induced in the slope to numerically obtain a re-

sponse which is related to the interaction of the slope with the atmosphere and the 

vegetation. 

If the pore water pressure distribution with time is derived based upon the 

sole liquid and gas mass balance equations, not coupled with both the momentum 

balance and the energy balance (given the latter, the effects of the variations in tem-

perature within the soil skeleton and the pore fluids are disregarded), the modelling is 

defined as purely hydraulic. In this case, all the terms referring to the mechanical be-

haviour and the thermal behaviour of the soil skeleton, the liquid and gas phases, are 

either neglected or computed in an uncoupled manner successively.  

In order to assess the effect of the fluctuations of the pore water pressure on 

the level of stability of the slope, Limit Equilibrium (LE) analyses are carried out after-

wards.  
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In the hydraulic modelling, the pore water pressure computation may entail 

the transport processes (advective flux: Darcy’s law), the diffusion processes (non-

advective flux: Fick’s law), the dissolution of air in water (Henry’s law) and the evapo-

ration/condensation of water (Psychrometric or Kelvin’s law). It is worth mentioning 

that the liquid and the gas densities are assumed to vary solely with the liquid and the 

gas pressure, given the isothermal conditions (Gens, 2010, Elia et al. 2017).  

Further simplification can be introduced in the hydraulic modelling by disre-

garding the gas balance, e.g. by assuming the gas pressure as constant, and neglect-

ing both the water vapour diffusion within the gas phase and the dissolution of air in 

water. In this case the model simulates only the liquid mass balance. If also the liquid 

density is assumed to be constant, the liquid mass balance equation turns into a vol-

ume balance equation of liquid water, which is commonly known as Richards' equa-

tion (Richards, 1931). 

In Table 2.2, all the constitutive equations and the equilibrium restrictions for 

the hydraulic numerical approach are reported. It is worth mentioning that usually a 

misunderstanding may arise when a numerical approach is defined “hydraulic”. In 

this case it is often assumed that the hydraulic analysis, being a isothermal analysis, 

can not account for changes in the state of the water, e.g. through the Psychrometric 

law. Instead, the hydraulic analysis can implement the Psychrometric law, but, none-

theless, this is often disregarded and no change in phase is implemented in the mod-

elling. 

  
 

EQUATION 
VARIABLE 

FUNCTION OF  NAME VARIABLES 

CONSTITUTIVE 
EQUATIONS 

Darcy's law 
Advective flux of liquid 

and gas  
ql , qg ρl, Pg, k, krl, krg 

Fick's law 
Diffusive flow of  

vapour, dissolved air 
igw, ila τ, ρl, ρg, Sl, Sg, Dm  

Retention cur-
ve 

Water adsorption /  
desorption 

Sl, Sg -(Pg-Pl) 

Liquid state 
(density) law 

Liquid density  
Variation 

ρl Pl 
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Ideal gas law Gas density relation ρg Pg 

Molecular  
diffusion  
relation 

Diffusion coefficient 
of a species in a 

phase 
Dm  Pg 

Tortuosity  
relation 

Tortuosity τ Sg 

Hydraulic  
conducibility 

curve 

Liquid and gas relative 
permeability 

krl, krg Sl, Sg 

EQUILIBRIUM 
RESTRICTIONS 

Henry's law 
Dissolution of air in 

water 
ωl

a Pa 

Kelvin's law 
(Psychrometric 

law) 

Evaporation /  
condensation of water 

ωg
w -(Pg-Pl), ρl 

 

Table 2.2 - Constitutive equations and equilibrium conditions to be accounted for in an isothermal hy-

draulic computation. 

 

2.3.1.1 Hydraulic steady-state modelling 
 

The simplest hydraulic analysis of the effects of climatic changes on the sta-

bility of a slope is represented by a comparison of the stability factors (through LE 

calculations) corresponding to steady state seepage conditions, each designed to 

simulate the seepage induced by a given climatic condition (Cotecchia et al. 2014). 

In this case, neither the climatic data, nor the corresponding fluxes at the 

ground surface can be implemented in the modelling. Rather, the hydraulic boundary 

conditions are adapted to simulate seepage complying with the piezometric condi-

tions measured for given climatic stages. The validity of the simulation is checked 

against monitored data. The corresponding pore water pressures are thereafter im-

plemented in the LE analysis (Abramson et al., 1996). The aim is to estimate the dif-

ferences in slope stability for the simulated different piezometric conditions. For ex-

ample, it can be investigated the variation in stability of a slope from winter to sum-

mer conditions, if piezometric data for summer and winter are available.  
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In this case the modelling may be considered as a back-calculation of the 

slope seepage, useful for LE calculations and evaluation of the stability factor of the 

slope (e.g. at the end of the rainy season and of the dry season; e.g. Lollino et al. 

2010). The seepage model may either account for full saturation, or for partial satura-

tion. For the LE analyses, the material is thought to be rigid-perfectly plastic, and as 

such, only the parameters describing the shear strength criterion for unsaturated state 

have to be implemented (e.g. Fredlund et al., 1978). The variation in slope stability 

factor for different climate conditions, e.g. in winter and summer, may be derived 

even using the results of the steady state seepage analysis just mentioned, despite 

their simplicity.  

 

For the landslide mechanism in Volturino (Figure 2.9, Lollino et al. 2010; 

Lollino et al., 2012 and 2014, Elia et al. 2017), this approach has been adopted as-

sessing that the shear strength mobilized along the reconstructed (i.e. from field data) 

deep sliding surface. In this case the LE analyses confirm that the slope is only mar-

ginally stable in summer and becomes unstable in winter due to pore water pressure 

increase. 

 

With a similar technique, Ng & Shi (1998), among others, used the steady-

state hydraulic approach to simulate the seepage in the slope and carried out LE anal-

yses accounting for partially saturated conditions to estimate the stability of cut 

slopes in Hong Kong after different representative rainfall events.  

 

This approach may potentially account for both hydraulic heterogeneities and 

anisotropy of the soil layers, if needed. In particular, the hydraulic heterogeneities 

have been seen to be fundamental to derive predictions reproducing the field monitor-

ing data. This has been the case for the Pisciolo case history, examined by Cotecchia 

et al. (2014). In this case, heterogeneities in saturated permeability and retention 

properties were implemented in the hydraulic numerical simulation, given the pres-

ence in situ of fractured rock inclusions in the clayey flysch forming the slope. 
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It is worth mentioning that the pore pressures from the steady state hydraulic 

modelling can be also input in a steady state equilibrium boundary value problem 

(‘drained analysis). Starting from an initialized hydraulic and stress-strain state, a per-

turbation of the hydraulic boundary conditions is applied, and as consequence the 

steady-state seepage is computed, obtaining a new pore water pressure field and new 

stress-strain conditions across the slope, which has to implement also the mechani-

cal law of the slope materials. The change in effective stress field is derived and, 

through the constitutive model, the strain increments and the corresponding dis-

placement field are computed.  

The required laws and parameters to solve the mechanics (i.e. are given in the 

next paragraph (2.2.2), in Table 2.3. 

The main limitation of this strategy is the lack of knowledge about the transi-

ent seepage between the two limit steady-state conditions of reference; as such the 

evolution of the slope stability with time is not investigated. Furthermore, the need for 

seepage back-calculation starting from field measurements, makes this strategy not 

useful for the computation of the evolution in slope stability with future climate. 

 

2.3.1.2 Hydraulic transient seepage modelling 
 

When the climate-induced transient seepage across the slope is of interest, a 

transient boundary condition reproducing the climate is needed. In this case, a transi-

ent boundary condition has to be applied at the ground surface, to represent the flux-

es of water that climate is causing. For a transient hydraulic analysis, the evapo-

transpiration of water from the soil (Figure 2.2) must be a model input at the ground 

surface, i.e. an outflow at the top boundary, whereas the rainfall is an input top 

boundary inflow. Since the driving forces causing the evapo-transpiration fluxes in 

time are not computed in this kind of analyses, as said before, the evapo-transpiration 

has to be estimated based upon phenomenological interpretations and semi-empirical 
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laws, to be calibrated based upon the outcropping soil conditions and the vegetation 

typology and state.  

Several approaches can be adopted to estimate the evapo-transpiration out-

flow (Thornthwaite, 1948; Turc, 1954; Penman 1948; Monteith 1965, Allen et al., 

1998, 2006; Noilhan & Planton 1988; Noilhan & Mahfouf, 1996). The FAO Penman-

Monteith method (Allen et al., 1998) is one of the most used to provide physically 

based estimates of the evapo-transpiration rate, using empirical algorithms to repre-

sent the different physical processes that combine in giving rise to the outflow, also 

accounting for the outcropping soil type and the vegetation type and condition during 

the year. 

The hydraulic properties of the soils are the parameters of this model. For the 

top soil layers, both the water retention curve and the hydraulic conductivity function 

must be appropriately estimated, based upon laboratory testing. A wide review of wa-

ter retention curves and hydraulic conductivity functions was provided by Leong & 

Rahardjo (1997), but several have been the recent developments of the algorithms 

suited to represent such soil hydraulic properties (Wheeler 1996, Wheeler et al. 2003, 

Li 2005, Sun et al. 2007, Nuth and Laloui 2008, Khalili et al. 2008, Pedroso and Wil-

liams 2010, Cafaro & Cotecchia 2015). It's worth highlighting that, when the Rich-

ards’ equation is expressed in terms of the volumetric water content, θw (s), the soil 

deformability inherent to the drying-wetting process is taken into account through the 

variation in n that, implicitly, contributes to the variation of θw upon drying-wetting. 

Hence, the integration accounts for some soil skeleton deformation (Tsaparas et al., 

2002; Calvello et al., 2007; Cotecchia et al. 2014; Tommasi et al., 2013; Cascini et 

al., 2010; Cotecchia et al., 2014, 2019), although it is not coupled.  

In the case in which the SWRC is expressed in terms of Sr(s) in the hydraulic 

modelling, with the porosity, n, considered as constant, the seepage problem is inte-

grated disregarding totally the soil skeleton deformability.  

All the numerical formulation of the isothermal hydraulic numerical approach 

is given in Annex 1 following the approach implemented in CodeBright (Olivella et al., 

1994, 1996; Gens, 2010). 
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2.3.2 Hydro-Mechanical numerical modelling 
 

In hydro-mechanical simulations, the solution of the momentum balance has 

to be coupled with the mass balance of the pore liquid and gas. If the mass balance 

equations and the momentum balance are solved at the same time as a single sys-

tem, the analysis complies with a full hydro-mechanical coupling. If the solution of the 

mass balance equations is carried out separately from that of the momentum bal-

ance, according to a staggered approach, full coupling is not pursued. However, de-

pending of the size of the calculation step, results of good accuracy may be achieved 

also through this approach.  

Irrespective of the adopted approach, any hydro-mechanical simulation re-

quires the definition of the initial state of the soil in the slope, which results from its 

geo-hydro-mechanical history. This initialisation of the slope model can be rarely ac-

complished properly by simply applying an initial gravitational load. This is especially 

the case for natural slopes, which have been subjected to several natural processes, 

which have changed deeply the state of the material, which in turn will control its re-

sponse. 

 

The impact of the slope model initialization on the predictions strongly de-

pends on the constitutive model being adopted. In fact, if a hardening constitutive 

model is implemented, the initialization of the stress state must account for the yield-

ing history, the material has been subjected to; in fact, the initial stress state must ac-

complish for the OCR value characterizing the material in situ at different depth. This 

is a fundamental issue to match if a good prediction of the elasto-plastic stress-strain 

behaviour, and as consequence, displacement field is wished for. As will be shown in 

Chapter 5, in the numerical analyses carried out in this work, the way in which the ini-

tialization procedure is carried out may cause huge differences in the slope stress-

strain response, also irrespectively to the constitutive model adopted. 
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After the stress state has been initialized, the effects with time of the slope-

atmosphere interaction need to be investigated, as such, the numerical simulations 

have to reproduce the stress-strain evolution associated to the pore pressure varia-

tions. In this case, the analysis of the consolidation processes affecting the soil me-

chanical behaviour have to be coupled to the analysis of the transient seepage pro-

cesses induced by the climatic variations. Given the neglection of the thermo-

hydraulic coupling and of the psychrometric law, the effects of the soil-vegetation-

atmosphere interaction will be input as said before, by inputting the rainfalls and pre-

processed evapotranspiration rates. 

 

The unsaturated state occurring above the water table, represents a funda-

mental feature to be modelled in these hydro-mechanical numerical simulations. The 

unsaturated state affects the shear strength along possible shallow slip surfaces (i.e. 

slip surfaces above the water table), therefore it contributes to the stability with re-

spect to the shallow landsliding and, as such, it has to be taken into account. For the 

deep landslide mechanisms, though, the shear behaviour of the unsaturated soils 

above the water table plays a less important role, since it influences the soil shear 

strength only along a small part of the slope, where instead most of the progression 

of failure involves submerged (i.e. fully saturated) soils. On the contrary, the hydraulic 

and volumetric behaviour of the unsaturated soils above the water table plays a major 

role in the mass balances controlling the amount of water infiltrating in the slope, and 

must be simulated accurately. Hence, the unsaturated condition has to be properly 

modelled and its impact has to be well predicted particularly in terms of hydraulic be-

haviour upon drying and wetting. 

 

According to what above, throughout all the work presented in this thesis, the 

mechanical effects of the root system in increasing the shear strength of the soil cov-

er has not been taken into account. Only the modifications of the hydraulic balance at 

the ground surface due to the vegetation has been accounted for, since it affects all 

the stress-strain response of the slope, even in the case of deep sliding bodies. 
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Recent works report the results of fully coupled hydro-mechanical simulations 

in which the unsaturated hydro-mechanical soil behaviour is also modelled (Fredlund 

& Rahardjo, 1993; Wong et al., 1998; Smith, 2003). The formulation of the basic 

equations, originally referred to simple saturated conditions, have to be modified in 

order to model the elasto-plastic deformations induced by suction variations also un-

der partial saturation conditions. Moreover, the unsaturated formulation should also 

accommodate the definition of both the hydraulic conductivity and the water retention 

curve. The latter is defined in terms of degree of saturation, because the soil deform-

ability is not neglected, so a single volumetric water content cannot be associated to 

a specific suction value anymore. 

 

When unsaturated soil behaviour is simulated, the constitutive models cannot 

be formulated using the effective stress proposed by Terzaghi (1936) as single stress 

variable. The latter in fact, has been seen to be no more valid in the case of unsatu-

rated conditions and new appropriate stress definitions have been introduced.  

To this aim, several forms of stress variables for partially saturated soils are 

still used. These can present several levels of complexity (Jommi et al. 2000; Gens et 

al., 2006; Nuth and Laloui 2008; Rojas, 2008; Alonso et al. 2010). The approaches 

are mainly two: one uses a revised version of the effective stress, through the Bish-

op’s single effective stress; the other uses independent stress variables to account for 

the effects of the total stresses and the effects of suction. The common feature of the 

unsaturated stress conceptions is the use of suction as a second stress variable for 

the description of the hydro-mechanical behaviour of the partially saturated soils.  

Following Gens et al. (2006) and Nuth and Laloui (2008), the two different 

approaches to formulate the stresses to be of reference in the unsaturated soil consti-

tutive models, can be framed as discussed in the following.  

The approach that accounts for the two independent stress variables to de-

scribe the behaviour of unsaturated soils, encompasses three possibilities for the 

stress definitions (Fredlund and Morgenstern, 1977; Jommi et al. 2000): (i) σ-PgI, (ii) 
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σ-PlI and (iii) (Pg -Pl)I, where σ is the total stress tensor and I the second order identi-

ty.  

Following this approach, the idea of having a single effective stress variable 

able to control and determine all the measurable effects in terms of compression, dis-

tortion and change of shearing resistance, which Terzaghi (1934) was ascribing to 

the effective stress, has to be abandoned in favour of the two stress variables. Both of 

the selected stress variables are responsible for an impact on “the measurable ef-

fects”. 

 

In the approach addressing a single stress variable, suction is included in the 

effective stress tensor of reference for the unsaturated constitutive model. Usually, the 

effective stress tensor variable is given by the Bishop’s equation 2.1 (Bishop, 1959; 

Alonso et al. 2010): 

𝛔’  𝛔  Pg𝐈 χ𝐬𝐈 (2.1) 

where χ is the Bishop’s effective stress parameter. The experimental results have 

shown that the parameter χ depends on factors such as the history of wetting/drying 

of the soil, the void ratio and the soil structure (Rojas, 2008).  

Bishop’s formulation is aimed at averaging the stresses over a representative 

elementary volume containing all phases: air, water and solid grains. In the initial idea 

by Terzaghi (1934), the effective stress should be only representative of the stress 

applying to the solid skeleton. The effective stress parameter χ then varies with the 

degree of saturation. Indeed, the parameter is imposed to vary from 0 for dry soils, to 

1 for saturated soils, allowing for a simple and smooth transition from partially to fully 

saturated states, and recovering Terzaghi’s expression for the saturated case.  

As a part of the macroscopic expression of stress in the unsaturated medium, 

the Bishop’s effective stress parameter was basically introduced to describe the con-

tribution of suction to the macroscopic stress of the solid skeleton or the effective 

stress. It also acts as the scaling parameter averaging matric suction from the pore-

scale level to the macroscopic level over the representative elementary volume of the 

soil. This parameter is strongly dependent on the soil structure and its determination 
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is crucial for a successful application of effective stress to the constitutive modelling 

of soil engineering problems (Khalili & Zargarbashi, 2010; Alonso et al. 2010). 

 

Bishop and Donald (1961) first attempted to define Bishop’s function experi-

mentally (Figure 2.11) as follows: 

χ χ 𝑆  
(2.2) 

Laboratory testing has been carried out since the 60’s, in order to determine 

the Bishop’s effective stress relation with the degree of saturation. 

One experimental technique for measuring χ was proposed by Jennings 

(1960), who proposed to compare the behaviour of a soil specimen subjected to suc-

tion changes with the behaviour of an identical saturated sample under changes in ex-

ternal pressure. Bishop et al. (1960) also measured χ for several soils imposing both 

volume changes and deviatoric strains. Zerhouni (1991) updated the available labora-

tory data at that time (Jennings et al., 1962); the results are shown in Figure 2.11 

highlighting the trend of χ to follow the variations of the degree of saturation. Different 

trends may be identified, depending on the type of soil analysed. Consequently, the 

uniqueness of the relationship between χ and Sr has been often questioned.  

 

A possible simple choice is the one proposed by Schrefler (1984): χ 𝑆 ; 

the latter is an approximation which may suit the unsaturated hydro-mechanical be-

haviour only in the quasi-saturated state, as it is explained better in Chapter 5. 

However, despite this stress is at the base of numerous recent constitutive 

stress frameworks, early works hardly used this formulation and favoured more com-

plex expressions for parameter χ. 
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Figure 2.11 - Effective stress parameter versus degree of saturation for a number of different soils 

(Zerhouni et al. 1991, modified from Jennings et al. 1962).  

 

Referring to Figure 2.11, authors argued that the identity χ 𝑆 , this does not 

work for ranges of saturation outside the range 20-80%, that is, for very dry or very 

wet soils. Aitchison (1960) gave a fitted expression for the effective parameter, writ-

ten as follows: 

χ
𝛼
𝑠

𝑠      𝑖𝑓 𝑆 1

  1         𝑖𝑓 𝑆 1
 

(2.3) 

with 𝑠  corresponding to the air entry suction and α being a coefficient vary-

ing from 0.3 to 0.35.  

Jennings and Burland (1962) stated that whatever the relationship chosen for 

parameter χ, there is no unique relationship between volumetric strain and effective 

stress as defined by Bishop’s effective stress equation, and that above a certain criti-

cal degree of saturation, this effective stress principle is no more valid. In another re-
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cent viewpoint (Kahlili et al., 2004) the authors recalled that, in reference to Coleman 

(1962), parameter χ might also be related to the current stress and stress history, 

which, according to the authors, could explain the possibly bad correlation between χ 

and Sr, which is a volumetric parameter. By plotting χ against the ratio of matric suc-

tion over the air entry value (suction ratio), authors obtain a unique relationship for 

most soils. Khalili and Khabbaz (1998) indeed determined a mathematical expression 

for χ as a function of matric suction and air entry value of suction 𝑠 : 

χ
𝑠
𝑠

.

𝑖𝑓 𝑠 𝑠

  1      𝑖𝑓 𝑠 𝑠
 

(2.4) 

In conclusion, several equations have been developed to define the parameter χ. The 

equation χ 𝑆  is still the most used in, although in the literature several alternative 

formulations are available (Vanapalli et al., 1996, Khalili & Khabbaz, 1998, Alonso et 

al., 2010).  

 

Nowadays, the tendency seems to go towards the use of the single effective stress 

variable, which means keeping the Bishop’s effective stress equation for unsaturated 

conditions. Nonetheless, the academic debate on this issue is still open, because 

some apparent limitations to the use of the single effective stress variable have been 

identified. 

 

Since the way in which the stress state in unsaturated condition may be evaluated 

with reference to two different strategies already discussed, also the corresponding 

constitutive models have to suit the effective stress framework selected. 

As such, during the last decades an effort in formulating constitutive models able to 

be of use for the double effective stress variable framework has been made. This was 

not the case for the single effective stress variable, since the Bishop’s effective stress 

may be then used in a common less or more complex elasto-plastic constitutive 

model (maybe formulated with reference to the saturated condition). 
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In the case of double effective stress approach, the most popular advanced constitu-

tive model for unsaturated soils was presented by Alonso et al. (1990). It has been 

employed in the hydromechanical modelling used by Askarinejad (2013), reported in 

the case histories section below, to evaluate the stability of the banks of the River 

Rhine (Switzerland), with reference to both 2D and 3D conditions. 

Several models, based on the BBM, or sharing with it the choice of the stress varia-

bles, were presented (Wheeler & Sivakumar, 1995; Chiu & Ng, 2003; Sheng et al., 

2008).  

Instead, more recent constitutive models have been formulated in accordance 

with the single effective stress approach (Pereira et al., 2005, Russell & Khalili, 2006; 

Khalili et al., 2008; Khalili & Zargarbashi 2010).  

It is worth observing that advanced constitutive models should be employed 

together with advanced formulations of the water retention curves (e.g. Gallipoli et al., 

2003; Tsiampousi et al., 2013; Cafaro & Cotecchia, 2015), in order to take into ac-

count the intrinsic coupling between suction, void ratio and degree of saturation. Such 

an approach has been proposed by Tsiampousi et al. (2013) and employed by Pe-

done et al. (2014) in order to investigate the stability of a slope interacting with both 

hydraulic and travel infrastructures (with reference to the Pisciolo case history). 

 

Table 2.3 is showing all the dependencies and the additional constitutive 

equations to be implemented when solving a hydro-mechanical coupled numerical 

problem. 

 
 

EQUATION 
VARIABLE 

FUNCTION OF  NAME VARIABLES 

CONSTITUTIVE 
EQUATIONS 

Darcy's law 
Advective flux of liquid 

and gas  
ql , qg ρl, Pg, k, krl, krg 

Hydraulic con-
ductivity equa-

tion 
Saturated permeability  k e 

Fick's law 
Diffusive flow of  

vapour and dissolved 
air 

igw, ila τ, ρl, ρg, Sl, Sg, Dm  
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Retention cur-
ve 

Water adsorption /  
desorption 

Sl, Sg -(Pg-Pl), e 

Liquid state 
(density) law 

Liquid density  
variation 

ρl Pl 

Ideal gas law Gas density relation ρg Pg 

Molecular  
diffusion  
relation 

Diffusion coefficient 
of a species in a 

phase 
Dm  Pg 

Tortuosity  
relation 

Tortuosity τ Sg 

Hydraulic  
conducibility 

curve 

Liquid and gas relative 
permeability 

krl, krg Sl, Sg 

Effective stress 
equation 

Bishop’s Effective 
stress 

σ’ij, Bishop’s  σij, uij, Sl 

Elasto-plastic 
mechanical 
behaviour 

Elasto-plastic consti-
tutive model 

εij (=εeij+ εpij) 
σ’ij, elastic stiffness 

parameters, flow rule, 
OCR  

EQUILIBRIUM 
RESTRICTIONS 

Henry's law 
Dissolution of air in 

water 
ωl

a Pa 

Kelvin's law 
(Psychrometric 

law) 

Evaporation /  
condensation of water 

ωg
w -(Pg-Pl), ρl 

Compatibility 
Equation 

Strains compatibility εij  - 

 

Table 2.3 - Constitutive equations and equilibrium conditions to be accounted for in hydro-mechanical 

numerical computation. 
 

All the numerical formulation of the hydro-mechanical numerical approach is 

given in the Annex 2 following as first the Biot’s approach (Biot, 1941), and then 

making particular reference to the formulation implemented in the FE code Plaxis, 

which has been used for the HM numerical analyses in this work (Chapter 5). 

 

Examples of fully coupled simulations (Zienkiewicz & Taylor, 1989; Zienkie-

wicz et al., 1999; Potts & Zdravkovic, 1999, 2001) of rainfall-induced landslide 

mechanisms in clay slopes, implementing the soil-vegetation-atmosphere interaction, 

are seldom reported in literature. Kovacevic et al. (2001) modelled, with ICFEP, the 

hydro-mechanical effects of the pore pressure variations on the stability of clay em-
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bankments, whose movements and eventual failure appeared to be correlated with 

climatic effects (Standing et al., 2001). The authors employed a strain-softening 

Mohr-Coulomb elasto-plastic model (Potts et al., 1997). Permeability was assumed 

to depend on the mean effective stress. In spite of the use of advanced hydro-

mechanical constitutive relationships, the simulation of the climatic effects was simp-

ly performed by applying constant pore pressures on the top of the embankment, to 

reproduce the pore pressure at shallow depth (i.e. less than 5 metres below the 

ground surface). The unsaturated behaviour was herein not accounted for. Still pro-

gressive failure was observed to develop after several cycles of consolidation phases 

allowing the full dissipation of the pore pressure variations induced in the slope as 

consequence of the applied top boundary condition.  

Thereafter, Nyambayo et al. (2004) performed substantially the same kind of 

simulation, using the same code, but applying first a boundary condition representa-

tive of the "summer period", secondly one representative of the "winter period". Fully 

coupled consolidation analysis was carried out after the application of different 

boundary conditions representing the ‘summer’ and ‘winter’ period. The authors did 

not use a stress dependent permeability, but performed analyses with different con-

stant permeabilities, in order to investigate the role played by the hydraulic conductivi-

ty in defining the progression of the shear band within the embankment.  

They showed that the magnitudes of the seasonal pore water pressure chang-

es, movements and rate of propagation of a progressive failure mechanism increase 

with the magnitude of permeability. The time to collapse reduces as permeability in-

creases. As such the role of the permeability in HM coupled analyses has been seen 

to be fundamental.  

Further improvements to this kind of simulations were proposed by Rouainia 

et al. (2009), that implemented in the analyses daily variations of the pore water pres-

sures by taking into account both runoff and evapo-transpiration effects. Their simula-

tions, however, cannot be considered as fully coupled, because they performed the 

hydrological balance at the slope scale by means of the code Shetran, a physically-

based spatially-distributed hydrological model (Ewen, et al., 2000; Birkinshaw et al., 
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2010); then they imported the daily surface pore pressure distributions in a fully cou-

pled simulation conducted using the code FLAC. Aim of these analyses was the eval-

uation of the effects induced by future climate changes on the stability of embank-

ments located in UK. 

 

One of the most advanced fully coupled analyses of rainfall induced landslides 

in clay slopes has been performed by Alonso et al. (2003), with particular reference 

to the Villa Blasi case study (Ancona, Italy). The authors employ a code that is able to 

solve simultaneously the continuity equation of the air phase, the continuity equation 

of the water phase and the mechanical equilibrium equation (Olivella et al., 1994; 

1996). The formulation at the base of the code, however, is not based on the use of 

theories similar to the one proposed by Biot, but is based on the use of non-linear 

elastic stiffness coefficients that are calibrated with reference to the unsaturated be-

haviour of the soil. An additional coefficient, moreover, is introduced to describe the 

volumetric variations induced by suction changes. In their modelling Alonso et al. 

(2003) employed a Mohr-Coulomb elasto-plastic model, the latter conveniently ex-

tended to take into account the effect of suction on shear strength (Fredlund et al., 

1978). With reference to the hydraulic constitutive models, the authors make use of 

the analytical expression given by Bourgeois (1986) to describe the WRC, while a 

general variation of the relative water permeability with respect to Sr was employed. 

The authors initialized the slope through excavation, starting from a horizontal surface. 

The idea was to reproduce the deposition under a normal consolidation state, fol-

lowed by the erosion of the top layers. The lateral boundaries were constrained hori-

zontally, while the base of the model was fixed. The latter was considered impermea-

ble, contrarily to the lateral boundaries, along which two triangular pore pressure dis-

tributions were assumed. After defining the initial equilibrium conditions, rainfalls were 

applied on the top of the slope, but only considering monthly gross rainfalls. The use 

of this simplified boundary condition resulted in average response predictions, com-

pared to predictions of displacements recorded by means of inclinometers in situ, 

monitored discontinuously.  
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As such it appears that in the hydro-mechanical numerical strategy, the main 

thing to be properly modelled is the transient boundary condition describing the SVA 

interaction. Otherwise, even with very advanced constitutive modelling, the stress-

strain response could even be very far from the field evidences and monitoring data. 

This is even more clear with respect to the hydraulic numerical strategy, since only 

the pore water pressure with time are given as output data, meaning that the hydraulic 

balance at the ground level must be well described and computed. 

To reach an high level of detail in modelling the transient boundary condition 

due to climate, instead of pre-processing the evapo-transpiration, maybe using FAO 

method (Allen et al, 1998; 2006), it may be possible to directly compute the evapo-

transpiration fluxes in a modelling which has to solve also the energy balance. In the 

next paragraph the thermo-hydraulic modelling strategy is described. 

 

2.3.3 Thermo-Hydraulic numerical modelling 
 

The modelling is generally defined as "thermo-hydraulic" when the equations 

describing the mass balance of both liquid and gaseous phases are solved together 

with the equation describing the energy balance (e.g. Krahn, 2004).  

Generally speaking, such a modelling allows to predict the liquid pressure, Pl, 

the gas pressure, Pg, and the temperature, T. However, either for the low impact on 

the whole stress state in the soil Pg may have, or to the complexity of the numerical 

formulation, the gas pressure is often assumed to be constant (i.e. equal to the at-

mospheric pressure). 

Being T calculated in each node, the thermo-hydraulic modelling can predict 

the water transition from liquid to vapour phase, which takes place when the latent 

heat of vaporisation is supplied to the soil as result of heat exchanges with the at-

mosphere. This means that the evapo-transpiration fluxes can be predicted through 

the numerical modelling, provided that all the climatic variables are input of the analy-

sis (i.e. air temperature, net solar radiation, wind speed, relative humidity and rainfall, 
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together with the main characteristics of the vegetation cultivated on the slope) (see 

Chapter 3).  

The coupled solution of the balance equations allows to derive the transient 

non-isothermal fluxes, of both liquid and gas, in a non-deformable (rigid) porous me-

dium. In this respect, the liquid pressure, Pl, the gas pressure, Pg, and the tempera-

ture, T, represent the unknown variables of the problem. These unknows have to 

comply also with a number of other equations. These may be split into two different 

classes: the constitutive equations and the equilibrium restrictions (Table 2.4). 

 
 

EQUATION 
VARIABLE 

FUNCTION OF  NAME VARIABLES 

CONSTITUTIVE 
EQUATIONS 

Darcy's law 
Advective flux of liquid 

and gas  
ql , qg ρl, Pg, T, k, krl, krg 

Fick's law 
Diffusive flow of  

vapour and dissolved 
air 

igw, ila τ, ρl, ρg, Sl, Sg, Dm  

Fourier's law Conductive heat flux ic T 

Retention cur-
ve 

Water adsorption /  
Desorption 

Sl, Sg -(Pg-Pl) 

Liquid state 
(density) law 

Liquid density  
Variation 

ρl Pl, T 

Ideal gas law Gas density relation ρg Pg, T 

Molecular  
diffusion  
relation 

Diffusion coefficient 
of a species in a 

phase 
Dm  Pg, T 

Tortuosity  
relation 

Tortuosity τ Sg 

Liquid and gas 
viscosity  
relation 

Liquid and gas  
Viscosity 

μl, μg T 

Hydraulic  
conducibility 

curve 

Liquid and gas relative 
permeability 

krl, krg Sl, Sg 

Thermal  
conductivity 

relation 
Thermal conductivity λl, λg Sl, Sg 

Internal energy 
relation 

Internal liquid and gas 
energy 

Eg
w, Eg

a, El
w, El

a T 
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EQUILIBRIUM 
RESTRICTIONS 

Henry's law 
Dissolution of air in 

water 
ωl

a Pa 

Kelvin's law 
(Psychrometric 

law) 

Evaporation /  
condensation of water 

ωg
w T, -(Pg-Pl), ρl 

 

Table 2.4 - Constitutive equations and equilibrium restrictions to be accounted for in a thermo-

hydraulic computation. 

 

Table 2.4 is showing all the dependencies and the constitutive equations and 

equilibrium restrictions to be called for when solving a thermo-hydraulic problem. In 

finite element analyses, if transient thermo-hydraulic processes are modelled, all the 

nodal variables have to be initialised. In this case the initial conditions of the slope 

have to be imposed not only in terms of liquid pressures, Pl, but also in terms of tem-

peratures, T (and, also in terms of gas pressures, Pg, if the model accounts for its 

variations throughout the analysis). As such the numerical initialization phase requires 

even more data and effort with respect to the initialization procedure to be carried out 

in the hydro-mechanical analysis. A good initialization of the temperature in a bounda-

ry value problem may strongly affect the transient hydraulic seepage, both in saturat-

ed and in unsaturated conditions, and as such it represents an issue to be accounted 

for. 

 

In order to approach a solution of the energy balance equation, a certain 

number of additional material properties need to be specified at the beginning of each 

analysis. The thermal conductivities and the volumetric heat capacities of the different 

species become essential ingredients, whose definition potentially requires the execu-

tion of advanced laboratory or in situ tests. Moreover, due to the relevant role played 

by the unsaturated soils within the analysis of the slope-atmosphere interaction, the 

retentive properties of the involved material have to be defined too, together with its 

influence on both thermal conductivities and volumetric heat capacities of all the spe-

cies. 
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For instance, the flow of heat in the soil may be small, but not negligible, 

compared to sensible and latent heat (Stull 1988). As indicated, the heating of the soil 

during the day is mainly produced by short-wave radiation, while the long-wave radia-

tion has a balance close to zero. However, the soil cools at night due to long wave 

emission. Basically, the soil acts as a heat store that is loaded during the day and 

empties at night. This heat flow in the soil is often parameterized simply by meteorol-

ogists (Foken 2008, Vilà-Gueray de Arellano et al. 2015), using models that para-

metrize evaporation and sensible heat in a simple way like the Penman-Monteith 

equation (Penman 1948, Monteith 1965, Allen et al., 1998, 2006). Geotechnical en-

gineers should account the contribute when the purpose is to couple the soil and the 

atmosphere. The thermal behaviour of the soil is controlled by the heat capacity, the 

conductivity and the thermal diffusivity. 
 

The specific heat is the heat necessary to raise a unit of mass of a substance 

by one degree. Its equivalent per unit volume is the heat capacity and is obtained by 

multiplying the specific heat by density. Therefore, it is a measure of the ability of a 

surface to store heat. In the soil, the heat capacity is determined by the specific heats 

of each of its phases (air, water, solid particles) affected by each of its densities in 

the following way: 

𝐶 𝛾 𝐶 𝑤𝐶
2.5) 

where 𝐶  is the heat capacity of the soil, 𝛾  is the density of the dry soil, 𝐶  

the specific heat of the solid particles, 𝑤 is the gravimetric humidity in the soil (weight 

of water/weight of solids) and 𝐶  is the specific heat of the water. The air has not 

been included in the previous expression because it has a negligible mass. 

Table 2.5 shows characteristic values of the thermal properties of some mate-

rials obtained from Oke (1987) and Villalobos et al. (2002). It is observed that quartz 

and clay have similar values of specific heat, while water has a much higher value. 

Therefore, the specific heat and the heat capacity of the soil increase with the water 

content. Based on Table 2.5, the heat capacity of the soils ranges between usual val-
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ues of 1.5 and 2.5 MJ/m3/K. Assuming that, on average, clay soils are capable of 

storing more water than sandy soils, the former possess a higher specific heat than 

the latter. 
 

Materials 
Density 
𝟏𝟎𝟑 𝐤𝐠

𝐦𝟑  

Specific 
heat 

𝟏𝟎𝟑 𝐉

𝐤𝐠 𝐊
 

Thermal 
conductivity 

𝐖

𝐦 𝐊
 

Thermal 
diffusivity 

𝟏𝟎 𝟔 𝐦𝟐

𝐬
 

Air 
20 ºC 

0.0012 1.01 0.02 20.5 

Water 1 4.18 0.57 0.14 

Quartz 

Solid  
fraction 

2.116 0.80 8.80 4.18 

Clay 2.115 0.90 2.92 1.22 

Organic  
material 

1.30 1.92 0.25 0.10 

Sandy soil 
(40% pores) 

 

Dry 1.60 0.80 0.30 0.24 

Saturated 2 1.48 2.20 0.74 

Clay soil (40% 
pores) 

 

Dry 1.60 0.89 0.25 0.18 

Saturated 2 1.55 1.58 0.51 

Peat (80% of 
pores) 

Dry 0.30 1.92 0.06 0.10 

Saturated 1.10 3.65 0.50 0.12 

 

Table 2.5 - Thermal properties of some soils and their components. 

 

The heat flow in the ground is transmitted by conduction by the Fourier law: 

G k
∂T
∂z

 (2.6) 

where k  is the thermal conductivity of the soil ( ), measure of the ability of a mate-

rial to conduct heat. By definition, the conductivity is the ability of a substance to 
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propagate the heat of a Joule through a material per unit area and time in a thickness 

of one meter when the temperature difference between the two extremes is 1 degree. 

 

As such, the thermal conductivity in the soil depends on the content of mois-

ture, air and solid particles (Table 2.5). Therefore, it is not a constant and its value 

depends on depth and on the soil state. By its own definition, and unlike specific heat, 

the conductivity is not easy to decompose by the mass fraction of each of the soil 

components. The dependence of the conductivity with the water content implies other 

phenomena such as evaporation and condensation of water inside the soil, which act 

by transporting heat from one place to another. The presence of water also increases 

the contact between particles and displaces air, which is a poor conductor (Oke 

1987). Consequently, the addition of a certain amount of water to a dry soil greatly 

improves its thermal conductivity. However, an increase in the amount of water on a 

very humid soil hardly improves its conductivity, given that vapor diffusion is restrict-

ed (Villalobos et al., 2002). 

The variation of stored heat per unit of time in a portion of soil is: 

dQ C dz
∂T
∂t

(2.7) 

This variation of heat must be equal to the difference in heat flow between the 

ends, so that: 

dz
∂G
∂z

C dz
∂T
∂t

(2.8) 

Under the hypothesis that the conductivity is constant and without the pres-

ence of sources or heat sinks, equation (2.7) 

∂T
∂t

𝐷
𝜕 𝑇
𝜕𝑧

 (2.9) 

where the term D (m s ) is the thermal diffusivity (2.10): 
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D
k

C
 (2.10) 

Thermal diffusivity is the speed at which the soil cools or heats up. This rela-

tionship is directly proportional to the capacity for heat conduction and inversely pro-

portional to the amount of heat necessary to change the temperature (heat capacity). 

That is, if the conductivity of a soil is high and its heat capacity too, then the tempera-

ture change will be limited to the upper zone. In a very dry soil, the addition of water 

improves the conductivity, while the heat capacity hardly changes, so the diffusivity 

will also increase. On the contrary, for a very humid soil, the conductivity barely 

changes but the heat capacity, which will grow with the moisture content, changes. In 

this case, the diffusivity can show a maximum or even decrease. According to Oke 

(1987), most soils with humidity greater than 20% by volume show a decrease in dif-

fusivity with the increase in humidity. Referring to Table 2.5, it is worth mentioning 

that the diffusivity in sandy soils is greater than in clay soils, showing that, in addition, 

the variation in clay soils is lower than in sandy soils with moisture. 

Solar radiation on ground in the absence of clouds can be approximated by a 

sinusoidal function. 

T 0, 𝑡 𝑇 𝐴 0 𝑠𝑒𝑛 𝜔𝑡 (2.11) 

where 𝑇  is the average temperature of the surface, 𝐴 0  is the wave ampli-

tude at the surface and 𝜔 2𝜋/𝑃, where 𝑃 is the period of oscillation. This period 

can be applied daily (86400 seconds) or annually (3.15x107 seconds). With this 

condition, equation (2.11) can be integrated to obtain: 

T 𝑧, 𝑡 𝑇 𝐴 0 𝑒𝑥𝑝
𝑧
𝑀

𝑠𝑒𝑛 𝜔𝑡
𝑧
𝑀

 (2.12) 

with 𝑀 2𝐷/𝜔 ^0.5, which is the so-called damping depth, and which 

depends on the diffusivity. Therefore, diffusivity controls the speed at which tempera-

ture waves penetrate the ground. The above expression indicates that the temperature 

of the soil with the depth decreases exponentially, so that the temperature in depth 

has a lag with respect to that of the surface as the amplitude of the wave decreases. 
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This phenomenon means that the maximum temperature in the soil with the depth 

happens later, demonstrating a thermal inertia with time. Figure 2.12 shows an exam-

ple of the movement of this wave in a soil during (a) a daily cycle and (b) an annual 

cycle. This behaviour of the temperature in the soil leads to the fact that, at any given 

moment, the soil in depth heats up while the surface can cool down and vice versa. 

 

 
 

Figure 2.12 - Schematic of the evolution of temperature in the soil at different depths during (a) a diraio 

cycle and (b) an annual cycle (Oke 1987). 

 

During the daily cycle, the variation of temperature below a certain depth is 

practically negligible. Some authors suggest that this stable temperature depth is 

about 20 cm (Stull, 1988) or a few decimeters below the surface of the soil (Foken, 

2008). Others, however, point out that this depth is between 50 cm and 75 cm 

(Campbell and Norman 1998; Oke, 1987). In any case, and in the Farouki (1986), the 

daily temperature variation in the interior of the soil ranges between 0.3 and 0.8 m, 

while the annual changes can reach 10 m in depth. 

Another interesting deduction from equation (2.12) is that the heat flow at the 

surface can be expressed as (Villalobos et al., 2002): 
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G 0, 𝑡 √2𝐴 0 𝑘 𝑀 𝑠𝑒𝑛 𝜔𝑡
𝜋
4

(2.13) 

This indicates that the temperature on the surface and the heat flow are out of 

phase in π / 4, which means that the maximum temperature occurs 3 hours later than 

the maximum flow during the daily cycle and under the indicated conditions (Cuad-

rado, 2018). 

The usual way to measure the soil heat flux is to bury a so-called soil heat flux 

plate at 

some depth below the surface. This soil heat flux plate has a known thermal 

conductivity (preferably similar to that of the soil), and by measuring the temperature 

difference over the plate, the heat flux through the plate can be computed (Figure 

2.13). 

 

 
 

Figure 2.13 - Measurement of soil heat flux: soil heat flux plate determines flux from temperature differ-

ence (left); soil heat flux plate (black rectangle) is buried at some depth (zm) so that the heat flux meas-

ured by the plate is less than the surface soil heat flux (right). 

 

If the thermal conductivity of the soil differs from that of the soil heat flux plate 

the estimated flux will be in error. Heat flux plates with a thermal conductivity that is 

higher than that of the soil will lead to an overestimation of the flux because the heat 

will flow preferentially through the heat flux plate. For plates with a conductivity higher 
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than that of the soil the reverse will occur. The following correction for this effect can 

be used to obtain the real heat flux at depth zm (Mogensen, 1970): 

G 𝑧 𝐺 1 𝛼
𝑑

𝐴
1

𝜆
𝜆

 (2.14) 

where 𝐺  is the measured soil heat flux, 𝑑  and 𝐴  are the thickness and 

area of the plate, 𝜆  is the conductivity of the plate and 𝛼 is a shape factor assumed 

to be 1.70. Though the correction works in the correct direction, it is not always suffi-

ciently large (Sauer et al. 2003). Furthermore, it requires knowledge of 𝜆 , which can 

be very variable owing to variations in soil moisture content. 

 

Furthermore, it is worth mentioning that non-isothermal analyses give also the 

possibility of accounting for the dependence of all the material properties on tempera-

ture T. The hydraulic conductivity, for instance, can be defined as function of both 

void ratio and temperature (e.g. Lambe & Withman, 1969; Delage et al., 2000). 

 

Due to the large amount of input data required and to all the complexities 

mentioned so far, thermo-hydraulic modelling of slope-atmosphere interaction has 

been rarely attempted by means of two-dimensional analyses (e.g. Cotecchia et al., in 

prep.), while one-dimensional TH modeling is more frequently discussed in the litera-

ture (e.g. Rajeev et al., 2012; Samat, 2016; Vaunat et al. in prep.). 

 

All the numerical formulation of the thermo-hydraulic numerical approach is 

given in the Annex 3 following the approach implemented in CodeBright (Olivella et al., 

1994, 1996; Gens, 2010). 

 

 

 

 



68 
 

2.3.4 Thermo-Hydro-Mechanical numerical modelling 
 

Examples of thermo-hydro-mechanical numerical modelling have not been yet 

published in the literature, in particular when referring to climate-induced landslide 

mechanisms. 

Only very few pioneering contributes have been published in literature in the 

past, especially related to the issue of nuclear waste disposal (Guimarães et al. 2007; 

Gens et al. 2010; Kolditz et al., 2012). Those represent the first contributes of THM 

geotechnical numerical modelling; in particular, in that cases also the chemical cou-

pling has been accounted for, making the integration of the whole numerical problem 

even more complicated and computationally demanding.  

Both Guimarães et al. (2007) Gens et al. (2010) used the FE code RETRASO 

(Saaltink et al., 2004), coupled with CodeBright (Olivella et al. 1994, 1996; Gens, 

2010) to carry out thermo-hydro-mechano-chemical numerical modelling of tunnel-

ling in expansive clay subjected to heating and hydration processes. 

 

THM analyses may require a level of both input data and computational capa-

bilities that most of the time make the boundary value problem not worth to be solved 

with this numerical approach. 

In particular, transient analyses of the seepage induced by the slope-

vegetation-atmosphere interaction have not been yet carried out. Rather, the tendency 

in the academic research may be, as a first step, to carry out thermo-hydraulic anal-

yses of climate-induced landslides, then trying to couple them with computations of 

the evolution of the safety factor with time. Despite the high level of complexity of the 

analysis, it may allow for a more realistic estimate of evapo-transpiration, hence of 

the impact of climate on the equilibrium conditions of the slope. However, as said, no 

examples of thermo-hydro-mechanical numerical analyses are available in the litera-

ture regarding slope stability, except for Alonso et al. (2015), who treated the case of 

the Vajont landslide by means of a thermo-hydro-mechanical analysis, using a simpli-

fied geometry, but in saturated condition.  
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The group of Civil Engineering of the Universitat Politecnica de Catulunya is 

currently involved in the field monitoring of a real-scale man-made embankment with 

vegetation (Oorthuis et al. 2018), on which THM numerical analyses are on going by 

means of the FE code CodeBright, in order to check the possibilities in reproducing 

numerically the field monitoring data. 
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CHAPTER 3 

ATMOSPHERIC AND VEGETATION PROCESSES INVOLVED IN THE SVA 
INTERACTION 

 
 As already reported in Chapter 2, the interaction between the soil, the 

vegetation and the atmosphere (SVA interaction) affects the slope stability, from small 

to large depth. The atmosphere determines actions affecting the soil state and the 

vegetation plays a non-negligible role in the final effects, by: intercepting part of the 

rainfall, limiting the runoff, releasing vapour through transpiration, providing the soil 

with root reinforcement (Wu et al., 1976; Waldron et al., 1977; Schwarz et al. 2010), 

and even modifying the hydro-mechanical properties and the retentive capacities of 

the soil-root system (Simon et al. 2002; Pollen-Bankhead et al. 2010; Leung et al. 

2013; Rahardjo et al. 2014; Ng et al. 2016a; Ng et al. 2016b; Tsiampousi et al. 

2016).  

Blight (1997) indicated with the generic expression "soil-water balance" the 

mass flux exchanged between the soil and the atmosphere. It would be more appro-

priate to take account of the whole “soil-water-energy balance", since the exchanged 

heat flow has been proved to be not negligible (Sellers et al. 1986; Sellers et al 1996).  

Since the phenomena active within the slope soils, in connection with the SVA 

interaction, have been already discussed in Chapter 2, the objective of the present 

chapter is to provide a review of the phenomena active within the atmosphere and the 
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vegetation, which take part to the SVA system. The aim is at defining a phenomeno-

logical framework of reference to characterize and model the slope-vegetation-

atmosphere interaction. The problem will be treated in general terms, although the 

modelling developed in the research has complied with some simplifications with re-

spect to the complete analysis discussed in the both the previous (soil phenomena) 

and present (atmosphere and vegetation) chapters. 

 

The system composed of soil, vegetation, and atmosphere is characterized by 

complex patterns, structures, and processes, that include also chemical processes. It 

would be more appropriate to refer to this system as a chemo-thermo-hydro-

mechanical system, since it is controlled by chemical, thermal and energetic, hydrau-

lic, and mechanical balances (Moene, A., & Dam, J., 2014). Moreover, although the 

balances and the exchanges of energy, water, and ions are continuous among the el-

ements composing this system, the related fluxes, driven from gradients, are strongly 

heterogeneous in both space and time (Moene, A., & Dam, J., 2014; and references 

therein). Patterns and structures control and determine both the spatial and temporal 

variability of the fluxes of both water and carbon dioxide within and between the ele-

ments of the soil-vegetation-atmosphere system (Flury et al., 1994; Raich & Potter, 

1995, Vereecken et al., 2007). Furthermore, the patterns occur at different hierar-

chical scales, ranging from the pore scale to the global scale.  

As such, the intrinsic complexity of this CTHM system, together with its pro-

nounced heterogeneous and transition features, make the quantitative prediction of 

the full chemo-thermo-hydro-mechanical response a major challenge. Therefore, to 

date it is yet rare to account for the chemical balances and patterns when treating the 
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SVA interaction. This is also the case in the modelling of the soil-vegetation-

atmosphere system presented in this thesis.  

 

It has to be acknowledged that in the past, the soil-vegetation-atmosphere 

(SVA) system was mainly a subject of research fields other than geotechnical engi-

neering; in fact, SVA systems were of interest in meteorology, hydrology (Sellers, et 

al. 1986; Noilhan & Planton, 1989; Moene, A., & Dam, J., 2014) and agronomy 

(Dasberg & Bakker, 1970; Feddes et al., 1976; Arrigoni, 1978; Kramer et al. 1995; 

Atkinson et al., 2016).  

Researchers in meteorology and hydrology started, since the 80’s, to develop 

the so-called soil-vegetation-atmosphere transfer schemes (SVATs) (Sellers et al. 

1986; Noilhan & Planton 1988; Noilhan & Mahfouf, 1996). SVAT schemes consist of 

deterministic mathematical representations of the physical processes taking place in 

the soil, the vegetation and the atmosphere, and determining their interactions, and 

were aimed at the interpretation of land surface processes. The objective in this case 

was to give a mathematical representation of the physical mechanisms and phenom-

ena controlling energy and mass transfers in the SVA system, trying to provide de-

terministic estimates of the soil and vegetation state variables varying with time. The 

development of SVAT models has been described by Sellers et al. (1986), Noilhan & 

Planton (1988), Noilhan & Mahfouf, (1996), essentially in response to the following 

needs; i) the requirement for better understanding on land surface processes, ii) the 

need for information useful to determine how vegetation responds to different and 

changing environmental conditions, and iii) the boundary conditions for appropriate 

hydrological balances.  



73 
  

These three needs had been born from: i) meteorologists and climatologists, 

needing information on the heat and moisture input to the atmosphere from the earth's 

surface (e.g., soil, vegetation, water bodies), and on how the surface dissipates mo-

mentum and kinetic energy of the atmosphere through "friction"; ii) biophysicists and 

ecologists, needing information about the temperature, humidity levels, solar radia-

tion, cloud cover, wind speed, precipitation, etc. to determine how vegetation re-

sponds to environmental conditions. Neither of these scientific communities had, at 

the time, sufficient computing power to run complex numerical modelling and predict 

how the vegetation and atmosphere interact. Therefore, meteorologists had to use 

fixed vegetation conditions and plant physiologists had to use fixed climate conditions 

(Penman 1948, Monteith 1965, Allen et al., 1998; Allen et al., 2006).  

More recently, some of the literature regarding atmospheric science and me-

teorology has been reviewed, in order to build a comprehensive framework in which 

the processes taking place in the SVA system could be modelled according to a "soil-

water-energy balance” formulation. Following this approach, in the following a general 

framework for water and heat exchanges between the atmosphere and the soil is pre-

sented (Sellers et al. 1996; Noilhan et al. 1996).  

As first, in the section 3.1, the balance equations controlling the SLVA (slope-

vegetation-atmosphere) interaction at the slope scale are discussed; whereas in the 

following sections, from 3.2 on, the framework of all the SVA interaction processes is 

depicted at the plant scale. 
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3.1 Balance equations at the ground surface in the SLVA interaction 
 

From a phenomenological point of view, the most relevant fluxes of heat, wa-

ter and air taking place between the atmosphere and the upper soil layer, within the 

“soil-water-energy balance", are summarized in Figure 3.1 (Bear 1972; Blight 1997) 

and will be treated in this chapter. 

 

 
Figure 3.1 - Fluxes of the “Soil-Water-Energy Balance”, after Bear (1972) & Blight (1997), (Samat, 

2016). 
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All the quantities in Figure 3.1 are often of difficult quantification. Furthermore, 

Blight (1997) pointed out that the soil water balance cannot be thought of as a condi-

tion of static equilibrium, but is rather a dynamic equilibrium, because of the continu-

ous variations of weather variables, soil water and vegetation conditions.  

In geotechnical engineering, this makes the problem quite complex, since 

usually engineers need a simple model to evaluate rainfall infiltration for seepage nu-

merical analyses. In fact, trying to implement the vegetation and the climatic actions 

in such a way configures a frontier research. In the following the different balance 

equations are discussed. 

 

3.1.1 Hydraulic balance equation at the ground surface 
 

As anticipated in Chapter 2, within the soil-vegetation-atmosphere (SVA) sys-

tem and as such, with reference to the slope-vegetation-atmosphere (SLVA) interac-

tion processes, the water balance at the ground surface may be expressed as: 

 Infiltration (I) = Precipitation (R) - (Interception (In) + Evapo-Transpiration (ET) + 

Runoff (RO)	
(3.1) 

Equation (3.1) describes the general hydrological balance at the ground sur-

face, which could be then also considered as the equation describing the transient 

boundary condition of the slope-vegetation-atmosphere interaction. 

This boundary condition can be obtained only modelling or taking indirectly in-

to account all the components of the soil water balance (Figure 3.1), as summarized 

by Blight (1997; following Hillel 1980) for the geotechnical community.  
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For a bare soil, I does not depend on water interception by the vegetation and 

evapo-transpiration. In this circumstance, the infiltration rate threshold is such that 

above it, water is no more able to infiltrate in the soil and either ponding or runoff oc-

cur, depending on the topography of the ground surface.  

Unfortunately, the I threshold is not easily identifiable. It depends on several 

quantities and conditions ascribable to the state of the soil, which is changing in time. 

This is for instance illustrated in Figure 3.2 (Blight, 1997); Blight compared tests on a 

sandy silt, both with a nominally dry surface and after wetting the soil by sprinkler ir-

rigation. It is worth highlighting that the infiltration rate threshold for a near-horizontal 

surface is lower than that for a sloped surface. Moreover, results in Figure 3.2 show 

that the infiltration rate threshold for wet and near-horizontal ground surface roughly 

correspond to the saturated permeability of the soil. 

 

 
 

Figure 3.2 - Double-ring infiltrometer tests before and after sprinkler irrigation of a soil surface: (a) dry 

soil; (b) wet soil (Blight, 1997). 
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With the aim to better understand the relationship between precipitation and 

infiltration in different contexts, Blight (1993) and Blight & Roussev (1995) performed 

some rainfall simulation tests and measured the amount of water which was not infil-

trating in the soil. Results of the tests conducted on dry soil surfaces are reported in 

Figure 3.3, again with reference to both a near horizontal surface (4% slope) and a 

slope surface (43% slope). All the tests were conducted with a real time evaluation of 

the runoff, that allowed to apply precipitation at a rate just large enough to produce a 

small amount of runoff. 

Figure 3.3a allows to confirm that the threshold rate of infiltration is very close 

to the saturated permeability of the soil in the case of near-horizontal surface.  

 

 
 

Figure 3.3 - Sprinkler infiltration tests to determine limiting infiltration rates for soil surfaces. 

Precipitation and infiltration versus time: (a) near-horizontal (4% slope), dry soil; (b) sloped (43%), dry 

soil. iL represents the threshold infiltration rate (Blight, 1997). 
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Figure 3.4 shows the results of the same test, but conducted with reference to 

three different initial water contents. It is interesting to notice that, as expected, the 

threshold infiltration rate is approached earlier for higher initial water contents. 

 

Horton (1940) proposed a formulation for the analytical description of the in-

filtration rate (𝑖) in a soil, using the following expression:  

𝑖 𝑖 𝑖 𝑖 𝑒  (3.2) 

where 𝑖 is the infiltration rate (mm/h), 𝑡 are the hours of precipitation at rate r (mm/h), 

𝑖  is the infiltration rate threshold and 𝑘 is a characterizing constant; whereas 𝑖  is the 

initial infiltration rate. 

For the lower data in Figure 3.4a, for instance, the best fitting curve can be 

obtained by means of 𝑖 80 mm/h, 𝑖 10 mm/h and 𝑘 1.76 1/h. Together 

with Horton (1940), other authors have proposed empirical expressions aiming at fit-

ting the shape of the infiltration curves (Holtan, 1961; Philip, 1957).  

 

In the literature also empirical formulations for the determination of the runoff 

have been reported. As example, a direct runoff estimation method, for instance, is 

the SCS Runoff Curve Number method (USDA, 1986) as implemented by Tommasi et 

al. (2013). This method consists in assigning to the surface a runoff curve number 

RCN that represents the potential runoff and depends on both soil condition and land 

use. If 𝑃 is the total rain falling on the surface, runoff 𝑅𝑂 can be evaluated as: 

𝑅𝑂 𝑃 0.2 𝑆
𝑃 0.8 𝑆  (3.3) 

Where 𝑆 is: 
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𝑆 254 100
𝑅𝐶𝑁 1  (3.4) 

 

 

 

Figure 3.4 - Sprinkler infiltration tests to determine limiting infiltration rates for a soil surface. Infiltration 

rate versus cumulative infiltration: (a) near horizontal (4% slope); (b) sloped (43%). iL represents the 

threshold infiltration rate (Blight, 1997). 

 

It is worth noting that the research carried out by Horton, aimed at computing 

the runoff amount given the rate of rainfall in input, has been later referred to as the 

Hortonian runoff generation mechanism.  

In fact, from a phenomenological point of view, Horton (1933) described run-

off flow as: ‘Neglecting interception by vegetation, surface runoff is that part of the 

rainfall which is not absorbed by the soil by infiltration. If the soil has an infiltration 

capacity 𝑓, expressed in inches depth absorbed per hour, then when the rain intensity 

𝑖 is less than 𝑓, the rain is all absorbed and there is no surface runoff. It may be said 

as a first approximation that if 𝑖 is greater than 𝑓, surface runoff will occur at the 
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rate 𝑖 𝑓 .’ Horton named the difference 𝑖 𝑓 , ‘rainfall excess’. In fact, Horton 

considered surface runoff to take the form of a sheet flow, whose height might be 

measured in fractions of an inch. According to Horton, flow proceeds down along the 

slope and the flow section height increases until discharge into a hydric body occurs 

(Figure 3.5). The soil stores infiltrated water and then slowly releases it as subsurface 

flow, which develops as baseflow during rainless periods. 

 

Hortonian runoff flow is applicable to impervious surfaces in urban areas and 

to natural surfaces, with thin soil layers and low infiltration capacity as in semiarid 

and arid lands (Chow et al., 1988).  

It is worth mentioning that Hortonian runoff occurs rarely on vegetated surfac-

es in humid regions (Freeze, 1972, 1974; Dunne et al., 1975). A different runoff gen-

eration model has been also defined for saturated soils, usually referred to as “satura-

tion runoff flow”. This mechanism of runoff generation is typically representing the 

case in which subsurface flow saturates the soil near the bottom of a slope and runoff 

then occurs as rain falls onto saturated soil. Saturation runoff flow differs from Horto-

nian runoff flow; in fact, in Hortonian runoff flow the soil is saturated from above by 

infiltration, whereas in saturation runoff, it is saturated from below by the subsurface 

flow. 

Forest hydrologists (Hewlett, 1982) have introduced the terms ‘variable 

source areas’ and ‘partial areas’ to denote a portion of the watershed contributing to 

the flow in the area of interest (Betson, 1964; Ragan, 1968; Harr, 1977; Pearce and 

McKerchar, 1979; Hewlett, 1982). As shown in Figure 3.6, the variable source area 

expands during rainfall and contracts thereafter. The source area for streamflow may 



81 
  

constitute only 10 percent of the watershed during a storm in a humid, well vegetated 

region.  

 

 

 

Figure 3.5 - Runoff flow on a slope produced by the excess of rainfall over infiltration. (After Horton, 

1945). 

 

However, common to most numerical 2D models, either H or HM (Chapter 

5), runoff processes are modelled in a simplified way (Blight 1997). They are often 

assumed to occur when the rainfall rate exceeds the saturated permeability of the soil 

(i.e. Hortonian runoff type; Krahn 2003). At this stage, the very top porewater pres-

sure is set to zero, hence the top boundary condition turns into a pressure value from 

being a flux value.  

Another established approach assumes that runoff occurs when the very 

top porewater pressure becomes zero (Smith et al. 2008). Also in this case, at the ze-

roing of the top porewater pressures the top boundary condition starts by being pro-

vided as a pressure value, until the very top porewater pressure becomes negative. In 

both cases, the onset of ponding can be allowed by specifying positive values of 
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porewater pressure corresponding to the desired height of the pond (Smith et al. 

2008).  

The mechanism that trigger the runoff is better explained then in Chapter 5. 

 

 
Figure 3.6 - The small arrows in the hydrographs show how streamflow increases as the variable 

source extends into swamps, shallow soils and ephemeral channels. The process reverses as 

streamflow declines (Chow et al., 1988). 

 

3.1.2 Energy balance equation at the ground surface 
 

As Blight (1997) stated, any consideration of soil interaction with the atmos-

phere should consider the effects of temperature and energy exchange. Hence, the 

phenomenological simulation of the SVA system should not neglect the energy ex-
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changes which activate the evapo-transpiration processes, and which must satisfy 

the principle of energy conservation, e.g. the energy arriving at the surface must equal 

the energy leaving the surface for the same time period. The energy conservation 

principle controls the energetic balance at the evaporative surface (Bowen, 1926), 

whose equation can be written referring to Figure 3.1 as: 

𝑅   𝐺 𝜆𝐸𝑇 𝐻 (3.5) 

where 𝑅𝑛 represents the incoming net radiation flux (incoming solar and diffuse sky 

radiation, less reflected radiation and outgoing long-wave terrestrial radiation), 𝐻 is 

the sensible heat flux for the air (the heat causing changes in temperature of the air), 

𝐺 corresponds to the soil heat flux (the heat causing changes in temperature of the 

soil) and 𝜆ET is the latent heat flux of evaporation (heat causing evaporation or con-

densation at the soil surface).  

The sensible heat 𝐻 is the fraction of energy responsible for changes in the 

temperature of both the air and the soil surface. If the surface is hotter, the air will al-

so heat up when coming in contact with it, and vice versa. The latent heat 𝜆𝐸𝑇 repre-

sents the amount of energy which is used in the phase change of the water. If the wa-

ter evaporates, it will drag heat into the atmosphere, decreasing the temperature of 

the soil. On the contrary, during condensation, this heat is released and the rate of 

cooling of the medium in which it is produced is reduced.  

The latent heat of vaporization of water, 𝜆, expresses the energy required to 

change a unit mass of water from liquid to water vapour, at a constant pressure and a 

constant temperature process. Generally, the latent heat is expressed as a function of 

the temperature (for instance, at a high temperature, less energy will be required than 

at lower temperatures). As λ varies only slightly over temperature ranges of interest 
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for engineering purposes, usually a single value of 2.45 MJ/kg is taken into account, 

that is referred to a constant temperature of 20°C. 

The mechanism by which both sensible and latent heat are transferred to the 

atmosphere is by convection.  

Finally, the remaining energy is responsible of the change of temperature of 

the soil by conduction, through a heat flow 𝐺 in the opposite direction to the thermal 

gradient. 

Other energy terms, such as the heat stored or released in the plant, or the 

energy used in metabolic activities, are not considered, because they involve only 

small fractions of the daily net radiation and can be considered negligible when com-

pared with the other four components (Allen et al., 1998). Moreover, it's worth noting 

that Equation 3.6 takes into account just the presence of vertical fluxes, ignoring the 

net rate at which energy is transferred horizontally by advection.  

The sign criterion adopted in Equation 3.5 is as follows (Oke, 1987): the non-

radiative flows on the right side are considered positive if they move away from the 

surface (downward direction for 𝐺 and ascending for 𝐻 and 𝜆𝐸𝑇). If they are posi-

tive, they represent heat losses from the surface; they are negatives otherwise. On the 

other hand, the radiative flow on the left is positive when it hits the surface, and nega-

tive when the surface moves away. Depending on the situation, each of these flows 

will behave in one way or another.  

Figure 3.8a shows the outline of the energy balance on a wet surface during a 

sunny day. Under these conditions, the flow of solar radiation on the surface 𝑅  is in-

coming (positive). As the surface heats, evaporation increases (positive 𝜆𝐸𝑇) and the 

air that contacts the surface is heated (𝐻 positive) if the air temperature is lower. The 

latent heat dominates the sensitive one due to the humidity of the soil. The rest of the 
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energy is used to warm the soil in depth (positive 𝐺). In Figure 3.8b the process is in-

verse (clear night situation). The nocturnal irradiation of the soil produces a flux of 

outgoing radiation (negative 𝑅 ). The flow of heat is reversed, and the heat stored 

during the day rises to the surface by cooling the soil (negative 𝐺). If the air is warm-

er, it will tend to heat the surface (negative 𝐻) and vapour will condense (negative 

𝜆𝐸𝑇). In this case, both the sensible and latent heat flux are lower than the diurnal 

case, indicating the lack of solar radiation. Figure 3.8c shows the flows in desert con-

ditions, during the day on dry soil. In this case, the latent heat flow (𝜆𝐸𝑇 positive) is 

considerably reduced by lack of water in the soil. Therefore, it dominates the sensible 

heat (positive 𝐻). The last figure (3.8d) shows the oasis effect, which corresponds to 

a situation of dry and hot air on a wet surface during the day. Compared to the rest of 

the situations, the latent heat flow (𝜆𝐸𝑇 positive) is now increased by the combined 

effect of the relative humidity of the air, its temperature (higher than that of the 

ground) and the incoming radiation. If the air is warmer than the ground, it will pro-

duce a descending sensible heat flow (negative 𝐻) that contributes to the heating of 

the soil (positive 𝐺). 

 

  

 

Figure 3.8 - Scheme of energetic balance in different scenarios (modified from Wallace and Hobbs 

2006); (a) day cycle on wet surface; (b) night cycle on wet surface; (c) day cycle in desert conditions; 

(d) oasis effect during the day (Cuadrado, 2018). 
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Figure 3.9 - Scheme of the flow arrangement across the surface (modified from Wallace and Hobbs 

2006). The sign of heat flow in the ground has been changed to indicate that it is descending (Cuad-

rado, 2018).  

 

The way to represent the flows of the balance equation over the day is shown 

in Figure 3.9. In this figure the flows are indicated in the direction they are produced, 

so, normally, the heat flow in the soil is changed to indicate that it is positive towards 

the soil.  

Finally, the energy balance equation allows to estimate the evapo-transpiration 

after the assessment of the latent heat flux of evapo-transpiration, obtained from 

Equation (3.6), once the other components have been measured or estimated.  

 

3.2 Phenomenological scheme of the SVA system 
 

The phenomenological scheme of the SVA system has to describe all the 

complex coupled phenomena developing in the system. In the following, the phenom-

enology of this system is described; the description makes also reference to the 
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equations used to represent the phenomena in the FE code CodeBright (Olivella et al., 

1994, 1996; Gens, 2010). In the description no chemistry will be invoked, making 

just reference to the SVA system as a THM one. This is despite the fact that the 

chemical gradients and the related fluxes have been described to be quite relevant in 

this problem (Moene, A., & Dam, J., 2014), since living vegetation is interacting with 

the environment. Furthermore, it is well-known how chemistry can affect the thermo-

hydro-mechanical system, e.g through the osmotic potential (due to chemical reac-

tions and gradients in chemical species; Saaltink et al., 2004; Guimarães et al., 2007; 

Gens et al. 2010; Moene, A., & Dam, J., 2014). Nonetheless, the chemical processes 

will be not accounted for and within the phenomenological description provided in the 

following (as for the model implementation described thereafter), the vegetation is 

thought of as being able to gain from the soil all the nutrients needed, as for a full 

chemical functionality, i.e. with no account of the chemical processes required for 

such condition.  

To capture all the most important processes, a control volume that contains 

(part of) the soil column, as well as the part of the atmosphere into which the vegeta-

tion protrudes is considered as volume of the SVA system (i.e. 1-Dimensional, 1D, 

problem). 

 

Figure 3.9a shows the water balance of the control volume. Since under typi-

cal conditions, water occurs in all three phases (gas, liquid and solid), as water 

changes phase within the volume, all phases have to be considered in the total water 

balance of the control volume (Eq. 3.1). The water balance then becomes: 

𝑃  𝐼 𝑅 𝐴 𝐸𝑇 𝐷 ∆𝑊 ∆𝑆 ∆𝑆  (3.6) 
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where: 𝑃 is precipitation, 𝐼 is irrigation (artificial supply of water), 𝑅 is runoff, 

𝐷 is the drainage rate towards deeper soil layers, 𝐴  is advection of water vapour 

(which can be positive or negative) and 𝐸𝑇 is the water that leaves the system in gas 

phase. The different inputs and outputs do not necessarily balance, so that water may 

be stored in the soil (∆𝑊, is the change in soil moisture content), on the soil or on 

the vegetation in the liquid phase (∆𝑆 , e.g., intercepted rain or dew) and in the air 

(∆𝑆 ) in the gas phase. 

 

 

 
 

Figure 3.9 - (a): Control volume for water: liquid water (left) and water vapour (right). The direction of 

the arrows holds for typical daytime conditions. Dark grey arrows denote transport of liquid water, 

whereas light grey arrows are used for transport of water vapour. Arrows between the boxes signify 

phase changes (e.g., 𝐶 ↔  is evaporation): molecules of water do not leave the control volume but on-

ly move from one phase to another. The dashed arrows with 𝐶 ↔  and 𝐶 ↔  have their other ends lo-

cated in the control volume for solid water, not drawn here; (Moene, A., & Dam, J., 2014). (b): Control 
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volume for energy: sensible heat (left, dark grey arrows) and latent heat (right, light grey arrows). Ener-

gy is exchanged between sensible and latent heat if water changes phase (here only phase changes 

between liquid and gas phase are considered: 𝜆𝐶 ↔ ). Storage of energy in the form of chemical ener-

gy in the plants (due to assimilation) as well as some other terms (see text) have been discarded. The 

direction of the arrows holds for typical daytime conditions; (Moene, A., & Dam, J., 2014). 

 

In the energy balance two forms of energy must be distinguished: sensible 

heat and latent heat. Sensible heat is the energy contained in a substance that can be 

extracted by cooling it. On the other hand, latent heat can be extracted only through a 

change in phase (it could be considered similar to potential energy).  

The control volumes for sensible and latent heat are depicted in Figure 3.10b. 

The full energy balance equation corresponding to this figure, different from the sim-

plified one in Eq. 3.2, is as follows: 

𝑄∗  𝐻 λ𝐸𝑇 𝐺 𝐴 𝐴 ∆𝑆 ∆𝑆 ∆𝑆 ∆𝑆  (3.7) 

where 𝑄∗ is the net radiation, 𝐻 is the sensible heat flux, 𝐺 is the soil heat flux 

at the bottom of the control volume and λ𝐸𝑇 is the latent heat flux (where λ is the la-

tent heat of vaporization). If the inputs and outputs do not balance each other, heat 

can be stored in the air ∆𝑆 , in the vegetation (∆𝑆 , i.e., the vegetation becomes 

warmer) and in the soil (∆𝑆 ). Finally, 𝐴  and 𝐴  are the net advections of sensible 

and latent heat.  

Some terms have not been taken into account in Eq. (3.7). For instance, both 

the portion of the solar radiation that hits the vegetation and is used for photosynthe-

sis, and the sensible heat related to the input of precipitation into the control volume, 

are not included.  
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The evapo-transpiration flux being a transport of mass in the water balance 

and a transport of energy in the energy balance, appears in both the balance equa-

tions; this makes the evapo-transpiration a central quantity in the SVA system.  

In fact, inside the evapo-transpiration flux, several fluxes are considered; for 

instance, soil evaporation (Esoil), transpiration by the plants (T), and evaporation of in-

tercepted water (Eint), all together constitute the total evapo-transpiration flux.  

Both transpiration and soil evaporation extract water from the soil subsystem 

and release it in the air subsystem, whereas in the case of interception the soil is by-

passed. In Figure 3.10 the partitioning of evapotranspiration into soil evaporation and 

transpiration is plotted in correspondence to leaf area per unit soil surface below it 

(LAI). During sowing, nearly 100% of 𝐸𝑇 comes from soil evaporation, whereas at 

full crop cover more than 90% of 𝐸𝑇 comes from transpiration (Allen et al., 1998). 

 

 
 

Figure 3.10 - The partitioning of evapotranspiration into soil evaporation and transpiration over the 

growing period of an annual field crop (Moene, A., & Dam, J., 2014). 

 

In many applications the control volumes (Figure 3.10) are vertically com-

pressed to become a control surface. Because a surface has no volume, storage 
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terms will disappear. Besides, horizontal advection will vanish as well. In Equations 

(3.6) and (3.7) all fluxes occurred at the boundaries of the control volume, whereas 

now the fluxes are supposed to occur at the surface: the latter being called ‘surface 

fluxes’. With this redefinition of the fluxes, the surface water balance and surface en-

ergy balance become Equations (3.1) and (3.2) respectively. 

 

Although these balance equations are appealing for their simplicity, the com-

pression of the control volume to a surface may lead to problems in the interpretation 

of the observed fluxes. In practice, most of the fluxes are observed at some height 

above a canopy, or at some depth below the surface (rather than at the hypothetical 

surface for which they are supposed to be representative).  

In the following, all the entities involved in the SVA system are described sep-

arately, also taking account of their interaction. 

 

3.3 The impact of radiations 
 

This paragraph deals with the main processes in the atmosphere which play a 

relevant role in the SVA interaction processes. In particular, the interaction of radiation 

with the atmosphere and the ground surface, leading to the radiative input to the ener-

gy balance as net radiation, is treated. 

Furthermore, the turbulent transport of heat, water vapour and momentum in 

the atmospheric surface layer is referred to, so that a description of surface fluxes (in 

particular of sensible and latent heat) in terms of mean quantities is obtained. 

In the context of the surface energy balance, the net radiation and soil heat 

flux are summed under the name of available energy, in the sense that 𝑅 𝐺 is 
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the amount of energy available for sensible and latent heat flux. This can be expressed 

by a rewritten version of the energy balance equation: 

𝑅 𝐺 𝐻 λ𝐸𝑇 (3.8) 

Once the available energy has been determined, the main question is how this 

energy is divided between λ𝐸𝑇 and 𝐻. As first, the net radiation will be discussed in 

the following, and then the soil heat flux will be described later in in this chapter. 

 

All bodies with temperature above absolute zero (0° K) emit radiation. If an 

ideal body at a given temperature emits the maximum possible radiation per unit area 

and time then it is called the black body. In the other bodies, the flow of radiation 

emitted is lower than that of a black body at the same temperature and the flow of ra-

diation emitted is given by Stefan-Boltzmann's law through the following expression: 

𝐸 𝜀𝜎𝑇  (3.9) 

where 𝐸 is the radiation emitted per unit area (emittance), 𝜀 is the emissivity (ratio of 

the emitted radiation compared to a black body at the same temperature), 𝜎 is the 

Stefan-Boltzmann counter (5.67 10  𝑊 𝑚 𝐾 ) and 𝑇  is the effective (abso-

lute) temperature of the surface. This law explains the cooling of the soil during the 

night in the absence of solar radiation. 

 

Radiative fluxes as they are relevant in the study of the surface energy balance 

can be split on the basis of their origin (and hence wavelength): 

• Shortwave radiation is radiation originating from the Sun (either direct, or 

after interaction with the atmosphere); 
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• Longwave radiation originates from either Earth’s surface or the atmosphere 

(with or without clouds).  

Solar radiation is a form of energy caused by the oscillation of electromagnet-

ic fields. These oscillations can be considered as waves that travel through space and 

are characterized by their wavelength. The solar radiation that reaches the earth is 

typically in the shortwave range (ultraviolet and near infrared), while the radiation in 

the earth-atmosphere system is in the longwave (infrared) range. Based on this dis-

tinction, meteorologists have classified radiation between short wave (0.15-3 μm) 

and long wave (3-100 μm) (Oke 1987). 

When the solar radiation reaches the earth, obstacles are encountered that 

make it difficult or modify it (e.g. clouds, water vapor, dust, gases) reflecting it, ab-

sorbing it or transmitting it. In general terms, shortwave radiation can be divided into 

diffuse and direct radiation. Shortwave diffuse radiation is the portion of solar radia-

tion that is reflected and scattered by different obstacles. This radiation comes from 

all parts of the illuminated hemisphere. In this sense, clouds are very effective in scat-

tering. Direct solar radiation is that which comes directly from the sun, is variable 

throughout the day and depends on different factors such as the position on the 

ground, the slope of the place and the time of year (Oke 1987, Stull 1988). Part of the 

short wave that reaches the surface is reflected, so the total short wave 𝐾∗ received 

on the surface can be expressed as: 

𝐾∗ 𝐾 1 𝛼 (3.10) 

where 𝐾  is the incident short-wave radiation and 𝛼 is the albedo, the percentage of 

the incident radiation reflected by the surface. Consequently, the shortwave radiation 

that reaches a surface can be expressed as a fraction of the incident radiation. The 

values of albedo for soils depend on their colour, their roughness and the humidity 
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they contain. Oke (1987) points to values between 0.05 for moist and dark soils and 

0.4 for bright, dry soils. Arya (2001) indicates that, in the case of moist clays, the al-

bedo is between 0.1 and 0.2, while for dry clays, it is between 0.20 and 0.35. The 

water presents extreme values of albedo depending on the angle of incidence of the 

sun on its surface. If the zenith angle is small, its albedo is lower (between 0.03 and 

0.1) than if the zenith angle is greater (between 0.1 and 1). Also the vegetation layer 

strongly impact on the albedo, in fact different values for the albedo are given with 

reference to different crops in Allen et al. (1998). 

 

Longwave radiation is a complex exchange. The earth-atmosphere system 

generates mainly long wave and, at the same time, absorbs long wave. The long 

wave is produced in all directions and its emission and reflection occurs mainly in the 

lower layers of the atmosphere, where there is more concentration of steam and car-

bon dioxide. The net long-wave balance 𝐿∗ on the surface is given by: 

𝐿∗ 𝐿 𝐿  (3.11) 

where 𝐿  is the incident radiation and 𝐿  is the reflected one. This balance is usually 

more or less constant and negative due to the loss of radiation into space. In the 

presence of clouds this value can change due to the long wave they emit towards the 

surface. However, in general, its value is small compared to shortwave radiation (Oke 

1987). Finally, the total net radiation on the surface is 

𝑅 𝐾 1 𝛼 𝐿 𝐿 (3.12) 

The net radiation measurement is straightforward in principle. The sensors 

(radiometers) are able to measure either the short wave radiation flux density, or the 

longwave radiation flux density. Combination of two instruments, one facing upward, 
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the other facing downward, yields the four components of the net radiation. This is 

the preferred way of measuring net radiation. 

Shortwave radiation can be measured with a pyranometer, whereas the device 

used to measure longwave radiation is called a pyrgeometer. The measuring principle 

of most radiometers is that radiation is absorbed at the top of a sensor. The tempera-

ture difference between the heated top and the cooler bottom then is a measure of the 

heat flux through the sensor, which is under steady conditions equal to the radiation 

input at the top. 

 

3.4 Turbulent transport of heat, water vapour and momentum 
 

Turbulent transport of heat, water vapour (and other gases) as well as mo-

mentum is the transport mechanism which is widely known as being responsible for 

the changes of those quantities in the so-called atmospheric boundary layer (Moene 

et al., 2014). This mechanism causes the movement of particles of air that carry dif-

ferent concentrations of heat, water vapour, etc. The atmospheric turbulence is most-

ly produced by processes related to mechanisms at the surface of the ground: wind 

shear at the surface and surface heating. These production mechanisms have a 

strong diurnal variation due to the variation in solar radiation. The part of the atmos-

phere in which this diurnal cycle of turbulence production (as well as the variation in 

fluxes of, e.g., water vapour and CO2) is noticeable is called the atmospheric bounda-

ry layer (ABL). 

The ABL is defined as the turbulent layer between the surface and the nontur-

bulent free troposphere (Figure 3.11). 
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Figure 3.11 - Sketch of profiles of mean wind speed, mean potential temperature and the turbulent 

sensible heat flux in the atmospheric boundary layer (ABL) with depth h. The atmospheric surface layer 

(ASL) constitutes the lower 10% of the ABL. Note the order of magnitude difference in boundary-layer 

depth between the day time and night time cases. 

 

Turbulence is an intrinsic phenomenon happening in the ABL, playing an im-

portant role in mixing atmospheric variables. In fact, the creation of turbulence near 

the ground is the main process that characterizes the atmospheric boundary layer 

(Stull 1988). The friction between the soil and the air generates turbulence, but also 

the difference in speed between layers of air, the presence of obstacles and the con-

vective movement of the particles. The description of the turbulence is beyond the ob-

jectives of this work, even if it is believed that the mathematical quantification of the 

turbulence is of use in the phenomenological and numerical modelling of the SVA 

system. 
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Atmospheric turbulence consists of a disordered movement of air. It is char-

acterized by a random change of a given quantity instantaneously measured in the 

atmosphere. The quantities usually involved in this mechanism are the speed of the 

wind, the temperature and the humidity in the air. In contrast to the laminar flow, in 

which there is no mixing between air particles, in the turbulent flow there are changes 

both in the magnitude and direction of the wind which cause chaotic movement that 

increases the heat and mass exchange processes between the different layers of air 

and between the soil and the atmosphere (Figure 3.12). Unlike the molecular diffusion 

process, turbulent exchange is 105 times higher (Foken 2008). 

 

 
 

Figure 3.12 - Scheme of wind behaviour between laminar and turbulent flow (Oke 1987).  

 

Starting with the pioneering work of Reynolds (1895), turbulent flows have 

been the subject of scientific research ever since (for a review see, e.g., Monin and 

Yaglom, 1971). From this research a more or less commonly accepted picture has 

evolved that describes turbulent flows both qualitatively and quantitatively. Based on 

this picture some general properties of turbulent flows are given by Tennekes and 

Lumley (1972) and Lesieur (1993). 
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In the framework of the similarity theory (Högström, 1988; Stull, 1988), the 

profile of both the wind velocity (Eq. 3.13) and of the temperature (Eq. 3.14) may be 

written according to Moene et al. (2014): 

𝑢 𝑧 𝑢 𝑧
𝑢∗

𝜅
𝑙𝑛

𝑧
𝑧

 (3.13) 
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(3.14) 

where 𝑧  and 𝑧  are the heights where the wind speed is known, and the tempera-

ture is known at 𝑧  and 𝑧 . 𝑘 is the von Kármán constant, characterized by a value 

between 0.35 and 0.42 (Stull, 1988). Usually, the value of 0.4 is the one that best fit 

field and lab data (Tagesson, 2012). This constant is basically used to describe the 

logarithmic profile of the turbulent flow velocity of a fluid on a non-slip surface.  

This logarithmic profile is a well-established concept in the surface layer me-

teorology and represents the shape of wind speed and scalar variable profiles (e.g. 

temperature) under neutral conditions (Högström, 1988). 

 

In this framework, the fluxes (i.e. transport of momentum linked to surface 

shear stress 𝜏 and the heat flux 𝐻) depend on the observations of wind or tempera-

ture at two levels, can be written adopting the concept of a resistance, instead of a 

conductance, as it is frequently done in this field (Stull, 1988; Moene et al., 2014): 

𝜏 𝜌
𝑢 𝑧 𝑢 𝑧

𝑟
(3.15) 

𝐻 𝜌𝑐
�̅� 𝑧 �̅� 𝑧

𝑟
(3.16) 
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where 𝑟  and 𝑟  are the aerodynamic resistances for momentum and heat 

transport, respectively (which have units of s m-1). In few applications aerodynamic 

conductance is used, which is the reciprocal of the resistance (with units m s-1), 

𝑔 1 𝑟⁄ . 

For neutral atmospheric conditions (Högström, 1988) the aerodynamic re-

sistances may be taken as identical for momentum and scalars (provided the obser-

vation levels of wind and temperature are the same), and equal to: 

𝑟
𝑙𝑛

𝑧
𝑧

𝜅𝑢∗
 (3.17) 

As such, it is worth noting that the aerodynamic resistance depends on the 

two heights used. The resistance decreases with increasing friction velocity, and 

hence with increasing turbulence intensity. Furthermore, the resistance increases 

when the distance between the two levels increases. 

In practical applications, as it is done later in this chapter for the description of 

the SVA system, it is necessary to take the lower level of the equations that describe 

vertical differences (Eqs. 3.13 and 3.14) at the surface (z=0).  

This would be mathematically difficult because it would make the denomina-

tor of the abovementioned equations zero. Moreover, together with this mathematical 

issue, there is a physical one. In fact, the surface is located within the roughness sub-

layer in which the similarity theory and consequently its relationships are even not val-

id. The roughness sublayer is by definition the layer in which the spatial variation of 

the rough surface influences the shape of the profiles of the quantities in considera-

tion. 
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The concept of the roughness length z0 is then introduced, overcoming this 

problem: the surface value of the variable, which is of interest, is supposed to occur 

at height z0 above the surface. Then, if the roughness length is known, as well as the 

surface values of wind speed and/or of the scalars under consideration, the fluxes 

can be determined.  

For the case of the wind speed profile, as it is done in the previous paragraph, 

this concept is straightforward: the wind speed should be zero at the surface, since 

the wind does not slip on it. Then the roughness length z0 is determined in such a way 

that the wind speed profile described by Equation (3.13) becomes zero at z = z0.  

The roughness length for momentum is also called the aerodynamic rough-

ness length. In the simplified neutral conditions (z/L = 0, buoyancy effects neglected) 

(Stull 1988). As such, integrating by separate variables Equation 3.13: 

𝑈 𝑈
𝑢∗

𝜅
ln

𝑧
𝑧

 (3.18) 

Near the ground, friction tends to reduce the wind speed until it reaches a 

point where the wind speed vanishes (i.e. 𝑈 0). The height at which this happens 

is called the roughness length 𝑧 ; the latter is better explained later on in this chapter; 

this approximation results in an average profile of the wind speed which is: 

𝑈
𝑢∗

𝜅
ln

𝑧
𝑧

 (3.19) 

Values indicative of the roughness length 𝑧  are shown in Table 3.1. In this 

table, the length 𝑧  is the height at which the surface would have to be placed to ob-

tain the logarithmic profile of the wind in case of obstacles. 
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𝐳𝟎 (m) Classification Description of the landscape 

0.0002 Sea 
Great distances (kilometres) without obstacles (open sea, paved areas, 

snowy plains, smooth desert). 

0.005 Flat 
Monotonous surfaces without outstanding obstacles and hardly vegeta-

tion (e.g. beaches, compacted ice, snowfields). 

0.03 Open 
Field with low vegetation and isolated obstacles with minimum separa-

tions of 50 times the height of obstacles (e.g. grasslands, fields, tundra, 

airports, ice). 

0.1 Abrupt opening 
Natural or cultivated areas with low-lying leafy or open-field coverings 

with casual obstacles (e.g. isolated trees, underground) at horizontal dis-

tances of at least 20 times the height of the obstacle. 

0.25 Abrupt 
Natural or cultivated areas with crops of high or varied height and scat-

tered obstacles at horizontal distances of 12 to 15 times their height. It 

may require 𝑧 . 

0.5 Very abrupt 

Areas intensively cultivated with long obstacle groups (e.g., farms, forest 

areas) separated by lengths of 8 times their height. Areas of low planting 

density (e.g. fruit trees, shrubs, young reforestations). Also, moderately 

covered areas with low buildings with spaces between 3 and 7 times 

their height without large trees. Requires 𝑧 . 

1 Scrubby 
Landscapes regularly covered with obstacles of similar size with free 

spaces of equal magnitude that height (e.g. mature forests, urban areas 

without height variation). Requires 𝑧 . 

≥2 Chaotic 
Urban centres with a mixture of height in the buildings, broad forests of 

irregular height with many clearings. Analysis by wind tunnel is recom-

mended. 

 

Table 3.1 - Classification for the roughness length (modified from Davenport et al., 2000). 

 

In Equation 3.19 the average horizontal wind speed has been obtained from the theory 

of similarity, but vertical turbulence is introduced in the scale parameters 𝑢∗ (friction 

velocity), 𝑧  (roughness length) and 𝑘 (constant von von Kármán). In non-neutral 

stability conditions, the procedure is similar but considering that the universal func-
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tions are no longer equal to unity. In that case, the profile shape of the wind speed is 

given by the expression: 

𝑈
𝑢∗

𝜅
ln

𝑧
𝑧

𝜙 𝜁  (3.20) 

where the term 𝜙 𝜁  is the integral form of the universal functions that have been 

used or determined experimentally.  

As an example, the wind profile approaches a logarithmic profile as deduced from 

equation (3.19) under neutral conditions. For non-neutral conditions, the wind devi-

ates slightly from the logarithmic behaviour (Figure 3.13). 

 

 
 

Figure 3.13 - Outline of the profile of the wind in different conditions of stability (Wallace and Hobbs 

2006). VBL is the wind speed in the convective layer or mixture layer (gov-erned by unstable condi-

tions). This speed has been marked in the figure as a comparative criterion. 

 

In Figure 3.13 a diagram of the profile of the wind in conditions of stability, 

neutrality and instability is shown. Wind speed increases with height more quickly un-
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der unstable conditions due to higher turbulence. The limit of this speed is marked by 

the wind speed in the convective layer. In conditions of stability, the speed of the wind 

grows more slowly with the height and is not subjected to so much turbulence, so 

that its profile in height indicates less dissipation of the speed. This behaviour results 

in a reduction of the mixture of atmospheric variables. 

Differently from the wind velocity profile, for scalar quantities (i.e. tempera-

ture) the extension of the profiles towards the surface is less straightforward. 

First of all, the value of the scalar at the surface should be known. For tem-

perature this is possible because it is possible to estimate temperature at the surface 

from the emitted longwave radiation. Then the roughness length for heat, z0h, is found 

by extrapolating the profile to that level where the temperature is equal to the observed 

surface temperature.  

It is worth mentioning that the roughness length for heat is well-known to dif-

fer from that of momentum. This is a direct consequence of the fact that the exchange 

of momentum (i.e., friction) between the air and the surface takes place mainly by 

pressure forces (from drag, Equation 3.15), whereas the heat transport between the 

surface and the air directly adjacent to it occurs by molecular diffusion only (Equation 

3.16), (Moene et al. 2014).  

 

The molecular diffusion is less efficient as dissipation mechanism with re-

spect to the drag one and this leads to a relatively high surface temperature for a giv-

en amount of heat transport.  

Hence the temperature profile must be extrapolated much further down to find 

the observed surface temperature. This is illustrated in Figure 3.14.  
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Figure 3.14 - Relationship between roughness lengths, surface values and profiles: for momentum 

(left) and temperature (right). The solid lines are the profiles according to Eqs. 3.14 and 3.15. Where 

those are valid lines are solid. Whereas dashed lines mean that the profiles are extrapolated downward 

into the roughness sublayer where the surface layer profiles are not valid (Moene et al. 2014).  

 

The relationship between the roughness length for momentum and the rough-

ness length for scalars is still an open issue in the scientific community, but it plays a 

relevant role in understanding the concept which provides a link between the sensible 

heat flux and the surface temperature. 

In atmospheric models the surface temperature is a variable that both enters 

into the calculation of the sensible heat flux and in that of the emitted longwave radia-

tion. Besides, the calculation of the soil heat flux is affected indirectly. The use of an 

incorrect value of the roughness length for heat may yield significant errors in the sur-

face temperature and hence in the predicted surface fluxes (e.g., Beljaars and 

Holtslag, 1991). 

Finally, for the fluxes determination, making use of field observations at one 

observation height 𝑧 , as it is often of interest, Equations 3.13 and 3.14 become: 
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where 𝑧  is the observation height of the wind speed and 𝑧  is the height of the tem-

perature measurement. The determination of fluxes from single level atmospheric data 

can also be described in terms of resistances (i.e. Equations 3.14 and 3.15). Equa-

tion (3.14) remains valid, but the definition of the resistance has to be adapted.  

For momentum transport the lower level is located at 𝑧  whereas for tempera-

ture it will be located at 𝑧 : 

𝜏 𝜌
𝑢 𝑧

𝑟
 (3.23) 
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Where, as already seen above: 
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With the hypothesis of neutral condition (i.e. neglecting 𝛹-functions involving 

𝑧  and 𝑧 ), the Eqs. 3.25 and 3.26, reduces both to Eq. 3.27, which is here shown 

again: 

𝑟
𝑙𝑛

𝑧
𝑧

𝜅𝑢∗
 (3.27) 
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The obtained value for the aerodynamic resistance is of use for the computa-

tion of the evaporation and transpiration fluxes, as it is described in the final part of 

this Chapter. 

 

3.5 The Vegetation processes 
 

Plant cover behaves as an intermediate layer between the atmosphere and the 

soil: the vegetation is causing a transport of the water from the soil into the air and at 

the same time it consumes atmospheric CO2 to activate all the metabolic processes.  

This paragraph is devoted to the effect of plants on the transport processes. 

The transport of water inside the plants is firstly treated, as this is an important path-

way for water from the soil into the atmosphere. The interaction between plants and 

the atmosphere (rain interception, radiation, wind, heat) is dealt with subsequently. 

 

Water plays a fundamental role within the biological and hydraulic processes 

in the vegetation. In fact, water is responsible for many relevant functions of plants. 

Despite chemistry is not accounted for in this discussion, it is worth mentioning that, 

in the plants, water activates and catalyses many chemical reactions, allowing for the 

assimilation of nutrients and for plant respiration. Furthermore, water enables the reg-

ulatory system of the plant, as it carries the hormones and substances that are re-

quired for plant growth. Hence, water confers shape and solidity to the plant tissues 

(i.e. turgor).  

For instance, if the water supply is insufficient, plant organs (i.e. supporting 

tissue) lose their strength and wilt. The water pressure in cells depends on their water 

content and permits cell enlargement against external applied pressure, which origi-
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nates either from the tension within the surrounding tissue, or from the interaction 

with the surrounding soil (compatibility).  

Furthermore, the high heat capacity of water strongly delays and attenuates 

the effects of the daily fluctuations in temperature that a plant leaf may be subjected 

to. Energy is also required to convert liquid water to the vapour that transpires through 

the leaves, causing cooling due to evaporation. If these thermal phenomena do not 

happen, there would not be any compensating effect of the temperature excursions, 

and plants would be heated up much more, eventually dying for overheating.  

 

3.5.1 The structure of the plant 
 

Generally speaking, the vegetation basically consists of the root system, the 

stems and the leaves; such organization is the result of functional specialization 

achieved in the course of evolution. Each part is intimately integrated with each other, 

to construct a single functional entity. The aerial part cannot disregard the presence of 

the root for the absorption of solutions from the soil and to develop metabolites (i.e. 

the final product of the metabolic process), that the roots synthesize and sends to the 

bud; the growth of the root, on the other hand, depends on the metabolic activity of 

the aerial part, for the supply of sugars and other metabolites, such as numerous vit-

amins (Arrigoni, 1973). 

The leaf is the main laboratory of a plant: it performs many functions, among 

which the most important is chlorophyll photosynthesis. Through photosynthesis, the 

leaf can synthesize a large amount of sugars that, for the most part, are transported to 

all other parts of the plant where they are used in respiration and other metabolic pro-

cesses, or accumulated. The leaf is also the main site of transpiration, a function in-
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timately linked to chlorophyll photosynthesis and the absorption of solutions from the 

ground. Typically, the leaves have a flattened and expanded shape, that allows them 

to have a wide contact with the external environment, an indispensable condition for 

the gaseous exchanges that goes with the photosynthetic process.  

 

In plants, the photosynthesis process can be subdivided into two large partial-

ly coupled sub-processes, since one supplies energy for the other. The first process 

consists in reactions to light, in which the conversion of light energy into chemical 

energy occurs. The second consists in the reactions to the dark, called in this way 

because it does not develop through light, even if it occurs during the whole day, 

where the carbon dioxide is fixed in sugars and starch (Larcher, 1995). 

The stem, together with the leaves, forms the aerial part of the vascular 

plants. It provides structural support to the plant, allowing for the exposure of the 

leaves to sunlight and distributing water and nutrients from the root system to the 

leaves. The movement of this water and nutrients is possible through a long-distance 

transport system, that crosses the plant in its entirety, from the hypogeum of the 

roots, up to the aerial part. The stem is generally erect, but can be loose, or even hori-

zontal.  

The roots play the anchoring function of the plant to the ground and they are 

entrusted with the soil to capture and absorb the water and the necessary nutrients.  

 

3.5.2 Root system, and root water uptake 
 

The root system plays two principal roles within the plant: it is anchoring the 

plant to the soil and it allows for the growth of the plant by providing water and miner-
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al nutrients. Water is taken from soil to root through mass flow, driven by a difference 

in hydraulic head between the root surface and the surrounding soil.  

The very first root that develops is called primary root, which is followed by 

the formation of numerous lateral roots, that in turn give rise to other secondary roots 

to form a thick root complex that constitutes the root system (Figure 3.16 a). Anatom-

ically, the terminal part of the secondary roots is divided in three different parts: a pi-

liferous area, where root hairs are found, a zone of differentiation and a zone of elon-

gation, (Fig 3.16 b). The water and nutrients capture activity is mainly entrusted to the 

piliferous area, equipped with numerous root hairs that maximize the surface available 

for absorption.  

The depth and lateral expansion of the root system, or in general its geomet-

rical characteristics, depend on both hereditary and environmental factors.  

In Figure 3.18a the root systems of different type of crops are shown, with reference 

to the same climate, soil and period of planting. Whereas in Figure 3.17b it is shown 

how the root system of the same plant develops differently if in different climatic con-

texts. Other environmental factors that influence root growth include soil structure and 

texture, humidity, temperature, pH, salinity and the presence of highly toxic substanc-

es such as aluminium, lead and copper, as well as the presence of fungi and bacteria 

(Kramer et al., 1995).  

 

Within the cells of the root system, the concentration of many solutes is 

greater than in the solution outside the root. Hence, these nutrients have to be trans-

ported against an existing concentration gradient. Therefore, nutrient uptake is an ac-

tive and energy-consuming process. The energy required is generated by cell me-

tabolism.  
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Figure 3.15 - Anatomy of the root. (a): primary root; yellowish: seminal root; in blue: first order lateral 

roots; in pink: second-order lateral roots; in orange: first order adventitious roots and in yellow: second 

order adventitious roots (drawn by Rasmussen A.). (b) Anatomical detail of the terminal part (drawing 

taken from the website www.leavingcertbiology.net, modified). 

 

 
 

Figure 3.16 - (a): differences in depth and lateral expansion of the root systems of many plant species 

grown in the same environment. (Kramer, 1983); (b): the effects of the interaction between environ-

mental and hereditary factors on three herbaceous species. On the left, Quercus rubra; centre, Hicaria 

avata; right, Tilia americana. Environment A: prairie; B: oak forest; C: lime forest. (Kramer, 1983). 

a) 

b) 
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On the other hand, the uptake of water through the roots and the conduction 

within the plant does not imply any energy consumption. Water flows from sites with 

higher hydraulic head to sites of lower hydraulic head. Differences in hydraulic head 

cause water flow within the plant, from the root surface to the xylem in the central 

stele, from the stele to the various organs of the plant and, finally, from the leaves to 

the atmosphere (Ehlers and Goss, 2003). These concepts come from the so-called 

“cohesion-tension” theory, early developed by Dixon & Joly (1894). 

This fundamental theory starts from the common idea that the upward move-

ment of water in plants can be considered to be determined by the gradient of water 

potential 𝜓 expressed by the sum: 

𝜓 𝜋 𝑃 𝜓 𝜓 (3.28) 

where 𝜓  is the gravity potential, 𝜓  the matrix potential (related to water sur-

face tension), 𝜋 the osmotic potential (due to difference in solute concentration) and 

𝑃  the water pressure potential. All these water potentials interact and keep an upward 

gradient of total water potential from the roots to the plant leaves (see Figure 3.18), 

so that the transpiration process is allowed for and the plant can live. In agricultural 

field, four transport mechanisms have always been considered, (see for example Taiz 

L. & Zeiger, E., (2010)):  

 At leaf level, transpiration occurs as the result of gradient in 

relative humidity between leaf and atmosphere. Because transpiration is the 

main mechanism of nutrient transport, plants must transpire even in presence 

of water deficit. To provide the conditions for permanent transpiration, stoma-

ta regulate the outflow of water molecules through the opening and closing of 

guard cells in order to maintain the relative humidity close to saturation in the 

air between the mesophyll cells of the leaves (see Figure 3.18). During sto-
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mata closure, water total potential 𝜓 leaf is close to zero (HR = 100%). At time 

of stomata opening, vapor goes out and 𝜓 leaf becomes negative. 

 Transpiration flux is balanced by water income from the xy-

lem. Xylem conveys sap (i.e. the watery liquid in plants and trees), thus hav-

ing a negative osmotic potential 𝜓. In addition, capillary actions balance 

gravity (𝜓 𝜓 0) and, because xylem walls are stiff, they do not apply 

any pressure on the sap (Pr = 0). Water will then move to the leaves when 𝜓 

leaf becomes lower than xylem osmotic pressure. The difference between both 

potentials generates matric suction in the xylem.    

 Water lost by the xylem is balanced by an inflow of water 

coming from the root. Because nutrients are consumed during sap transport, 

osmotic potential is more negative at roots than at leaves level. This gradient 

is compensated by matric suction gradient, leading to an upward gradient in 

water total potential. Root cells are indeed provided with flexible membrane 

that pressurizes the inner fluid (Pr > 0). 

 Roots take water from the soil thanks to the existence of the 

gradient in osmotic suction, that counterbalances the gradient of water pres-

sure/suction. 
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Figure 3.17 - Transpiration-Cohesion-Tension mechanism (i.e. Transpiration Pull Theory) for the SVA 

System. 

 

3.5.3 Transpiration, photosynthesis and stomatal control 
 

Summarizing what reported above, plants take up liquid water, with nutrients 

dissolved in it, from the soil through the root system. The water is transported up-

wards; most of the water leaves the plant, as water vapour, whereas only a small 

fraction (about 1%) is used in the photosynthesis process. 
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The water vapour leaves the plants through the stomata. These are small 

openings that occur mainly on the plant leaves, which are the main path way for the 

exchange of both CO2 and water vapour between the plant and the atmosphere, be-

cause the cuticle is rather impermeable to gas (Figure 3.18). In herbaceous plants, 

stomata occur at both the upper and the lower side of leaves, whereas trees have 

stomata only at the lower side (Willmer and Fricker, 1996). The density and size of 

stomata varies considerably between plant species. Together with the stomata cells, 

also the guard cells are very relevant, since they regulate the stomatal opening.  

 

 

 

Figure 3.18 - Schematic view of a stomate: top view of a closed and an open stomate (top) and side 

view of a stomate in a leaf (bottom). (After Konrad et al., 2008). 

 

Water vaporization occurs within the leaf, namely in the intercellular spaces. 

From there, the water vapour has to move within the leaf, leaves the leaf through the 
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stomate and finally has to escape from the air layer directly adjacent to the leaf. If the 

vapour flux is computed as the ratio potential/resistance in an electrical analogy (as in 

paragraph 3.4 and 3.6), two resistances may be identified on this path: the variable 

stomatal resistance, rs, and the boundary-layer resistance, rb. The latter is not only 

important as an obstacle to transport, but it also provides the link between the condi-

tions in the air within the canopy and the conditions at the leaf surface (e.g., tempera-

ture, CO2 concentration etc.), as they are experienced by the leaf (Goudriaan and Van 

Laar, 1978; Collatz et al., 1991).  

 

  

 

 

Figure 3.19 - Pathways of water vapour out and into a leaf. The vapour flux encounters the boundary-

layer resistance rb and the variable stomatal resistance rs (After Willmer and Fricker, 1996). 

 

Focussing on the transport through the stomate (see Figure 3.20), the water 

vapour flux (transpiration) can be expressed as a mass flux: 
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𝑇 𝜌
𝑞 𝑞

𝑟
 (3.29) 

where 𝑞  and 𝑞  are the specific humidity inside the substomatal cavity and 

above the stomata (specific humidity of the atmosphere at the leaves level), respec-

tively. 

The specific humidity in this context is the mass of water vapour as a fraction 

of mass of moist air 𝑞 ; where 𝜌  is the water vapour density and 𝜌

 being the air density) and 𝑟  is the stomatal resistance (compare the aerodynamic 

resistances discussed in section 3.4).  

Agronomists often express the effect of the stomata as the stomatal conduct-

ance 𝑔 , which is simply the reciprocal of the stomatal resistance (𝑔 1/𝑟 ). In 

plant physiology literature, fluxes are often given as molar fluxes, rather than mass 

fluxes. 

The air inside the substomatal cavity is considered to be saturated with water 

vapour, and hence 𝑞  is equal to the saturated specific humidity (𝑞 ) at the tem-

perature of the leaf.; as such the equation 3.30 may be rewritten as: 

𝑇 𝜌
𝑞 𝑞 𝑇

𝑟
(3.30) 

This testifies the link between transpiration and the temperature of the leaves. 

As such, as the vegetation temperature is the outcome of the energy balance of the 

surface, the transpiration rate is related to the balance between radiative forcing and 

convective and evaporative cooling. When the stomata are fully closed the value of 

the stomatal resistance tends to infinite, and as such its conductance tends to zero 

(rs→∞). 
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The photosynthesis is the process with which the vegetation consumes CO2, 

taking it from the atmosphere through their leaves, and then, using the energy from 

sunlight to fix the CO2 in the form of carbohydrates.  

The process consists of two steps: 

 The light-dependent process: formation of energy-storage 

molecules (ATP and NAPDH) using the energy of absorbed photosynthetically 

active radiation (PAR). PAR is part of the shortwave radiation. In terms of en-

ergy fluxes, PAR represents 40-50% of global radiation, depending on the 

season, on the sky conditions and on the latitude of the site (Papaionnou et 

al., 1996).  

 The light-independent (or dark) process: the fixation of CO2 in-

to carbohydrates, using the energy supplied by ATP and NADPH (Calvin cy-

cle). 

Two different mechanisms of photosynthesis can be distinguished: 

 C3 carbon fixation: carbon fixation takes place in the meso-

phyll cells and the first carbohydrate produced in the fixation process is a 

three-carbon organic acid. This in turn is used to produce glucose. The rela-

tive importance of carbon fixation and oxygen fixation depends on tempera-

ture: at higher temperatures the balance shifts to oxygen fixation, even to the 

point that more CO2 is produced than taken up: net photorespiration. This 

makes C3 plants unsuited to grow under hot conditions. 

 C4 carbon fixation: The CO2 is fixated in two steps and two lo-

cations. The first carbohydrate produced is a four-carbon organic acid. Sub-

sequently, this product is transported to the bundle sheath cells (photosyn-

thetic cells arranged around the veins of a leaf). In the latter cells, the reaction 
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is reversed to produce CO2 from the organic acid. Subsequently, this CO2 is 

used in the regular Calvin cycle to produce glucose or other carbohydrates.  

These two different mechanisms of photosynthesis are then characterizing 

two different classes of plants. In fact, all the crop types can be classified as belong-

ing either to C3-cycle plants or the C4-cycle ones. 

In conditions of high radiation, C3 plants tend to close the stomata, preventing 

the entry of carbon dioxide. In this circumstance, these plants fix oxygen instead of 

carbon dioxide and this process is called photorespiration. When the concentration of 

carbon dioxide in the foliar tissues is almost absent, the C3 plants open again the 

stomata to supply them, but in this way they lose water through the stomatal open-

ings. C4 plants, on the other hand, have developed a mechanism of carbon dioxide 

fixation much more efficient by virtue of the different structure of the mesophyll cells. 

For this reason, in conditions of strong radiation, they are able to prolong the closure 

of the stomata, thus protecting the water reserve present in their tissues. 

Atkinson et al., (2016) studied 382 species among C3 and C4 plants, and 

compared their developmental stages. The authors discover that the C4 metabolism 

accelerates the growth process of the plant, modifying the structure of the leaves and 

the root system with respect to other species. The study shows that: 

 the photosynthesis of C4 plants leads to an increase in the 

daily growth of between 19-88%; 

 the structure of leaves tissues, less dense than C3, allows C4 

plants to produce smaller but more numerous leaves at the same carbon 

cost; 

 C4 root development is 50% higher than C3, as C4 invest 

more in acquiring water and nutrients. 
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In summary, the stomatal resistance is related to a number of variables relat-

ed to the photosynthesis process and the environment. The responses of stomata to 

internal and external factors are summarized as follows (schematically also given in 

Figure 3.20): 

 Radiation: Stomata need to be open only if photosynthesis can occur. 

Hence, stomata react on photosynthetically active radiation (PAR; Papaionnou et al., 

1996). The stomatal reaction to light appears to be direct: the guard cells are sensi-

tive to light. 

 Temperature: There is a direct effect of temperature on the metabo-

lism of the guard cells. With increasing temperature, the metabolic activity increases 

until an optimum temperature is reached above which the activity decreases to pre-

vent damage to the cells. The increased metabolism causes the stomata to open. An 

indirect effect of temperature is that temperature will increase respiration, which in 

turn will increase the internal CO2 concentration in the leaf. This will cause the stoma-

ta to close. The optimum temperature (where the minimum resistance occurs) differs 

between plants. 

 Atmospheric vapour deficit: The vapour pressure deficit (VDP) is an 

expression of the dryness of the air. If the air outside the leaves is very dry, the sto-

mata are closed. Because a high vapour pressure deficit causes a high transpiration 

rate, the response to vapour pressure deficit could be interpreted as a response to 

high transpiration rates (Monteith, 1995). One proposed mechanism is that water 

evaporates from the cells in the leaves. The resulting decrease in turgor then sets up a 

feedback loop that reduces stomatal aperture to the extent that the turgor is restored. 

However, there are also indications that the guard cells or cells in their vicinity react 

directly to the vapour pressure deficit (Willmer and Fricker, 1996). 
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 Internal CO2 concentration: The internal CO2 concentration is a com-

promise between the need for a high concentration to supply the photosynthesis pro-

cess with sufficient building material and the need for a low concentration (relative to 

the external concentration) to maintain a high influx. At a given demand for CO2 (de-

termined by the available amount of radiation) the plant can regulate the internal CO2 

concentration by regulating the stomatal aperture. The regulation happens through the 

sensitivity of the guard cells to the internal CO2 concentration (Willmer and Fricker, 

1996). It turns out that the ratio of internal to external CO2 concentration is rather con-

served variable. 

 External CO2 concentration: If the external CO2 concentration is in-

creased, the first order effect will be that the CO2 flux into the stomata is increased. If 

the influx becomes too large, the plant will no longer be able to use all the CO2 for 

photosynthesis and the internal CO2 concentration will increase. This in turn causes 

an increase of the stomatal resistance (Jarvis and Davies, 1998). 

 Leaf water potential: When the leaf water potential decreases (be-

comes more negative) the stomata close to prevent further water loss. Because the 

leaf water potential is the net result of water uptake and transport towards the leaves 

and loss of water through transpiration, any process that influences one of these flux-

es will have an effect on stomatal aperture (e.g., excessive evaporative demand, lack 

of root water uptake). Though maintaining turgor should be an important strategy for 

the plant, stomatal closure also seems to be modulated directly by signals from the 

roots (Davies and Zhang, 1991). 
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Figure 3.20 - Schematic representation of the variability of the stomatal resistance to various factors 

(Willmer and Ficker, 1996, and Oke, 1987).  

 

3.5.4 Effect of the vegetation layer on heat transport 
 

The vegetation layer which covers the soil surface, is moving the active surface, i.e. 

the surface along which the interaction of the vegetation with radiations and turbulent 

fluxes takes place, at a higher height.  

As first, the vegetation layer is clearly interacting with the atmosphere; the energy is 

transferred, through the vegetation layer, from the plant cover and the air between the 

plants, to or from the soil. Therefore, the presence of the vegetation layer is causing a 

partial decoupling between the atmosphere and the soil, so that the amplitude of the 

soil heat flux is damped. Given this partial decoupling, the vegetation layer has its own 

temperature, which is only loosely coupled to that of the underlying soil. This has im-

portant implications, as it is the surface temperature that interacts with the atmos-

phere through the upwelling longwave radiation and the sensible heat flux (as it has 

been explained in Paragraphs 3.3 and 3.4) (Moene et al. 2014). 

A simplified method to implement the effect of the vegetation layer in the modelling, 

which complies with the necessity to avoid the simulation of all the detailed transfer 
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of radiation and heat through the vegetation, must account for this decoupling. This 

method implements an extra vegetation layer, on top of the soil (e.g., Viterbo and Bel-

jaars, 1995) of no heat capacity, since the vegetation layer is mainly composed of air, 

and also the heat capacity of air is rather low. As such, the energy supplied to the 

vegetation layer is instantly transferred (zero heat fluxes). The exchange of heat be-

tween the vegetation layer (with temperature Tveg) and the upper soil layer (with Ttop) is 

treated empirically as: 

G 𝛬 𝑇 𝑇 (3.31) 

where 𝛬  is the skin layer conductivity.  

A typical mean daily value of 𝛬  for low vegetation is 5 W m-2 K-1, varying with the 

vegetation type and with the fraction of soil covered by vegetation. 

Another possibility to modelling the impact of the vegetation layer on the heat transfer, 

is often used in the case in which no observations of G are available; this method is 

based on the fact that under the vegetation, the soil heat flux follows a diurnal cycle, 

that is comparable to that of the net radiation (Moene et al., 2014). This leads to the 

model: 

G 𝑐 𝑅  (3.32) 

For grass cover, it has been found that 𝑐  is about 0.1 (DeBruin and Holtslag,1982). 

For taller vegetation, such as corn and wheat, 𝑐  is smaller than the value with refer-

ence to grass (0.07). 

In the case of crops that are not completely covering the soil, 𝑐  can vary between 

0.1 and 0.5, and the soil heat flux is also no longer in phase with net radiation (Santa-

nello and Friedl, 2003). 
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3.5.5 Effect of the vegetation layer on roughness length and displacement 
height 

 

The roughness length, already described in section 3.4, is varying with re-

spect to the type and the presence of the vegetation layer; as such, the roughness 

length needs to be determined locally.  

The value of the roughness length for momentum transport (𝑧 ) is usually 

taken as a constant surface property (Paragraph 3.4); although with reference to 

some surfaces (e.g., long grass) the roughness is dependent on the wind speed. 

However, very often local observations would be needed, but are not availa-

ble, therefore simple models or values from literature are adopted.  

One of the simplest and most diffused method is to proceed by adopting a 𝑧  

value proportional to the canopy height ℎ ; the height of that part of the canopy that 

extends above the displacement height (Garratt, 1992): 

𝑧 𝛾 ℎ 𝑑 (3.33) 

𝛾  is of usually between 0.2 and 0.4. Assuming that 𝑑 ℎ , 𝑧 /ℎ  in the 

range 0.07 to 0.14 is obtained. 

The proportional factor 𝛾  is based on some practical consideration; in fact, it 

would depend on the density and distribution of the roughness elements.  

In the case in which only few elements per unit area are present, or if they are 

very narrow, the flow is slightly affected by the roughness elements resulting in a 

proportional factor smaller than in the case of medium element density.  

On the contrary, at high obstacle density (e.g., a dense forest), the flow will 

no longer enter the region between the roughness elements, causing a lower propor-

tional factor (Garratt, 1992); this is illustrated in Figure 3.21. 
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A similar approach is adopted for the displacement height with respect to its 

relationship with the obstacle density: at low obstacle density, 𝑑/ℎ  will be close to 

zero since the flow will hardly be lifted. On the contrary, with high densities, the flow 

𝑑/ℎ  tends to one. Values for 𝑑, ℎ  and 𝑧  are given in Table 3.2. 

 

 
 

Figure 3.21 - Relationship between relative displacement height (𝑑/ℎ , left hand side) and roughness 

length (𝑧 /ℎ , right hand side) and the plant area index (one-sided area of plant material per unit 

ground area). Based on the model of Massman (1997), assuming a triangular vertical distribution of 

plant material (maximum at 𝑧 ). 

 

Surface Remark z0 (m) d (m) 

Water Still open 10-4 10-3  
Ice Smooth Smooth sea ice 10-5  
Ice Rough Rough sea ice 10-3 10-2  
Snow  10-4 10-3  
Soils  0.002  
Short grass hc: 0.02-0.05 m 0.01  
Long grass hc: 0.2-0.6 m 0.04 0.2 
Low mature crops hc: 0.3-1 m 0.07 0.5 
High mature crops hc: 1-2.6 m 0.15 1 
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Continuous bushland hc: 2.3-3 m 0.3 2 
Mature pine forest hc: 10-27 m 1.2 14 
Tropical forest hc: 27-31 m 2 30 
Deciduous forest hc: 10 m 0.8 7 
Dense low buildings Suburb 0.6 3 
Regularly built town  1.2 10 

 

Table 3.2 - After Wieringa (1992). Note that the roughness for water and all vegetation may depend on 

the wind speed.  

 

With regards to the roughness length in the case of scalar values (i.e. temper-

ature), it is worth mentioning that the roughness length of heat is considered relative 

to one relative to momentum, either as a simple ratio trough the following relation: 

𝑙𝑛
𝑧

𝑧
≡ 𝜅𝐵 (3.34) 

As such, the reference surface needs to be characterized as belonging to one 

among the following, in order to guess a reliable value for 𝑧 : 

 In the case of permeable surface cover (dense packing of small indi-

vidual elements, e.g., vegetation fully covering the ground) a commonly used value 

for to 𝜅𝐵 2, meaning 𝑧 𝑧 7.4 (Garratt and Francey, 1978). 

 For bluff body surface cover (nearly impermeable obstacles, or sparse 

vegetation with patches of bare soil in between) 𝜅𝐵 4 12 and thus 𝑧 𝑧

55 10  (Stewart et al., 1994). For bluff body surfaces the roughness length ratio 

also depends on wind speed (Malhi, 1996).  
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3.5.6 Microclimate conditions below the vegetated layer 
 

Generally speaking, the atmospheric conditions in the layer below or within a 

vegetation may be very different from those above the vegetation.  

Since all the main processes in the plants are driven or only influenced by the 

local conditions, and since the conditions above the canopy are also affected by pro-

cesses inside the canopy, it seems worth mentioning some aspects of the microcli-

mate inside the canopy. 

 

In this context and with respect to some of the aspects discussed in the fol-

lowing, the architecture of the vegetation becomes a very important factor; not only in 

terms of height of the vegetation, but also accounting for the size of the leaves, the 

orientation of the leaves and the vertical distribution of the leaves. 

This amount and the level of the details of the input data related to the crop 

architecture, is often difficult to obtain in the field and, as such, a phenomenological 

analysis of the influence of the vegetation layer is given in the following (Moene et al., 

2014).  

With regard to the radiation, the leaves are able to absorb, reflect and transmit 

radiation. The optical properties depend on the wavelength of the radiation consid-

ered. The attenuation of the total amount of short-wave radiation can be approximated 

by Lambert-Beer’s law: 

𝐾↓ 𝑧 𝐾↓𝑒 (3.35) 

where the 𝐾↓ 𝑧  is the shortwave radiation at a given height, 𝐴 𝑧  is the cu-

mulative leaf area index and 𝛼 is an extinction coefficient. The extinction coefficient 
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depends both on the canopy characteristics and on the characteristics of the radia-

tion.  

Generally speaking, leaves are not oriented in the horizontal direction, reflec-

tion of radiation will take place not only vertical, but also sideways and downward into 

the canopy. As a result, the proportion of diffuse radiation will be higher at the bottom 

of the canopy than at the top (Moene et al., 2014).  

 

The penetration of radiation also changes continuously, owing to the changes in azi-

muth and zenith angle of the sun, and to the motion of leaves and branches caused 

by wind. Furthermore, leaves are not necessarily oriented horizontally; hence the 

amount of radiation received by a leaf may be larger or smaller than the amount of ra-

diation incident on a horizontal plane.  

 

The effect of the leaves on longwave radiation inside the canopy is located 

mainly just below the top of the canopy. The top leaves receive incoming the 

longwave radiation from the atmosphere. The downward longwave radiation will on 

average be higher within the canopy than above it. Just as in the case of shortwave 

radiation, the horizontal variation of downward longwave radiation can be large, de-

pending on the fraction of sky the specific point in the canopy is exposed to. 
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Figure 3.22 - Canopy profiles of foliage density, net radiation, wind speed, temperature, humidity and 

CO2 concentration during daytime (top) and night time (bottom). The arrows indicate the direction of 

transport. Note that in the daytime figure, the in canopy arrows are deliberately omitted, owing to the 

possibility of counter-gradient transport; (after Monteith and Unsworth, 2008). 

 

As for the wind speed inside the vegetation layer, the wind speed decreases 

strongly at the top of the canopy and stays rather constant with height below that. In 

vegetation types that have a relatively open structure at the bottom (such as forests) 

the wind speed close to the ground may show a secondary maximum due to the fact 

that at that level the air encounters fewer obstacles (Moene et al., 2014). 

One important feature in the wind speed profile in Figure 3.23 should be not-

ed: the inflection point just below the canopy top (point where the second derivative 

of u(z) changes sign). This inflection point is the cause of an instability that in turn 

causes large scale turbulent eddies that sweep into the canopy (carrying momentum 

and CO2) and cause ejection of air (carrying heat and moisture). These large-scale 
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structures are efficient in the transport of momentum and scalars, but are hardly re-

lated to the local gradients of those variables (Moene et al., 2014).  

 

The air temperature within the vegetation layer depends both on the tempera-

ture of the air above the canopy, the exchange of radiation (both the amount of radia-

tion and the vertical distribution) and the exchange of heat with the soil. In Figure 3.36 

a typical profile is shown. The highest temperature is located at the height of maxi-

mum foliage density, and hence maximum radiation absorption. Below that level, the 

temperature shows a stable stratification (temperature increases with height). 

During night-time, the reverse happens. Maximum cooling will occur at the 

top of the vegetation, whereas some heat input from the soil will enter the air in the 

trunk space. As a result, the air below the foliage will be unstably stratified at night, 

giving rise to buoyancy-induced convection and strong mixing (Jacobs et al., 1995, 

1996; Dupont and Patton, 2012). 

 

The temperature of the leaves plays an important role for all the biological 

processes occurring in the leaves. In order to determine the temperature of a leaves it 

is worth considering its energy balance: 

𝐻 𝑄∗ 𝜆𝐸𝑇 (3.36) 

Where the leaf evapotranspiration depends on the stomatal opening, leaf tem-

perature and the ambient humidity. Using a resistance-like law for the sensible heat 

flux, such as: 

 𝐻 𝜌𝑐
,

(3.37) 

hence, the leaf temperature can be obtained through: 
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𝑇 𝑇
𝑟 ,

𝜌𝑐
𝑄∗ 𝜆𝐸𝑇 (3.38) 

where 𝑟 ,  is the laminar boundary-layer resistance for heat (similar, but not 

equal to the boundary-layer resistances for water vapour; see Figure 3.33); in fact, it 

depends on the thickness of the laminar boundary layer which can be computed as 

(Gates, 1980): 

𝑟 , 𝑘
𝑙
𝑢

 (3.39) 

where 𝑢  is the wind speed outside the laminar boundary layer, 𝑙  is the 

length of the leaf in the direction of the air flow and 𝑘  is of the order of 180 s1/2 m-1. 

A small value of 𝑟 , , and consequently strong coupling between leaf temperature and 

air temperature, occurs at high wind speeds and for small leaves (Moene et al. 2014). 

 

The interception is the process during which the rainfall is intercepted by the 

vegetated surfaces, changing then phase into vapour through evaporation. The inter-

ception part of the rainfall depends strongly on:  

 The vegetation type and stage of development, which is usually quan-

tified using the leaf area index (LAI);  

 the intensity, duration, frequency and form of precipitation.  

The interception loss ranges from 10-40% of gross precipitation, depending 

on vegetation and climate (Dingman, 2002; Muzylo et al., 2009; Gerrits, 2010). 

Therefore, to simulate evapotranspiration and rainfall infiltration into the soil, we 

should quantify properly the amount of rainfall interception. 
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When dealing with forests, the evaporation of the intercepted water occurs at 

rates several times larger than for transpiration under identical meteorological condi-

tions of a dry canopy. As such, the intercepted water evaporates quickly. Therefore, 

an accurate quantification of the forest interception amounts is required to predict the 

water balance (Moene et al. 2014). 

On the contrary, when short vegetation is dealt with, atmospheric conduct-

ance is much lower than in forests (or atmospheric resistances are much higher than 

forests), and interception loss occurs at rates close to the transpiration one. Thus for 

grasses and common agricultural crops, interception loss is to a large extent com-

pensated by reduction in transpiration and makes little difference to cumulative evapo-

transpiration (McMillan and Burgy, 1960; Dingman, 2002).  

In fact, from a phenomenological point of view, when leaves intercept rainfall, 

the transpiration process tends to decrease (Larsson, 1981; and references therein). 

Since it appears difficult to relate the drop in transpiration with the moisture condi-

tions upon the leaves (wet if rainfall is intercepted; dry if no rainfall occurs), transpira-

tion flux in literature has been thought of as independent with respect to the intercept-

ed rainfall. This circumstance is overall balancing the quantity of water which is not 

reaching the ground surface, being intercepted by the vegetation layer (McMillan and 

Burgy, 1960; Dingman, 2002). 

Therefore, only in the case of short vegetation a lower accuracy of intercep-

tion amounts would not influence badly the quantification of the balance, if the tran-

spiration is not accounting for the reduction due to rainfall interception, as it is in the 

numerical formulation discussed in the following (Section 3.6). 
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However, if the transient transpiration flux may account for the influence of the 

moisture condition upon the leaves, the intercepted rainfall needs to be modelled; as 

such a simple and effective strategy to do so, is here described. 

In particular, Von Hoyningen-Hüne (1983) and Braden (1985) performed a 

large number of lysimeter experiments to determine interception in agricultural crops. 

They proposed the following simple formula for canopy interception: 

𝑃 𝑎𝐿𝐴𝐼 1
1

1
𝑣𝑒𝑔 𝑃
𝑎𝐿𝐴𝐼

(3.40) 

where 𝐿𝐴𝐼 is leaf area index (leaf m2 soil m-2), 𝑎 is an empirical coefficient (m d-1) 

and 𝑣𝑒𝑔 represents the soil cover fraction. For increasing amounts of precipitation, 

the amount of intercepted precipitation asymptotically reaches the saturation amount 

𝑎𝐿𝐴𝐼 (Figure 3.23).  

In principle the empirical coefficient 𝑎 should come from field measurements, 

but a common value for standard agricultural crops is given as 0.25 (mm d-1).  

It is worth mentioning that this equation is based on daily precipitation values 

and, as such yields daily interception amounts. This is of big interest in the case in 

which not detailed rainfall input data are available. In fact, more appropriate and phys-

ically based models have been proposed in literature (Rutter et al. (1975), Gash 

(1979, 1995)); a general condition is the availability of intensity-duration rainfall data 

for each event. As such, those models do not fit a mean daily calculation and have 

not been reported herewith. 
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Figure 3.23 - Interception as function of precipitation according to Hoyningen-Hune (1983) and Braden 

(1985). 

 

Using the Hoyningen-Hune (1983) and Braden (1985) model, it becomes 

possible to pre-process the daily rainfall input, so that the intercepted water amount is 

subtracted from the rainfall and does not enter a numerical program for the computa-

tion of the water balance. For instance, this would be applied in a numerical computa-

tion for implementing the intercepted effect of the vegetation, even if the numerical 

program is not able to account directly for the presence of the vegetation layer.  

Moreover, in the particular case of flexible and short vegetation on a slope 

surface, it is believed that the effect of the vegetation in intercepting water would be 

even more relevant. In fact, in that case the flexible structure sustaining leaves could 

bend towards downslope, under the weight of the rain falling down on the vegetation 

layer. As such, depending both on the 𝐿𝐴𝐼 and 𝑣𝑒𝑔 value, the vegetation would 

physically intercept water and deliver it downslope, hence decreasing the infiltration 

amount on the slope. 

 

Through all the concepts given in this Chapter, it is clear that water plays a 

fundamental role in many plant biological and physiological processes. Since the 

vegetation physiological functions rely mostly on the availability of water in the root 
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depth, a proper analysis of root water uptake as affected by climate, soil texture, plant 

type and drainage condition should be carried on in any modeling accounting for the 

presence of the vegetation. Plants change their stomatal resistance to control the 

transpiration loss, in response to light intensity, leaf temperature, air humidity and leaf 

water potential. The water use efficiency appears to be affected mainly by daytime 

water vapour pressure deficit and plant type (C3/C4 plants).  

With respect to microclimate within the vegetation, important physical pro-

cesses are the extinction of radiation, the heating and cooling of air temperature by 

leaves and soil, and the wind speed profile.  

As such, in the following paragraph two different schemes are described, 

which may be alternative reference for the numerical modelling of the SVA system. 

 

3.6 Modelling of the SVA water and heat exchanges 
 

In this section, the framework of the basic processes active within the SVA 

system is deduced based upon the literature background presented previously, with 

the aim at defining a scheme of reference in the numerical modelling of the slope-

vegetation-atmosphere system (SLVA). Such modelling will be either the most ad-

vanced, hence implementing THM coupling, or less comprehensive, i.e. either TH, or 

HM (see Chapter 2), or solely H. In Chapter 5, both the H and the HM numerical mod-

elling of the SLVA system carried out in this research will be discussed making refer-

ence to the phenomenological framework discussed in this chapter. 

 

Among all the quantities taking part to both the hydraulic and the energetic 

balances at the ground surface, the most difficult quantity to compute is the evapo-
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transpiration flux, ET(t), given its coupling with several other processes, as discussed 

before. The evaporation is defined as the process in which liquid water is converted 

into water vapor (vaporization) and is removed from the evaporating surface, being 

released in the atmosphere. The energy required for the change in state of the water, 

from liquid to vapour, is provided by the solar radiation and the air temperature, while 

the removal of water vapour from the evaporating surface is driven by a gradient in 

the vapour pressure at the evaporating surface and in the surrounding atmosphere, 

which depends on several other climatic and vegetation actions, as discussed before. 

While the evaporation is going on, the air close to the evaporating surface tends to be 

more and more saturated, producing a decrease in the evaporation rate; this condition 

can be changed if the wind is acting, since with high wind velocity the transport of 

saturated air to the atmosphere will be faster, making the evaporation process faster.  

 

When the evaporating surface is the soil and the availability of water in the soil 

is supposed to be unlimited, evaporation depends only on the meteorological condi-

tions. However, soil water content reduces during the evaporation process, so that 

evaporation is also strongly dependent on the availability of water, hence on the soil 

state. 

 

The transpiration is the result of the vaporization of liquid water contained in 

plant tissues, released into the atmosphere. The vegetation predominantely loses its 

water through stomata (as described in 3.5.3).  

 

Disregarding the limitation in water availability in the top-soil, the potential 

evaporation from a vegetated soil is mainly determined and controlled by the fraction 
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of the solar radiation reaching the soil surface. This fraction decreases over the grow-

ing period, as the crop develops and the crop canopy shades more and more the 

ground surface. When the crop is small, water is predominately lost by soil evapora-

tion, but once the crop is well developed and completely covers the soil, transpiration 

becomes the main process.  

Transpiration is influenced by the climatic variables, such as the net solar ra-

diation, the air humidity, the air temperature and the wind speed, as well as by the soil 

water content and the possibility for the soil water to reach the roots. Moreover, given 

the same climatic and soil conditions, it is worth noting that transpiration is strongly 

influenced by crop characteristics, environmental aspects and cultivation practices, 

as discussed above.  

 

In the following section (3.6.1) the approach adopted to estimate the evapo-

transpiration flux according to the FAO Penman-Monteith method (Allen et al., 1998; 

2006), which suits an un-coupled modelling of the SL-V-A system, in which the ET 

rates are input in the model and are not predicted by the numerical modelling (see 

section 2.3.1), is discussed first. Thereafter (section 3.6.2), a new approach for the 

computation of the evaporation and transpiration fluxes within the coupled TH model-

ling is reported. This method requires the code to couple the energy balance and the 

hydraulic one, solving them simultaneously, and has been developed at the Depart-

ment of Civil and Environmental Engineering of the Polytechnic University of Catalonia 

(UPC) in Barcelona (Olivella et al., 1994, 1996).  
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3.6.1 Evaporation and transpiration fluxes according to the FAO 
Penman-Monteith method 

 
 

A semi-empirical method for the computation of the evaporation and transpi-

ration fluxes has been proposed in the literature and has been adopted in many re-

searches. This method is known as the FAO Penman-Monteith approach (Allen et al., 

1998) and allows for the computation of the evaporation and transpiration fluxes also 

starting from only part of the climatic data (e.g. minimum and maximum temperature 

and latitude of the reference site), together with data about the vegetation cover. 

 

Despite this method is physically based (i.e. it is based on the energy balance 

equation), it is characterized by a strong empirical base, since it accounts for vegeta-

tion and soil features through empirical coefficients, calibrated based upon field 

measurements, without implementing simulations of the soil state and vegetation 

state and of the processes controlling these states. As such, the formula to estimate 

ET through the FAO approach still implement the several variables, e.g. climatic, hy-

draulic, of the vegetation, quoted in the discussion of the phenomena presented be-

fore, but do not simulate the phenomena according to a deterministic physical model-

ling; rather the formula are synthetic empirical derivations of ET, function of many var-

iables involved in the real processes and with coefficients to be calibrated for each 

case study.  

In early research, the determination of evapo-transpiration has been of con-

cern for agriculturalist and hydrologists (Penman, 1948; Blaney and Criddle, 1950; 

Turc, 1954; Thornthwaite, 1954; Monteith, 1965; Ritchie, 1972; Doorenbos and 

Pruitt, 1977). In particular the pioneer of the approach was Penman who as first, in-
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troduced a rational approach for the calculation of the potential evaporation (Ep) in 

1948. It is based on the energy balance at the soil surface and is given by the expres-

sion: 

E
k

m
∆ ∙ R γλ T, σ ∙ E

λ T, σ ∙ ∆ γ
(3.41) 

where ∆ P
°𝐶  is the gradient of the temperature versus saturated water va-

pour pressure curve at the prevailing air temperature, λ J
m  is the latent heat of 

vaporization of water, γ  is the psychrometric constant 66 P
℃  and E  mm

d  

is a term accounting for the vapor pressure deficit. E  is given by the expression 

0.165 ∙ p p ∙ 0.8 v
100  where p  hPa  is the actual vapor pressure 

of air, p  hPa  the saturated vapor pressure of air and va (km/d) the wind velocity. 

Penman equation for evaporation flux has been adopted as the base for the formula-

tion provided by the Food and Agriculture Organization (FAO) (Allen et al. 1998, 

2006). 

An updated version of eq. (3.41) has been proposed by Monteith (1965) to 

add the flux of vapour due to transpiration from leaves and due to evaporation from 

the soil below the canopy. Then the potential evapo-transpiration flux reads: 

𝐸𝑇𝑝
∆ ∙ 𝑅 𝑗

𝜆 𝑇, 𝜎 𝛾 ∙ 𝐸𝑎

∆ 𝛾 ∙ 1 𝑟
𝑟

(3.42) 

where 𝑗  is the conductive energy flux (sensible heat). 𝑟  is the aerody-

namic resistance of ground surface and 𝑟  is the plant surface resistance. 𝑟  is equal 

to 𝑟
LAI , where 𝑟 s/m  is the bulk stomatal resistance of the well-illuminated 

leaf and LAI  is the effective leaf area index. The equation has been validated on a 
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reference crop (crop of grass with a fixed height of 0.12m, an albedo equal to 

0.23 and a surface resistance equal to 69 s m⁄ . 

The introduced bulk stomatal resistance 𝑟  [s m-1], is an empirical coefficient 

to incorporate in the formula the vapour flow through stomata openings on the leaf 

surface (Jarvis, 1976). 

Then, the Penman-Monteith formulation allows to estimate the latent heat flux 

of evapotranspiration 𝜆𝐸𝑇 as: 

𝜆𝐸𝑇
∆ 𝑅 𝐺 𝜌 𝑐

𝑒 𝑒
𝑟

∆ 𝛾 1
𝑟
𝑟

 (3.43) 

It is worth specifying that λ is the latent heat of vaporization [MJ kg-1] and ET 

is the potential evapotranspiration rate [kg m-2 day-1].  

 

Given that surface and aerodynamic resistances, rs and ra, are crop specific (ra 

depends on the crop height h and rs on the LAI) and should be defined for each crop 

and stage of growth by means of direct measurements or estimations from weather 

data, the Penman-Monteith equation (3.43) has been reformulated by Allen et al. 

(1998) in the FAO Penman-Monteith method, which estimates a potential evapotran-

spiration, called reference evapotranspiration 𝐸𝑇 , for a given ideal cultivation: 

𝐸𝑇
0.408∆ 𝑅 𝐺 𝛾 900

𝑇 273 𝑢 𝑒 𝑒

∆ 𝛾 1 0.34𝑢
(3.44) 

where T (°C) is the mean daily air temperature at 2 m height and u2 is the 

wind speed at 2 m height. The reference cultivation has an assumed crop height of 

0.12 m, a fixed surface resistance of 70 s/m and an albedo α (that is the reflecting 

power of a surface) of 0.23. Thus, reference evapo-transpiration closely resembles 
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the evaporation from an extensive surface of green grass of uniform height, actively 

growing and adequately watered. The introduction of a reference crop allows to define 

a potential evapotranspiration that depends only on meteorological data of air temper-

ature, relative humidity, net solar radiation and wind speed. When not available, the 

missing climatic data can be estimated on the basis of average daily maximum and 

minimum air temperatures (Allen et al., 1998).  

In all this formulation the soil does not play a central role, since several fea-

ture of the soil behaviour which would be accounted for in a more detailed formulation 

are herein disregarded; in particular here the only parameters which are connected to 

the soil are the water content values with respect to which the ‘stress condition’ is 

assessed (see in the following’; no hydraulic characterization of the site-specific soil 

is required, as such the hydraulic conductivity of the soil does not play in this frame-

work any role. 

As a matter of fact, the control volume of the soil containing the root system, 

is seen as a water reservoir, rather than a saturated/unsaturated porous media (see 

Figure 3.29). 

To calculate actual evapotranspiration (𝐸𝑇 ) from reference evapotranspira-

tion (𝐸𝑇 ), the differences between the reference crop and the crop actually covering 

the ground and the real soil water availability (in this framework depending only on the 

type of the soil) must be taken into account applying a reduction factor to 𝐸𝑇 . For 

instance, this may allow for including several features of the specific crop type, of the 

climate and of the soil of reference, according to the phenomenological SVA interac-

tion framework depicted in the previous sections.  
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In particular, the "dual crop coefficient approach" can be used, with the ad-

vantage of splitting this reduction factor into two factors, as such, treating the evapo-

transpiration flux as two different fluxes; the latter being the most rigorous way to 

compute these fluxes (section 3.2). 

For instance, one coefficient is used for crop transpiration, the "basal crop 

coefficient", 𝐾 , and the other one is implemented for soil evaporation, the "evapora-

tion coefficient", 𝐾 . The latter, through the use of a stress coefficient (𝐾 , better ex-

plained later on in this section) can be better calibrated to account for the soil state 

and behaviour during the year (e.g. retention capacity). Actual evapotranspiration thus 

results in: 

𝐸𝑇 𝐾 𝐾 ∗ 𝐸𝑇 (3.45) 

The dual crop coefficient approach is recommended when improved estima-

tions of 𝐸𝑇  are needed, as the method allows more flexible estimations of fluxes be-

cause the calculation procedure is on daily basis (Allen et al., 1998). 

 

As said in the premise, the dual crop coefficient approach has been used for 

the pre-processing of the actual evaporation and transpiration fluxes in this work, with 

reference to H and HM numerical analyses (Chapter 5 and 6). These analyses have 

been carried out with reference to a prototype slope (Pisciolo slope), in order to ob-

tain a daily function of both the adjusted evaporation and transpiration, to be input of 

the H and HM numerical modelling. 

Therefore, in this section only the dual crop approach is discussed; the full 

formulation is reported by Allen et al. (1998). 
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The calculation procedure for crop evapotranspiration, 𝐸𝑇 , consists of identi-

fying the lengths of crop growth stages and characterizing the soil state during the 

year, in order to adjust 𝐾  and 𝐾  values with time. The basal crop coefficient (𝐾 ) 

is defined as the ratio of the crop evapotranspiration over the reference evapotranspi-

ration (𝐸𝑇 /𝐸𝑇 ) when the soil surface is dry, but transpiration is occurring at a poten-

tial rate, i.e., water is not limiting transpiration. Therefore, '𝐸𝑇 ∗ 𝐾 ' represents pri-

marily the transpiration component of 𝐸𝑇 . 𝐸𝑇 ∗ 𝐾  includes a residual diffusive 

evaporation component supplied by soil water below the dry surface and by soil water 

from beneath dense vegetation. 

The change in time of 𝐾  value is reported in Figure 3.25. Recommended 

values for 𝐾  are listed in Table 3.3 (Allen et al. 1998, 2006).  

 

For specific adjustment in climates where 𝑅𝐻  differs from 45%, or where 

the wind speed is larger or smaller than 2 m/s, the 𝐾 ,  and 𝐾 ,  values larger 

than 0.45 must be adjusted using the following equation: 

𝐾 𝐾 , 0.04 𝑢 2 0.004 𝑅𝐻 45
ℎ
3

.
(3.46) 

where 𝐾 ,  is the value for 𝐾 ,  or 𝐾 ,  (if ≥ 0.45) taken from Table 

3.3, u2 is the mean value for daily wind speed at 2 m height over grass during the mid 

or late season growth stage [m/s] for 1 m/s ≤ u2 ≤ 6 m/s, 𝑅𝐻  is the mean value 

for daily minimum relative humidity during the mid- or late season growth stage [%] 

for 20% ≤ 𝑅𝐻  ≤ 80%, h is the mean plant height during the mid or late season 

stage [m] for 20% ≤ 𝑅𝐻  ≤ 80%. 
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Figure 3.24 - Crop coefficient curves showing the basal K  (thick line), soil evaporation K  (thin line) 

and the corresponding single K K  + K  curve (dashed line) (Allen et al., 1998). 

 

The values for 𝐾  in the table are reported with reference to a sub-humid cli-

mate with moderate wind speed.  

 

Table 3.4 summarizes the general guidelines that were used in deriving 𝐾  

values from the 𝐾  values listed in Table 3.3. 

 

An example of the construction of the 𝐾  function with time is given in Figure 

3.25, with reference to a dry bean crop. 
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Table 3.3- Excerpt from Allen et al. (1998), Table 17. 
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Table 3.4 - Excerpt from Allen et al. (1998), Table 18. 

 

 
 

Figure 3.25 - Constructed basal crop coefficient (Kcb) curve for a dry bean crop using growth stage 

lengths of 25, 25, 30 and 20 days (Allen et al., 1998).  
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Where local data are available, values for 𝐾  from Table 3.3 can be modified 

to reflect effects of local conditions, cultural practices or crop varieties on 𝐾 . How-

ever, local values for 𝐾  should not be expected to deviate by more than 0.2 from the 

values in Table 3.3. A greater deviation should suggest the need to investigate or 

evaluate the local research technique, equipment and cultural practices. 

 

The soil evaporation coefficient, 𝐾 , describes the evaporation component of 

𝐸𝑇 . Where the topsoil is wet, after rain or irrigation, 𝐾  is maximal. Where the soil 

surface is dry, 𝐾  is small and even zero when no water remains near the soil surface 

for evaporation. As such, where the soil is wet, evaporation from the soil occurs at 

the maximum rate. However, the crop coefficient (𝐾 𝐾  + 𝐾 ) can never exceed 

a maximum value, Kc max. This value is determined by the energy available for evap-

otranspiration at the soil surface (𝐾  + 𝐾  ≤ 𝐾 , ), or 𝐾  ≤ (𝐾 ,  - 𝐾 ). 

When the topsoil dries out, less water is available for evaporation and a re-

duction in evaporation begins to occur in proportion to the amount of water remaining 

in the surface soil layer, or: 

𝐾 𝐾 ∗ 𝐾 , 𝐾 𝑓 𝐾 , (3.47) 

where 𝐾  is the soil evaporation coefficient, 𝐾  is the basal crop coefficient, 

𝐾 ,  is the maximum value of 𝐾  following rain or irrigation, 𝐾  is the dimension-

less evaporation reduction coefficient dependent on the cumulative depth of water de-

pleted (evaporated) from the topsoil, 𝑓  is the fraction of the soil that is both exposed 

and wetted, i.e., the fraction of soil surface from which most evaporation occurs. As 

such 𝑓  is the same in Figure 3.31 of the value 1 𝑣𝑒𝑔 . In order to be consistent 
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with the formulation given in Allen et al. 1998, the notation 𝑓  is then used in this 

paragraph.  

Following rain or irrigation 𝐾  is 1, and evaporation is only determined by the 

energy available for evaporation. As the soil surface dries, 𝐾  becomes less than one 

and evaporation is reduced. 𝐾  becomes zero when no water is left for evaporation in 

the upper soil layer. 

Evaporation occurs predominantly from the exposed soil fraction. Hence, 

evaporation is restricted at any moment by the energy available at the exposed soil 

fraction. 𝐾  cannot exceed 𝑓 𝐾𝑐,𝑚𝑎𝑥.  

The calculation procedure consists in determining: 

• the upper limit 𝐾 , ; 

• the soil evaporation reduction coefficient 𝐾 ; 

• the exposed and wetted soil fraction 𝑓 . 

The values of 𝐾  change according to the soil suction (see Figure 3.27), so if 

it is not possible to account for the actual soil suction, an estimation can be obtained 

through daily water balance computation for the surface soil layer. 𝐾 ,  represents 

an upper limit on the evaporation and transpiration from any cropped surface and is 

imposed to reflect the natural constraints placed on available energy represented by 

the energy balance difference Rn - G - H (Eq. 3.6). 

𝐾 ,  ranges from about 1.05 to 1.30 when using the grass reference 𝐸𝑇 : 

𝐾 , 𝑚𝑎𝑥 1.2 0.04 𝑢 2 0.004 𝑅𝐻 45
ℎ
3

.

; 𝐾  (3.48) 

where h is the mean maximum plant height during the period of calculation 

(initial, development, mid-season or late-season) [m], 𝐾  is the basal crop coeffi-

cient. 
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Equation (3.48) ensures that 𝐾 ,  is always greater or equal to the sum 𝐾  

+ 0.05. 

In standard relative humidity, plant height and wind speed conditions, it is 

worth assuming 𝐾 , =𝐾 +0.05. This requirement suggests that wet soil will al-

ways increase the value for 𝐾  by 0.05 following complete wetting of the soil sur-

face, even during periods of full ground cover. 

 

 
 

Figure 3.26 - Soil evaporation reduction coefficient, K  (Allen et al., 1998). 

 

Soil evaporation from the exposed soil can be assumed to take place in two 

stages: an energy limiting stage, and a falling rate stage. 

As previously stated, when the soil surface is wet, 𝐾  is 1. When the water 

content in the upper soil becomes limiting, 𝐾  decreases until it becomes zero when 

the total amount of water that can be evaporated from the topsoil is depleted. In the 

simple evaporation procedure, it is assumed that shortly following a major wetting 

event the water content of the evaporating layer of the soil is at field capacity. Field 
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capacity is defined, according to Veihmeyer & Hendrickson (1948), as the amount of 

water held in the soil after excess water has drained away and the rate of downward 

movement has materially decreased. θ  corresponds to the water content at field 

capacity. 

Besides, it is assumed that the soil can dry to a soil water content level that is 

halfway between oven dry (no water left) and wilting point. Wilting point is the water 

content at which plants will permanently wilt and is generally assumed equal to the 

water content corresponding to 1500 kPa of suction (Feddes, 1978). θ  represents 

the water content at wilting point. 

The amount of water that can be depleted by evaporation during a complete 

drying cycle can hence be estimated as: 

𝑇𝐸𝑊 1000 θ 0.5θ 𝑍 (3.49) 

where 𝑇𝐸𝑊 is the Total Evaporable Water, i.e., the maximum depth of water 

that can be evaporated from the soil when the topsoil has been initially completely 

wetted [mm], θ  is the soil water content at field capacity and θ  is the soil water 

content at wilting point [m3 m-3], 𝑍  is the depth of the surface soil layer that is sub-

ject to drying by way of evaporation [0.10-0.15 m]. Where unknown, a value for 𝑍 , 

the effective depth of the soil evaporation layer, of 0.10-0.15 m is recommended. 

Typical values for θ , θ  and 𝑇𝐸𝑊 are given by Allen et al. (1998) in Table 3.5. 
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Table 3.5 - Excerpt from Allen et al. (1998), Table 19. 

 

At the start of a drying cycle, following heavy rain or irrigation, the soil water 

content in the topsoil is at field capacity (θ ) and the amount of water depleted by 

evaporation, 𝐷 , is zero. During stage 1 (energy limiting stage) of the drying process, 

the soil surface remains wet and evaporation from soil exposed to the atmosphere is 

assumed to occur at the maximum rate, limited only by energy availability at the soil 

surface. This stage holds until the cumulative depth of evaporation, 𝐷 , is such that 

the hydraulic properties of the upper soil become limiting and water cannot be trans-

ported to the soil surface at a rate that can supply the potential demand. During stage 

1 drying, 𝐾 1. 

The cumulative depth of evaporation, 𝐷 , at the end of stage 1 drying is 𝑅𝐸𝑊 

(Readily Evaporable Water, which is the maximum depth of water that can be evapo-

rated from the topsoil layer without restriction during stage 1). The depth normally 
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ranges from 5 to 12 mm and is generally highest for medium and fine textured soils. 

Typical values for 𝑅𝐸𝑊 are given in Table 3.5. 

The second stage (where the evaporation rate is reducing) is termed the ‘fall-

ing rate stage’ and starts when 𝐷  exceeds 𝑅𝐸𝑊. At this point, the soil surface is vis-

ibly dry, and the evaporation from the exposed soil decreases in proportion to the 

amount of water remaining in the surface soil layer: 

𝐾
𝑇𝐸𝑊 𝐷 ,

𝑇𝐸𝑊 𝑅𝐸𝑊
for 𝐷 , REW (3.50) 

where 𝐾  is the dimensionless evaporation reduction coefficient dependent on 

the soil water depletion (cumulative depth of evaporation) from the topsoil layer 

(𝐾 =1 when 𝐷 , ≤ 𝑅𝐸𝑊), 𝐷 ,  is the cumulative depth of evaporation (depletion) 

from the soil surface layer at the end of day i-1 (the previous day) [mm], 𝑇𝐸𝑊 is the 

maximum cumulative depth of evaporation (depletion) from the soil surface layer 

when 𝐾 =0 (𝑇𝐸𝑊=Total Evaporable Water) [mm], 𝑅𝐸𝑊 is the cumulative depth of 

evaporation (depletion) at the end of stage 1 (𝑅𝐸𝑊=Readily Evaporable Water) 

[mm]. 

 

In crops with incomplete ground cover, evaporation from the soil often does 

not occur uniformly over the entire surface, but is greater between plants where expo-

sure to sunlight occurs and where more air ventilation is able to transport vapour from 

the soil surface to above the canopy. 

It is recognised that both the location and the fraction of the soil surface ex-

posed to sunlight change to some degree with the time of day and depending on row 

orientation. The procedure presented here predicts a general averaged fraction of the 

soil surface from which the majority of evaporation occurs. Diffusive evaporation 
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from the soil beneath the crop canopy is assumed to be largely included in the basal 

𝐾  coefficient. 

Where the complete soil surface is wetted, as by precipitation, then the frac-

tion of soil surface from which most evaporation occurs, 𝑓 , is essentially defined as 

(1-𝑓 ), where fc is the average fraction of soil surface covered by vegetation and (1-

𝑓 ) is the approximate fraction of soil surface that is exposed. However, when consid-

ering irrigation systems where only a fraction of the ground surface is wetted, few 

must be limited to 𝑓 , the fraction of the soil surface wetted by irrigation (Figure 

3.27). 

Therefore, 𝑓  is calculated as: 

𝑓 min 1 𝑓 ; 𝑓 (3.51) 

where 1 𝑓  is the average exposed soil fraction not covered (or shaded) by 

vegetation [0.01-1], 𝑓  is the average fraction of soil surface wetted by irrigation or 

precipitation [0.01-1]. 

When soil surface is wetted by rain with no irrigation system, 𝑓 1. 

Where fc is not measured, it can be estimated using the relationship: 

𝑓
𝑘 𝑘 ,

𝑘 , 𝑘 ,

.

(3.52) 

where fc is the effective fraction of soil surface covered by vegetation [0-

0.99], 𝐾  is the value for the basal crop coefficient for the particular period, 𝐾 ,  is 

the minimum 𝐾  for dry bare soil with no ground cover [≈0.15-0.20], 𝐾 ,  is the 

maximum 𝐾  immediately following wetting (Eq. 3.48), h is the mean plant height 

[m]. 
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Figure 3.27 - Determination of variable few (cross-hatched areas) as a function of the fraction of 

ground surface coverage (fc) and the fraction of the surface wetted (fw) (Allen et al., 1998). 

 

Equation 3.50 should be used with caution and validated from field observa-

tions. It assumes that the value for 𝐾  is largely affected by the fraction of soil sur-

face covered by vegetation. This is a good assumption for most vegetation and condi-

tions. The ‘1+0.5h’ exponent in the equation represents the effect of plant height on 

shading the soil surface and in increasing the value for 𝐾  given a specific value for 

𝑓 . 

 

In well-managed fields, the standard conditions are generally the actual field 

conditions. 𝐸𝑇  is the crop evapotranspiration under the standard field conditions and 

should be calculated as described previously. 

Where the conditions encountered in the field differ from the standard condi-

tions, a correction on 𝐸𝑇  is required. Low soil fertility, salt toxicity, soil waterlogging, 

pests, diseases and the presence of hard or impenetrable soil horizons in the root 
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zone may result in scanty plant growth and lower evapotranspiration. Soil water 

shortage and soil salinity may reduce soil water uptake and limit crop evapotranspira-

tion. The evapotranspiration from small isolated stands of plants or from fields where 

two different crops are grown together may also deviate from the crop evapotranspi-

ration under standard conditions.  

 

This part discusses the effect on 𝐸𝑇 of management and environmental con-

ditions that deviate from the standard conditions.  

The environmental effects are described by introducing stress coefficients and 

by adjusting 𝐾  to the field conditions.  

Forces acting on the soil water decrease its potential energy and make it less 

available for plant root extraction. When the soil is wet, the water has a high potential 

energy, is relatively free to move and is easily taken up by the plant roots. In dry soils, 

the water has a low potential energy and is strongly bound by capillary and absorptive 

forces to the soil matrix, and is less easily extracted by the crop.  

When the potential energy of the soil water drops below a threshold value, the 

crop is said to be water stressed. The effects of soil water stress are described by 

multiplying the basal crop coefficient by the water stress coefficient, 𝐾 , as shown in 

the following equation:  

𝐸𝑇𝑐,𝑎𝑑𝑗=𝐾𝑠𝐾𝑐𝑏+𝐾𝑒𝐸𝑇0 (3.53) 

For soil water limiting conditions, 𝐾 1. Where there is no soil water stress, 

𝐾 1. 𝐾  describes the effect of water stress on crop transpiration.  

Where the single crop coefficient is used, the effect of water stress is incorpo-

rated into 𝐾  as: 

𝐸𝑇 , 𝐾 𝐾 𝐸𝑇  (3.54) 
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Because the water stress coefficient impacts only crop transpiration, rather 

than evaporation from soil, the application of 𝐾  using eq. (3.53) is generally more 

advisable than application using eq. (3.54). However, in situations where evaporation 

from soil is not a large component of 𝐸𝑇 , the use of eq. (3.54) will provide reasona-

ble results (Allen et al. 1998).  

Soil water availability refers to the capacity of a soil to retain water available to 

plants. After heavy rainfall or irrigation, the soil will drain until field capacity (θ ) is 

reached.  

In the absence of water supply, the water content in the root zone decreases 

as a result of water uptake by the crop. As water uptake progresses, the remaining 

water is held to the soil particles with greater force, lowering its potential energy and 

making it more difficult for the plant to extract it.  

Eventually, a point is reached where the crop can no longer extract the re-

maining water. The water uptake becomes zero when wilting point (so θ ) is 

reached.  

As the water content above field capacity cannot be held against the forces of 

gravity and will drain, and as the water content below wilting point cannot be extract-

ed by plant roots, the total available water in the root zone is the difference between 

the water content at field capacity and wilting point:  

𝑇𝐴𝑊 1000 θ θ 𝑍  (3.55) 

where 𝑇𝐴𝑊 is the Total Available soil Water in the root zone [mm], θ  is the water 

content at field capacity [m3 m-3], θ  is the water content at wilting point [m3 m-3], 

𝑍  is the rooting depth [m].  

𝑇𝐴𝑊 is the amount of water that a crop can extract from its root zone, and its 

magnitude depends on the type of soil and the rooting depth. Typical ranges for field 
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capacity and wilting point are listed in Table 3.5 by Allen et al. (1998) for various soil 

texture classes. Ranges of the maximum effective rooting depth for various crops are 

given by Allen et al. (1998) in Table 3.6.  

Although water is theoretically available until wilting point, crop water uptake 

is reduced well before wilting point is reached. Where the soil is sufficiently wet, the 

soil supplies water fast enough to meet the atmospheric demand of the crop, and wa-

ter uptake equals 𝐸𝑇 . 

As the soil water content decreases, water becomes more strongly bound to 

the soil matrix and is more difficult to extract. When the soil water content drops be-

low a threshold value, soil water can no longer be transported quickly enough to-

wards the roots to respond to the transpiration demand and the crop begins to experi-

ence stress. 
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Table 3.6 - Excerpt from Allen et al. (1998), Table 22. 

 

The fraction of 𝑇𝐴𝑊 that a crop can extract from the root zone without suf-

fering water stress is the Readily Available soil Water:  
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𝑅𝐴𝑊 𝑝𝑇𝐴𝑊 (3.56) 

where 𝑅𝐴𝑊 is the Readily Available soil Water in the root zone [mm], p is the average 

fraction of Total Available soil Water (𝑇𝐴𝑊) that can be depleted from the root zone 

before moisture stress (reduction in 𝐸𝑇) occurs [0-1].  

Values for p are listed in Table 3.8, as it differs from one crop to another. The 

factor p normally varies from 0.30 for shallow rooted plants at high rates of 𝐸𝑇  (> 8 

mm/d) to 0.70 for deep rooted plants at low rates of 𝐸𝑇  (< 3 mm/d). A value of 0.50 

for p is commonly used for many crops.  

The fraction 𝑝 is a function of the evaporation power of the atmosphere. At 

low rates of 𝐸𝑇 , the 𝑝 values listed in Table 3.8 are higher than at high rates of 𝐸𝑇 . 

For hot dry weather conditions, where 𝐸𝑇  is high, 𝑝 is 10-25% less than the values 

presented in Table 3.8, and the soil is still relatively wet when the stress starts to oc-

cur. When the crop evapotranspiration is low, 𝑝 will be up to 20% more than the listed 

values. Often, a constant value is used for 𝑝 for a specific growing period, rather than 

varying the value each day.  

 

The effects of soil water stress on crop 𝐸𝑇 are described by reducing the val-

ue for the crop coefficient. This is accomplished by multiplying the crop coefficient by 

the water stress coefficient, 𝐾  (Eqs. 3.53, 3.54). 

Water content in the root zone can also be expressed by root zone depletion, 

𝐷 , i.e., water shortage relative to field capacity. At field capacity, the root zone deple-

tion is zero (𝐷 0). When soil water is extracted by evapotranspiration, the deple-

tion increases and stress will be induced when 𝐷  becomes equal to 𝑅𝐴𝑊. After the 

root zone depletion exceeds 𝑅𝐴𝑊 (the water content drops below the threshold 𝜃 ), 

the root zone depletion is high enough to limit evapotranspiration to less than potential 
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values and the crop evapotranspiration begins to decrease in proportion to the 

amount of water remaining in the root zone (Figure 3.28). 

 

 
 

Figure 3.28 - Water stress coefficient Ks (Allen et al., 1998). 

 

For 𝐷 𝑅𝐴𝑊, 𝐾  is given by:  

𝐾
𝑇𝐴𝑊 𝐷

𝑇𝐴𝑊 𝑅𝐴𝑊
𝑇𝐴𝑊 𝐷
1 𝑝 𝑇𝐴𝑊

 (3.57) 

where 𝐾  is a dimensionless transpiration reduction factor dependent on 

available soil water [0-1], Dr is the root zone depletion [mm], 𝑇𝐴𝑊 is the Total Avail-

able soil Water in the root zone [mm], 𝑝 is the fraction of 𝑇𝐴𝑊 that a crop can ex-

tract from the root zone without suffering water stress [dimensionless].  

After the computation of 𝐾 , the adjusted evapotranspiration 𝐸𝑇 ,  is com-

puted by means of Eq. 3.53 or 3.54, depending on the coefficients used to describe 

crop evapotranspiration. When the root zone depletion is smaller than 𝑅𝐴𝑊 (Figure 

3.29), 𝐾 1 



160 
 

Similarly to the evaporation reduction coefficient 𝐾 , defined to reduce evapo-

ration along with the increase of soil suction (Figure 3.26), the transpiration reduction 

factor 𝐾  varies with the soil water content, thus with the soil suction, as shown in 

Figure 3.29.  

 

.  

 

Figure 3.29 - Water balance of the root zone (Allen et al., 1998). 

 

As already anticipated, within the FAO Penman-Monteith method, the soil is 

considered as a water reservoir, rather than a porous media; in fact, the only part in 

which the soil plays a role is with reference to the stress condition, possibly related to 

both the evaporation flux (𝐾 ), or the transpiration flux (𝐾 ). Considering a control 

volume, whose depth corresponds to the root system depth (Figure 3.30), it is clear 
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that the implemented mechanism with which the flow of water through the soil is tak-

en into account is the decrease of two stress factors already seen (Eq. 3.48, 3.55). 

This description of the role of the soil in this very complex SVA system ap-

pears to be very rough, since it is not based on none of the most relevant features 

which are controlling the hydraulic saturated and unsaturated behaviour of the soil 

(i.e. saturated hydraulic conductivity, relative hydraulic conductivity and soil-water re-

tention curve). 

 

Moreover, a critical point to be considered when FAO Penman-Monteith is 

adopted, is the way in which in the numerical model the computed fluxes of water 

(i.e. evaporation and transpiration) are to be applied as a boundary condition. In fact, 

strictly speaking, the evaporation is occurring also within the very top layers of the 

slope, whereas the outward fluxes due to transpiration processes are to be accounted 

for at a certain depth, depending on the depth of the root system in the specific prob-

lem. 

As such, the outward evaporation flux may be applied at the ground surface, 

the same as for the rainfall, whereas the transpiration flux can be input at depth ac-

cording to the so-called water up-take model. Rohitashw et al. (2014) reviewed some 

of the available water up-take models of plants; these represent water uptake mecha-

nisms which are not always the same for all the vegetation crop types. The water up-

take model used in this work is discussed in Chapter 5, when presenting the model-

ling. 

 

It is worth recalling that when modelling the trigger of shallow landslides in 

high permeability materials, both runoff and evapotranspiration may be neglected in 
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the modelling (Rahardjo et al., 2007). Whereas, when less permeable materials have 

to be modelled, runoff processes become relevant the evapotranspiration referred to 

the long period is not negligible anymore. As such, a correct quantification of the 

evaporation and transpiration fluxes becomes of major importance in the modelling of 

the SLVA interaction.  

 

Cascini et al. (2010), take into account evapotranspiration when modelling the 

Porta Cassia case study, characterized by the presence of an extremely slow deep 

landslide and a very slow shallower one, whose reactivation were strictly related to 

the changes of the groundwater pressures within the slope (Tommasi et al., 2006). 

The authors considered as input top boundary condition the net monthly rainfall, cal-

culated as difference between the total rainfall and the evapotranspiration, evaluated 

by means of the Thornthwaite's method (1948). The authors performed the simula-

tions by means of the finite element code SEEP/W (GeoStudio™, 2004), that allows 

to solve the Richards' equation. They also took into account the unsaturated soil be-

haviour by implementing the water retention and hydraulic conductivity functions ac-

cording to the laboratory data reported by Cafaro et al. (2005). 

 

SEEP/W was also used by Tommasi et al. (2013) to perform numerical mod-

elling of the slope-atmosphere interaction processes triggering deep instabilities, 

again with reference to the Porta Cassia landslide. The authors estimated both the 

runoff, through the SCS Runoff Curve Number method (USDA, 1986), and the evapo-

transpiration, by means of the Hargreaves' expression (modified according to 

Droogers & Allen, 2002). Analyses were conducted assuming time steps of one day, 

even if evapotranspiration evaluations were performed with reference to periods of 5 
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days. The authors justified their approach stating that differences between the evapo-

transpiration evaluations conducted with the Hargreaves’ expression and those per-

formed with the FAO Penman-Monteith method are negligible although their compari-

son between the two estimates in the hottest months of the year show differences of 

1-2 mm per day.  

Irrespectively of the way they evaluated the evapotranspiration and consider-

ing different runoff evaluations, the authors were able to obtain a reasonable agree-

ment between numerical and measured piezometric heads referred to the depth of 6 

m, especially when the permeability of the top soil layers was increased in order to 

take into account the presence of the fractures. They also improved the simulation by 

taking into account the hysteretic behaviour of the material, i.e., by switching the wa-

ter retention curve from the drying one (applied from late June to early November) to 

the wetting one (applied in the remaining months).  

 

Briggs et al. (2013), among others, used the code VADOSE/W (Krahn, 2004) 

to examine the sensitivity of transient pore water pressure to seasonal climate, slope 

vegetation and soil permeability for a railway embankment at Charing, Kent (UK). VA-

DOSE/W (GeoStudio™, 2004) uses the Penman-Wilson (1990) method to compute 

actual evaporation at the soil surface as a function of potential evaporation and net 

solar radiation for all soil moisture conditions, independent of soil type and drying his-

tory.  

The authors defined the climate boundary condition based on daily weather 

data (rainfall, air temperature, humidity, wind speed and solar radiation) and imple-

mented in the analyses water retention and hydraulic conductivity data obtained by 

Croney (1977) according to the models proposed by van Genuchten (1980) under the 
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assumption of Mualem (1976). Briggs et al. (2013) performed, then, a very advanced 

modelling of the soil-atmosphere interaction, but unfortunately they just showed re-

sults referred to column tests, that they considered representative for the middle part 

of the embankment under investigation. Despite this limitation, the need to have a very 

fine mesh close to the top boundary conditions was stressed. In particular, the au-

thors employ 0.1 m square elements close to the boundary where the climatic 

boundary condition is applied, similarly to what was done by Tsaparas et al. (2002) 

and Smith (2003). 

 

More recently, Leung et al. (2015) and Ni et al. (2018) used the FAO Penman-

Monteith equation (Allen et al. 1998) to compute the potential evapotranspiration flux 

in time, to be of use in 1-D numerical analyses of a ponding lab test carried out on a 

vegetated column. The potential values of the evaporation and transpiration fluxes 

were then used together with a root-uptake water model able to incorporate, accord-

ing to the authors, the (i) oxygen stress, (i.e. when soil moisture content is too high 

and plant would stop transpiring due to a lack of soil aeration; Dasberg and Bakker, 

1970); (ii) water stress (i.e. when soil moisture content is too low and plant has in-

creased difficulties to extract soil moisture further); and (iii) plant wilt, (i.e. when soil 

moisture is lower than a critical value). Based on these stress conditions, a value of 

the function for actual transpiration have been determined.  

It is worth mentioning that the transient seepage numerical analyses that the 

authors carried out were referring to a lab scale, aimed at reproducing lab tests. 

Moreover, the authors did not describe how exactly the root-water uptake was formu-

lated and implemented in the numerical analyses they carried out. 
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With reference to the Monteforte Irpino, a pyroclastic slope representative of 

several slope in Campania region subjected to rapid landslides, Pirone et al. (2015) 

used monitoring data and rainfall measurements to get an insight of the soil water 

balance at the ground surface. In particular, they solved with hand-calculation the soil 

water balance on a seasonal time scale with regard to the whole pyroclastic cover 

they were referring to. Infiltration and runoff were estimated, and the evapotranspira-

tion fluxes were computed by means of the dual crop coefficient approach with refer-

ence to the FAO-Penman-Monteith (Allen et al. 1998); the objective was trying to re-

trieve the water content in the very shallow depths as monitored in situ. The results 

were compared with in situ measurements, obtaining good outcoming; this gave evi-

dences to the need of trying to simulate the transient climatic boundary condition at 

the slope ground surface in the best possible way (i.e. adopting the dual crop ap-

proach).  

 

Cotecchia et al. (2014), with reference to the Pisciolo slope (i.e. the same 

case history of reference in the present work, see Chapters 5 and 6), carried out nu-

merical investigation of the slope-vegetation-atmosphere interaction with the FE code 

SEEP/W implementing adjusted evapotranspiration fluxes (Allen et al. 1998), comput-

ed on a monthly base. The Pisciolo basin is location of several deep and slow land-

slide bodies, seasonally reactivated by the SL-V-A interaction, as phenomenological 

and numerical analyses suggest (Pedone, 2014; Cotecchia et al. 2014). 

For the numerical modelling of the current activity of the landslide mecha-

nisms, the authors carried out two-dimensional transient seepage analyses integrating 

the Richards’ equation, implementing as transient boundary condition representing 

the SVA interaction, referring to the period September 2006 - August 2007, cyclically 
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applied along the slope ground surface. The net rainfalls have been computed as the 

difference between the total rainfalls and the evapotranspiration fluxes, the latter esti-

mated by means of the FAO Penman-Monteith method (considering the presence of 

winter wheat and using the single crop coefficient approach) (Pedone, 2014).  

More detailed analyses of the SL-V-A interaction for the same case study, try-

ing to compute better the evapo-transpiration fluxes using the dual crop approach and 

calculations on a daily base have been carried out during this work, as explained later 

in the Chapter 5 (after Pedone, 2014 and Cotecchia et al. 2014). 

 

The literature review on the use of FAO Penman-Monteith method allows to 

say that seldom SL-V-A interaction numerical modelling, implementing the evapo-

transpiration fluxes computed with the dual crop approach, are published in the litera-

ture. Part of the work presented in Chapters 5 and 6 is devoted to the improvement of 

the application of the FAO Penman-Monteith method to simulate the SL-V-A interac-

tion, through H and HM numerical modelling applications.  

 

3.6.2 Numerical calculation of the Evaporation and transpiration fluxes in 
CodeBright 

 

Chapter 2 and Annex 3 report the formulation of reference in CodeBright for 

TH modelling to be of use for the SL-V-A interaction. In this section the latest devel-

opment of the formulation of the top boundary of the slope model, to simulate both 

the evaporation and the transpiration due to vegetation, for given climatic variables 

varying with time, is presented (Samat et al. 2016).  
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At the ground surface it is distinguished a vegetated area veg , and a not 

vegetated one 1 veg . The veg parameter is the normalized vegetated area in a 

horizontal projection of the considered area. Along with this scheme, the transpiration 

flux is making reference only to the veg fraction of the area; whereas the evaporation 

from bare soil, is then referring to the 1 veg  area, as sketched in Figure 3.30. 

 

The evaporative and transpirative hydraulic fluxes are controlled by the energy 

balance, since in eq. 3.7, the latent heat of evapo-transpiration is explicitly part of the 

energy balance equation. Although the evaporation flux is mainly from the bare soil 

(Figure 3.30; 1 veg ), technically the evaporation may act on a portion 𝛿 of the 

veg  fraction, representing the part of the veg  portion in which leaves have inter-

cepted water. In principle this may allow to consider the total evaporation as the sum 

of the evaporation from the bare soil and that of the water on the surface of leaves.  

 

As seen in the section 3.4 the evaporative flux is considered as a turbulent 

flux, controlled by the classical aerodynamic formulae (Louis, 1979; Noilhan & Mah-

fouf, 1996).  

With this hypothesis, the total evaporation flux in time (i.e. the one from the 

bare soil, and potentially the one from the wet leaves) is basically considered con-

trolled by a gradient, multiplied by a resistance term; the gradient holds between the 

soil surface and the atmosphere at a given humidity, i.e. including a given amount of 

vapour in the gas phase. For instance, if the atmosphere is saturated with vapour, 

even if energy is available for the change in phase of the water in the soil, the evapo-

rative flux will be zero; whereas if the atmosphere is characterized by a low relative 

humidity, then the evaporative flux is positive. The resistance term, on the other hand, 
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accounts for the turbulent effect of the wind, the density of the air, and also the ther-

mal stability of the atmosphere, which are all the other interference processes taking 

place in the SVA system and affecting the evaporation rate. 

 

 
 

Figure 3.30 - Sketch of the reference scheme for a vegetated soil; the evaporation flux occurs only with 

reference to the (1-veg) portion of the area of interest; whereas the transpiration flux occurs with refer-

ence to the (veg) portion of the area (modified from Samat, 2016).  

 

The mean roughness of the soil, which influences the drag coefficient (Louis, 

1979), is also implemented as a resistance towards the effects of wind on the 

movement of the air masses (changing locally both the air temperature and the air 

relative humidity; see section 3.5.6). The resistance term is meant to “scale” the wind 
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velocity (measured at a meteorological station at two meters above the ground sur-

face) to the soil surface. 

On the other hand, the humidity of the soil surface (soil state) affects ET too, 

since it configures the water content available for the evaporation, which in turn is re-

lated to the pore water pressure, i.e. through the water retention curve. The modelling 

implements the influence of the soil condition on the ET value through the dependen-

cy of the possible vapour on the soil suction and the temperature (since the model 

implements the psychrometric law).  

 

In the modelling, the latent heat, the sensible heat and the water vapor fluxes 

are the result of a system driven only by two potentials: the gradient of either the tem-

perature or the relative humidity across the ground surface, through a series of re-

sistances, representing features of either the soil or the vegetation layer (Samat, 

2016).  

 

In particular, one of the most accurate electrical-like model was proposed by 

Sellers et al., (1986) and (1996). A schematic view of the gradients and the fluxes 

simulated in the modelling, based upon an electrical-like model (Sellers et al., 1986 

and 1996), is reported in Figure 3.31.  
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Figure 3.31 - Model for the Atmospheric-Vegetation-Soil Upper layer (Sellers et al. 1996)  

 

In this scheme the vegetation is supposed to be canopy and ground cover. In 

the general version of the model (Sellers et al. 1986) and also in its updated version 

(Sellers et al. 1996), the vegetation system is considered to act in parallel with the 

evaporation 𝐸 from the bare soil; as said, the vegetation system is composed of a 

simple grass cover (in the left hand side of the figure) and a canopy (central part) in 

Figure 3.31.  

The grass cover system is characterized by several resistances to the vapour 

flow, which are working in series: 𝑟  (soil/vegetation), 𝑟  (vegetation) and 𝑟  (vege-

tation/atmosphere) that control the transpiration flux 𝑇  under the gradient existing be-

tween ground water potential at the plant root depth 𝜓  and water potential prevailing 

above a level of plant leafs 𝜓 ; 𝜌  is the absolute humidity at the ground cover level.  
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In a similar way the canopy system is described by the resistances 𝑟  

(soil/canopy), 𝑟  (canopy) and 𝑟  (canopy/atmosphere), transpiration flux 𝑇  and 

water potentials 𝜓  (water potential at depth of canopy root system) and 𝜓  (water 

potential at leafs elevation). 𝜌  is the absolute humidity at the canopy level.  

The figure depicts also the heat balance of the system, that includes the sen-

sible heat fluxes 𝐻  and 𝐻 , as well as the latent heat λ connected to the evapo-

transpiration flow.  

 

Within this framework of the SVA system, Noilhan et al. (1996) proposed a 

numerical formulation for the evaporation flux, as driven by the difference in vapour 

concentration at ground level, between the air and the soil surface, according to the 

following expression: 

𝐸 1 𝑣𝑒𝑔 ∙
𝑘 𝑣 ∅

ln
𝑧
𝑧

𝜌 𝑇 𝜌 𝑠, 𝑇 𝑗  
(3.58) 

where 𝑟
ln

𝑘 𝑣 ∅ is the aerodynamic resistance, whose role and 

meaning has been already explained in the paragraph 3.2.1.2. Veg is the vegetated 

surface per unit area of ground, and 𝜌  and 𝜌  are the absolute humidity of the at-

mosphere and the ground respectively. 𝜌  is computed from gas density (𝜌 ) and va-

por mass fraction 𝜃  by the expression 𝜌 𝜌 ∙ 𝜃 𝑠, 𝑇 𝑗 . The vapor mass frac-

tion can be in turn determined through the psychrometric law: 

𝜃 𝜃 ∙ exp
𝑠 ∙ 𝑀

𝑅 ∙ 𝑇 𝑗 ∙ 𝜌
 (3.59) 
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where 𝑠 is the suction. From eq. (3.58) the total evaporation flux can be re-

written as an explicit function of the mass fraction of water vapor (𝜃 ): 

𝐸 1 𝑣𝑒𝑔 ∙
𝑘 𝑣 ∅

ln
𝑧
𝑧

𝜌 𝜌 ∙ 𝜃 𝑠, 𝑇 𝑗  

 

 

(3.60) 

It is worth mentioning that since this law (Eq. 3.60) is computed making use 

of a driving potential and a resistance term, in principle it may also describe the in-

verse flux, which may be the condensation of the water on the soil surface, when the 

absolute humidity of the atmosphere with respect to that of the soil is such that the 

driving potential is negative. 

This circumstance is similar to a second aspect which may be modelled, the 

evaporation of the water directly from the leaves surface, when rainfall is intercepted 

by the vegetation cover. This process may be described with the same equation, acti-

vating it only when rainfall occurs and with reference only to the 𝑣𝑒𝑔 portion of the 

system. 

 

The amount of water taken away from the soil by the vegetation (i.e. transpi-

ration) is a very complex process to be modelled, involving interactions between the 

soil and the vegetation, on one hand, and the vegetation and the atmosphere on the 

other hand.  

The transpiration flux represents the loss of water vapor from leaves and other 

aerial parts of the plant per unit area of soil. This flux is mainly controlled at the level 

of the leaves by the release of vapor molecules trough stomata cells (section 3.5). 

Driving	potential	1
𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
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The intake of water through the vegetation roots from the soil, causes a decrease in 

pore water pressure in the soil.  

On average it has been estimated that 90% of water taken by the roots is lost 

by transpiration while the remaining 10% participate to plant growth. According to the 

“cohesion-tension” theory, early developed by Dixon & Joly (1894), the transpiration 

may be described as a flux-controlled process regulating the water potentials through 

chemo-thermo-hydro-mechanical actions at cell level. For both the models by Sellers 

et al. (1986 and 1996) and from Noilhan & Planton (1988 and 1996) as for evapora-

tion, the transpiration flux at the canopy level is expressed as a function driven by the 

difference between vapour density of the atmosphere (𝜌 ) and of the leaves. Since the 

relative humidity within the leaves is close to 100%, the latter is taken equal to vapour 

density at saturation 𝜌 , that depends only on the leaf temperature (taken equal to 

the atmosphere temperature 𝑇 , as explained in 3.5.6):  

𝑇 𝑣𝑒𝑔 ∙
1

𝑟 𝑟
∙ 𝜌  𝑇 𝜌 𝑇  

(3.61) 

in which, r s m⁄  is the atmospheric resistance on top of the leaf (taken equal 

to the aerodynamic resistance, the same as for the evaporation equation), r s m⁄  is 

the leaf resistance provided by the stomata, namely the stomatal resistance (Jarvis, 

1976) and veg is the vegetation fraction. In this framework, ra and rs are supposed to 

act in series (Figure 3.32).  

 

Eq. 3.61 is defining the transpiration flux at each node of the FE mesh. As 

such, the definition of the transpiration-interested portion of the soil has to be given; 

in fact, among all the input parameters this formulation requires also the depth of the 

root system. This depth is then bounding the top soil layer in which the root system 
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acts, in terms of up-taking water from the soil; this circumstance allows for a more 

scientific treatment of the distribution of the transpiration flux with depth, with respect 

to the FAO Penman-Monteith case. In fact, in this formulation at each node, inside the 

root system depth, the Eq. 3.61 is applied, comparing the absolute humidity in the 

atmosphere with the one in the soil at that node; this allow patterns of distribution of 

the transpiration flux which are not known apriori, and that are rather linked to the 

specific condition of the node of the FE mesh in the soil (i.e. state of the soil due to 

transient seepage). 

This mechanism of imposing different transpiration flux at different nodes ap-

pears to be more scientifically based, since the complex mechanism of the transpira-

tion from the root system to the atmosphere is affected by several processes and 

conditions (section 3.5) but is for instance, controlled by the water vapour deficit (i.e. 

the gradient of the Eq. 3.61).   

 

According to Noilhan & Mahfouf (1996), the stomatal resistance rs can be 

seen as being controlled by four different functions F1, F2, F3 and F4 of common use in 

agricultural engineering:  

𝑟
𝑟

𝐿𝐴𝐼
∙

𝐹 𝑅

𝐹 𝜃 ∙ 𝐹 𝑃 ∙ 𝐹 𝑇
 

(3.62) 

𝑟  is the minimum surface resistance and depends on the plant type. For 

different forest canopies, it has been observed that the relation 
𝑟

LAI remains 

nearly constant.  
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Function F R  takes into account the effects of the photosynthetically active 

radiation 𝑅 , assumed equal to 55% of the global radiation. It is evaluated following 

Dickinson proposal (Dickinson, 1984): 

𝐹
1 1.1

𝐿𝐴𝐼 ∙
𝑅
𝑅

1.1
𝐿𝐴𝐼 ∙

𝑅
𝑅

𝑟
𝑟

 

 

(3.63) 

where 𝑅  provides the upper limit of 𝑅  and ranges between 30 W
m  for a 

forest to 100 W
m  for a crop.  

 

Function 𝐹 𝜃  expresses the capacity of the vegetation to extract water from 

the soil at a given water content 𝜃 and is called the stress factor. It represents the de-

crease in transpiration of the crops due to the decrease of the available water in the 

soil. 

This coefficient is basically representing a coupling between the retention 

properties of the soil (described by means of the WRC) and the capacity to further ex-

tract water from the subsoil. Conceptually this is also done in the FAO method (i.e. 

Figure 3.28 and Eq. 3.55), but in a rough way, assuming the decrease in the capacity 

of further extraction to be reducing after a certain value of the water content 𝜃  to be 

defined. 

However, in this framework, according to Noilhan & Mahfouf (1996) this rela-

tion is approximated by four segments, making use of water content values which are 

directly connected with the WRC of the material: 
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𝐹

⎩
⎪⎪
⎨

⎪⎪
⎧

0 if θ θ
θ θ

θ θ
if θ θ θ

1 if θ θ θ
1 θ

1 θ
θ θ

 

 

(3.64) 

θ  is the water content at the wilting point. It is the threshold below which plants 

cannot extract anymore water and has been identified as corresponding to suction 

around 1.5 MPa (Jacquemin & Noilhan, 1990). 𝜃  provides the “field capacity”, de-

fined as the water content remaining in a soil column after downward gravity drain-

age. It has been associated by Richards (1950) to values of suction between 

0.01 MPa to 0.05 MPa and by Wetzel & Chang (1987) to an upper threshold of hy-

draulic conductivity, estimated equal to 0.1 mm/day (note that these values are char-

acteristics of agricultural soils, mainly composed by silty/sandy fractions and medium 

porosity). Bear et al. (1968) proposed to define 𝜃  from the profile of soil water con-

tent in the soil column (Figure 3.32) once completed bottom free drainage. It corre-

sponds to the value of water content attained at the depth where suction profile starts 

to be influenced by the free drainage condition. At higher depths, an increase in water 

content is recorded. At lower depths, water content remains essentially constant. 

𝜃  is interpreted as being the water content for which all the drainable porosity is 

empty. This concept is similar to the concept of microscopic water content developed 

by Romero et al. (1999), Romero & Vaunat (2000) and Alonso et al. (2010).  



177 
  

 
 

Figure 3.32 - Field Capacity and effective porosity (after Bear 1972) 

 

Finally, the last threshold 𝜃  corresponds to the anaerobiosis point and rep-

resents the water content at which plant metabolism starts to loose efficiency be-

cause of too much water and loss of oxygen in the soil.  

 

The function 𝐹 𝑃  accounts for stomata closure when a deficit of vapor 

pressure occurs in the air (i.e. dry environment). It is evaluated through the equation 

𝐹 1 𝛾 ∙ 𝑝 𝑝  (3.65) 

where 𝛾 1
MPa  is an empirical parameter. The surface resistance depend-

ence on 𝐹  becomes a relatively important environmental constraint for the transpira-
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tion of moist broadleaf forest and seem to be less important for short canopies (Sa-

mat, 2016).  

 

The last function 𝐹 𝑇  introduces the dependence of rs on air temperature. 

The function used is a modified version of Dickinson proposal (Dickinson, 1984) and 

is modified to avoid eventual negative values physically meaningless (Noilhan & Mah-

fouf, 1996):  

F exp 0.0016 ∙ 298 𝑇  (3.66) 

It is worth mentioning that the definition of functions F1 to F4 comes from em-

pirical basis and as such, of those expressions are no more than a phenomenological 

description of the evapotranspiration flux for a whole canopy. Typical values of the 

different parameters are provided in table 3.7 for distinct types of vegetation.  

 

vegetation 
𝒛𝒐 

𝐦  

LAI 

𝐦𝟐

𝐦𝟐  

𝒓𝒔𝒎𝒊𝒏
 

𝐬 𝐦⁄  
𝒗𝒆𝒈 

Maize 0.1 2 40 0.8 

Soja 0.02 1 40 0.7 

Maize 0.02 0.3 40 0.4 

Forest 1 2.3 100 0.99 

Maize 0.1 2 40 0.7 

Oats 0.15 3 450 0.9 

 

Table 3.7 - Vegetation Parameters for Land Surface Scheme, after (Noilhan & Planton, 1988). 
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Alternative formulations are available in literature for the stress factor F , in 

particular expressing it as a function of “leaf water potential” which depends on plant 

physiology and soil moisture. For instance, Jarvis (1976) suggests a negative expo-

nential relationship between stomatal conductance and leaf water potential while 

Choudhury and Idso (Choudhury & Idso, 1985) derived an empirical function from 

data obtained at a field-grown wheat: 

𝐹 1
𝜓
𝜓

.

 
(3.67) 

𝜓  is the water potential of the bulk leaf and 𝜓  is the critical limit for l𝜓  

beyond which the transpiration rate is strongly limited by water stress (≅ 2MPa for 

a cereal crop). More recently, de Ridder & Schayes (1997) proposed a hyperbolic 

dependence of the form: 

𝐹 1
𝜓
𝜓

 
(3.68) 

where 𝜓 ≅ 2.5MPa  represents the value of leaf water potential at which a 

complete stomatal closure occurs.  

 

The usefulness and the validity of this kind of approach (i.e. making use of the 

electrical similarity) has been testified also since other authors in the literature adopt-

ed this concept; for instance, Lynn & Carlson (1990) had proposed years before a 

simpler model composed by two resistances - the soil/root r  and plant/canopy 

r  resistances - and three water potentials - soil water potential in the root layer 

ψ , plant pressure potential ψ  and leaf water potential ψ  (see Figure 3.33). 

The model is based on Jarvis assumption (Jarvis, 1976) that the flow of water from 
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the soil to the leaf j  is equal to the potential transpiration flux 𝑇 , which leads to 

the expression: 

𝑇
J

m s
𝜓 𝜓
𝑟 𝑟

𝜌𝐶
𝛾 ∙ 𝑟 𝑟

∙ 𝑝 𝑝  (3.69) 

 
 

Figure 3.33 - Water Transfer in plants as proposed by Landsberg (1976).  

 

In equation (3.69), 𝑝  is the atmosphere pressure surrounding the leaf , 𝑝  

the leaf vapor pressure, ρ
k

m  the air density, C J
k K  is the specific heat at 

constant pressure, γ MPa
K

p C
0.622L , r s m⁄  is the leaf resistance and 

r s m⁄  is the atmosphere aerodynamic resistance. Eq (3.69) can also be expressed 

in terms of the absolute humidity of the atmosphere surrounding the leaf 𝜌  and the 

absolute humidity at the leaf 𝜌 , recognizing the relationship ρ p ∙ ε
p, with 

ε m M
VM  in which Mw and Md are the molecular mass of vapor and dry air, 

respectively:  
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 𝑇
∙

∙
∙

∙ 𝜌 𝜌  (3.70) 

In this model, the leaf resistance 𝑟  is computed by considering it results from 

the parallel action of cuticular and stomatal resistances rcut and 𝑟 : 

1
𝑟

1
𝑟

1
𝑟

 
(3.71) 

 

 
 

Figure 3.34 - Sketch of the all the system described in this section, with respect to the evaporation 

fluxes. All the equations for the evaporation are given together with the dependencies of all the quanti-

ties through constitutive properties and laws. 
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After having explained the equations for the transpiration and evaporation flux-

es, it appears useful to sinthesize the framework in two sketches, referring to the 

equation and quantities affecting the evaporation flux and the transpiration one (Figure 

3.34 and 3.35 respectively).  

It is worth noting that in Figure 3.34, in principle the evaporation flux may ap-

ply also to the wet surface of the leaves (i.e. from the veg portion). Moreover, the ar-

rows have both upwards and downwards tips, because the equation used for the 

evaporation may apply also for the condensation of the water on the soil surface (1-

veg) or upon the surface of the leaves (veg). 

All the most relevant constitutive properties and laws, directly affecting the 

evaporation flux, are reported in the figure, colouring with the same colour the related 

quantities. 
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Figure 3.35 - Sketch of the all the system described in this section, with respect to the evaporation 

fluxes. All the equations for the transpiration are given together with the dependencies of all the quanti-

ties through constitutive properties and laws. 

 

The same is done with respect to the transpiration flux in Figure 3.35, where 

also the equation for the stomatal resistance is given together with all the affecting 

processes. 

The aerodynamic resistance is not reported in both Figure 3.34 and 3.35, but 

it is computed always as follows: 

𝑟
ln

𝑧
𝑧

𝑘 𝑣 ∅ 

 

(3.72) 
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It is worth remembering that the za and z0 represent the height of measure-

ment of the climatic data and roughness length, respectively. The latter changes be-

tween the 𝑣𝑒𝑔  and the 1 𝑣𝑒𝑔  fractions; this is due to the different surface char-

acterizing the bare soil 1 𝑣𝑒𝑔  and the vegetated portion 𝑣𝑒𝑔 , which have to be 

given as input value for this analysis.  

In the numerical implementation of the vegetation in CodeBright (Samat 

2016), the Noilhan & Planton (1988) formulation has been followed, since it provides 

the actual transpiration (whereas the potential one results Lynn & Carson, 1990), 

without entering too much in the complexity of the chemo-thermo-hydro-mechanical 

processes controlling the water potential in the plant system (Samat, 2016).  

 

In conclusion, it is important to mention that in CodeBright the direct evapora-

tion of the water from the leave surface, when rainfall is intercepted, as well as the 

condensation of the water on the soil surface, when the absolute humidity of the at-

mosphere with respect to the one of the soil, are not accounted for. As such the flux 

of evaporation only apply to the 1 veg  portion. 
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CHAPTER 4 

METHODOLOGY AND PROGRAMME OF THE RESEARCH ACTIVITIES 
 

In this chapter the methodology and the research programme followed in the 

three-year of the PhD project are described. 

Throughout the three years, the objective of the work has been to improve the 

knowledge about the most relevant effects of the soil-vegetation-atmosphere system 

on the conditions across the slope, hence about the slope-vegetation-atmosphere 

(SLVA) interaction. This work has been considered the necessary premise for more 

advanced design of landslide risk mitigation measures concerning slopes location of 

climate induced landsliding. 

 

The methodology for the diagnosis of the SLVA interaction has been based on 

the Stage-wise methodology discussed in section 2.1 (Figure 2.1; Cotecchia et al. 

2014, 2016). 

To the aim reported above, diagnostic numerical analyses have been carried 

out with reference to the Pisciolo case study (Cotecchia et al., 2014; Pedone, 2014), 

which represents a prototype of the several slopes location of climate induced land-

slides within the geo-hydro-mechanical context of reference, the south-eastern Apen-
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nines. The analyses have had the objective of investigating how the seasonal land-

slide activity observed in situ (see Chapter 2, section 2.2.2) develops, which are the 

combination of internal slope factors which mainly predispose the slope to landsliding 

and which are the climatic conditions causing it. To this aim, the Pisciolo case history 

is briefly presented in the Chapter 5, before the discussion of the numerical analyses 

and the discussion of the results. Thereafter, in Chapter 6, the results of the analyses 

are used to characterize the precursors and the indicators of such landsliding to be 

monitored in early warning systems for mitigation purposes. 

 

In particular the diagnosis of the landslide mechanism is carried out by means 

of both II level and III level numerical modelling (see the Stage-wise methodology in 

Figure 2). Both numerical uncoupled H analyses, combined with LE calculations of 

the safety factors, and HM analyses (see Chapter 2, sections 2.3.1 and 2.3.2 respec-

tively) have been carried out. Large part of the parameter values input in the analyses 

have been derived from previous studies, but also experimental work has been carried 

out in the three year research work, to measure some of the parameters of the numer-

ical modelling (section 4.1). 

 

4.1 Numerical research work 
 

The numerical activity has been central in large part of the three year PhD re-

search. 

In Table 4.1, a description of the numerical analyses that have been carried is 

presented. 
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In particular, the numerical analyses aimed at the diagnosis of the climate 

driven landslide activity in clayey slopes of the same hydro-mechanical typology as 

the Pisciolo slope, have been of type H (see Annex 1) and HM (Annex 2). The validity 

of the numerical results has been checked through their comparison with correspond-

ing field monitoring data (Chapter 5); these comparisons have concerned both the 

predicted pore water pressure with time and the timing of the instability processes 

(uncopled analyses), or the variation with time of the displacement rates (resulting 

from the coupled analyses). The programme of the numerical work has been de-

signed to perform a sensitivity analysis of the SL-V-A system. Therefore, the analyses 

have been repeated varying the parameter values within ranges considered possible 

for the hydro-mechanical context of reference. The above-mentioned comparison has 

allowed to check the influence of the slope factors on the SL-V-A system conditions. 

Furthermore, technically different numerical strategies have been followed, to check 

how robust the achieved numerical results are. 

After the numerical diagnostic work, the most successful numerical model 

has been used to investigate the features of adequate mitigation measures, of two ty-

pologies: early warning systems, deep-rooted vegetation. 

 

All the numerical activity has been carried out by means of different numerical 

codes, as reported in Table1. In particular, the H numerical analyses have been car-

ried out by means of Seep/w (Geo-Slope International Ltd., 2012), a FE software able 

to perform analyses of the type described in the second part of the Annex 1 (i.e. inte-

grating the Richard’s Equation, 1931). In all analyses the effects of the soil-

vegetation-atmosphere interaction at the ground surface have been computed by 

means of the FAO Penman-Monteith dual crop approach, described in section 3.6.1, 
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Chapter 3. The computed pore water pressure field across the slope, with time corre-

sponding to the transient seepage induced by the climate, has been then implemented 

as input in Limit Equilibrium (LE) Analyses, performed using the method from Mor-

genstern and Price (1965), through the code Slope/w (Geo-Slope International Ltd., 

2012). In this way the variation with time of the safety factors, SF, of different sliding 

bodies has been investigated. The landslide bodies subject to the LE analyses have 

been both deep and shallow sliding bodies (namely Shallow_body_0.5m, Shal-

low_body_1m, and Shallow_body_3m, deep bodies C9 and C, see Chapter 5). 

The success of the H-LE numerical modeling to predict the current activity of 

the landsliding (section 5.2) has been stated through the comparison of the numerical 

results with monitoring data. Part of these data come from Cotecchia et al. (2014) 

and part has been achieved through monitoring work carried out in the present PhD 

work. 

 

The HM numerical analyses, of the type described in Annex 2, have been car-

ried out by means of the FE code Plaxis 2D 2016 (Brinkgreve et al., 2016), able to 

perform coupled integration of the equilibrium of geotechnical systems, also in par-

tially saturated conditions (Annex 2). As output, Plaxis gives the whole SLVA-induced 

stress-strain state across the slope; in particular, strains and displacements are given 

as results, together with the pore water pressure field. 

Before performing the coupled HM analyses of the slope, the FE code Plaxis 

has been tested with respect to an unconfined drying test of a cylindrical specimen 

(section 5.3), carried out in the laboratory. The sensitivity analyses have been also 

carried out with reference first to a simple slope model, aiming at understanding the 

impact of peculiar features such as, the initialization procedure, the soil stiffness val-
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ues and the values of saturated permeability of the slope soil (section 5.3). Thereaf-

ter, the coupled HM modelling has been performed with reference to a more realistic 

slope model, representing more closely the features of the Pisciolo slope. Also, the 

numerical modelling has been of use to derive indications about the features of most 

efficient mitigation strategies, i.e. Early Warning System design (Chapter 6), and 

deep-rooted crops (Chapter 7). 

 

The success of the H numerical modelling in the prediction of the landslide 

activity observed in situ (section 5.2) has allowed for the use of the same slope mod-

el in the study of the impact of different climatic inputs on the slope stability. Such 

study represents the background of the design of EWS for the mitigation of the land-

slide effects. The threshold values of the climatic variables to be considered as pre-

cursors of reference in EWS providing the alert for landslides of different depth, have 

been derived. The same work has been done for the indicators, in this case repre-

sented by the piezometric heads (Chapter 6). 

 

Moreover, a contribution to the check of the efficiency of deep-rooted vegeta-

tion in reducing the landslide hazard in the hydro-mechanical context of reference has 

been provided at the slope scale too. To this aim, H numerical modelling has been 

carried accounting for the probable SVA interaction effects in presence of different 

types of deep-rooted crops (Chapter 7). Furthermore, preliminary 1D TH numerical 

modelling, of the type described in Annex 3, has been carried out to assess the SVA 

effects on the piezometric conditions within a real scale test site, installed during the 

three year PhD project, at the toe of the Pisciolo hillslope. The description of the test 

site is given in Chapter 7. The modelling of the SVA interaction has been performed, 
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according to the coupled TH approach, using the most advanced implementation of 

all the soil, climatic and vegetation laws, as discussed in section 3.6.2 (Chapter 3; 

Figures 3.35 and 3.36). 

 

4.2 Experimental activities 
 

The experimental part of this work has dealt with both laboratory and field ac-

tivities. The latter have been carried out on the Pisciolo slope (section 5.1). 

 

With regard to the field activity, a test site has been built up in the toe area of 

the Pisciolo hillslope (i.e. the case study of reference in this work), where various 

deep-rooted crop types have been seeded in a 2000 square metres area. 

This test site has been set up in collaboration with an Italian company, the 

“PratiArmati s.r.l.”, which has provided the seeds of a different vegetation types, all 

belonging to two families of crops: Leguminosæ (Fabaceæ), and Gramineae (Poace-

ae).  

This “PratiArmati s.r.l.” has been chosen for this collaboration since they se-

lect the most efficient crop types among the native crop types in any specific area 

where they work, picking up the ones characterized by some very important features 

such as: the perennial character, the long and dense root system that may be devel-

oped and the high capacity of up-taking water from the soil. Moreover, also the exter-

nal part of the crop is of interest, since it may impact on the SVA whole system both 

reducing the ground surface erosion and increasing the runoff (RO). 

Prati Armati s.r.l. has collaborated with several research groups, which have 

assessed the beneficial impact of their crops in both slope stability and erosion prob-
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lems (Bischetti G.B. et al., 2009; Rettori A. et al., 2010; Rettori, A., at al., 2010; Cat-

toni E. et al., 2012; Cecconi, M. et al., 2012; Zarotti C. et al., 2013; Cecconi, M. et al., 

2013; Era N. et al. 2013; Pedone G. et al., 2013; Napoli P. et al., 2013). 

 

With reference to the test site, the climatic variables, representing the driving 

forces, have been continuously monitored by means of a meteorological station; the 

impact of the vegetation on the soil state has been monitored through electric pie-

zometers, suction probes, and capacitive probes for water content measurements. In 

particular, field monitoring data with reference to the vegetated area have been com-

pared with the data coming from the spontaneous vegetated area around the seeded 

test site. The specific features of the instrumented site and of the monitoring proce-

dures are reported in Chapter 7. 

 

Along with the monitoring within the test site, also the piezometers already 

present within the whole Pisciolo hillslope has been carried out during the research 

project. In particular, the monitoring activity, which had been quit in the middle of the 

2013, has been restarted in December 2016 and continued till September 2018. Eight 

piezometric verticals have been monitored across the hillslope, equipped with both 

Casagrande and electric piezometers.  

In 2009, also inclinometers were installed; unfortunately, most of them are no 

more functional, and as such those have been abandoned in 2011. As such, the incli-

nometer monitoring could not be continued. 

All the new piezometric monitoring data as well as the older ones are dis-

cussed in the Chapter 5. 
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With regard to the laboratory testing, simple geotechnical characterization has 

been carried out on the shallow soils within the PratiArmati test site (i.e. granulo-

metric and Atterberg’s limit determinations); a block of material (30x30 cm) has been 

sampled from 0,5 metres depth at the beginning of all the procedures, for the prepa-

ration of the soil for the seeding phase. 

As such the geotechnical characterization of the outcropping soils has been 

carried out, aimed at characterizing the vegetated soil layer, of great importance for 

the interpretation of the SVA system (Chapter 3). 

 

Moreover, oedometer specimens have been also sampled at depth ranging 

from 0,5 metres to 0,8 metres depth, in order to carry out the characterization of the 

soil state with time within the test site. In particular, measurements of suction, void 

ratio, and degree of saturation have been done with reference to different periods of 

the year. 

From late spring and for all the summer period, the climatic and vegetation 

actions (i.e. the high solar radiation together with the transpiration flux) caused the 

material to dry out considerably; as such the sampling procedure became hard to car-

ry out, and as such, undisturbed oedometer specimens were really hard to sample. 

Hence, the higher suctions corresponding to the most transpirative and evaporative 

periods could not be measured. 

 

The suction measurements were carried out in the laboratory employing both 

the filter paper technique (Chandler & Gutierrez, 1986; Marinho & Oliveira, 2006) and 

Imperial College high capacity tensiometers (Ridley & Burland, 1993; Ridley & Wray, 



193 
  

1996; Ridley et al., 2003). Moreover, the water retention properties of the soils within 

the test site have been also measured (Chapter 7). 
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Table 4.1 - Scheme of the numerical testing programme. 
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CHAPTER 5 

NUMERICAL DIAGNOSIS OF THE SLOPE-ATMOSPHERE-VEGETATION 
INTERACTION 

 
This Chapter is devoted as first to the description of the prototype slope, the 

Pisciolo slope, location of the climate driven phenomena observed in several slopes 

in the south-eastern Apennines, which have been studied in the PhD work presented 

in this thesis (Chapters 1 and 2). A general view of the slope and of the active land-

slide mechanism is reported, recalling briefly the geological, geo-structural and ge-

otechnical features, which have been already presented in the literature (Pedone, 

2014; Cotecchia et al., 2014) that will be referred to. Also, new field monitoring data 

are presented, leading to the phenomenological diagnosis of the landslide process. 

 

Thereafter, the H (section 5.2) and HM (section 5.3) numerical analyses de-

veloped in this research work are presented, which have been aimed at the diagnosis, 

on quantitative basis, of the extent to which the SLVA interaction processes determine 

the observed landsliding. 

In particular, in sections 5.2 and 5.3 all the slope model ingredients and the 

numerical diagnosis of the Pisciolo landslide are reported. With regard to the HM nu-

merical analyses, a sensitivity study has been carried out, to investigate the impact on 
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the numerical predictions of the selected conditions for the several slope factors (i.e. 

initialization of the stress state, permeability function, stiffness values, pre-existence 

of shear bands) implemented in the calculations. 

5.1 The Pisciolo hill-slope  
 

The Pisciolo hill-slope (Figures 5.1 and 5.2) is located on the right side of the 

Ofanto River valley, in the Lucanian Apennines. Slow complex landsliding involves 

several portions of the hill-slope, determining a landslide basin where up to 14 land-

slide bodies involve clayey soils (Figure 5.3; Cotecchia et al., 2014).  

Some of the landslides interact at the toe of the hill-slope with important infra-

structures: an aqueduct pipeline, a national road and a railway (Figure 5.3). In the last 

decade these infrastructures have undergone recurrent damages; in particular, the 

aqueduct pipeline, that lies at 4 m depth below the ground level, has been severely 

damaged by the cumulated slope movements (Figure 5.4). The high landslide risk 

prompted the Apulia Aqueduct Authority to fund a comprehensive investigation and 

monitoring of the slope (Figure 5.2; Cotecchia et al., 2014). 30 boreholes were drilled 

(up to 80 m depth), of which 14 were continuously cored. Most of them were 

equipped with either piezometers (Casagrande or electrical) or inclinometers and were 

also site of undisturbed sampling for a comprehensive laboratory investigation of the 

mechanical and hydraulic properties of the soils. 
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Figure 5.1 - Pisciolo hill-slope (basic image extracted from Google Earth; Pedone 2014). 

 

5.1.1 Geological and geotechnical characterization of the Pisciolo slope 
 

The Pisciolo hill-slope is part of the North-Eastern margin of the Southern Ap-

ennines and its current geological setting is closely related to the geological history of 

this chain (Figure 5.2). The slope soils are mainly part of the sedimentary succes-

sions deposited in a pre-orogenic marine basin (Cretaceous-Miocene), thereafter in-

volved in the Apennine orogenesis.  
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At large depth they are represented by clays interbedding discontinuous cal-

carenite strata, part of the Red Flysch (Figure 5.1), overlain by clays interbedding 

fractured rock intervals (Figure 5.5) that are part of a transition flysch (Paola Doce 

Formation; Figures 5.1 and 5.6); the transition flysch, in turn, is locally covered by 

sandstones, sands and sandy clay layers of the Numidian Flysch (Figure 5.1).  

 

 

 

Figure 5.2 - Geo-structural map of the South of Italy and location of the three case studies commented 

in the present Chapter (i.e. Pisciolo hillslope located in Melfi).  

 

As shown in Figure 5.3, the slope soils have been subjected to folding and 

faulting during the orogenesis, so that, at present, they are disarranged and fissured 

(Figures 5.1, 5.5 and 5.6). A main NW-SE anticline structure, with the Red Flysch at 

the core, crosses the slope and is crossed by a sub-vertical normal fault (almost E-W 

trend and North dipping; Figure 5.3). A gorge developed along the fault, becoming lo-

cation of the Pisciolo stream (Figures 5.3).  
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Figure 5.3 - Schematic lithological and geomorphological map of the Pisciolo hill-slope. Key -(1) fan 

deposit; (2) debris deposit; (3) alluvial deposit; (4) Pliocene succession;(5) N Complex;(6) T Complex: 

ST-sandy subcomplex, CT- calcareous sub-complex, r-rocky strata;(7) R Complex; (8) fault; (9) anti-

cline axis; (10) attitude strata;(11) landslide: a-crown, b- body;(12) P: continuously cored borehole 

equipped with piezometers, S: GPS sensor; CI: continuous cored boreholes equipped with inclinometer 

casing, I: destructive borehole equipped with inclinometer casing; (13) line of the sections shown in 

Figure 5.8;(14) site of the shallow sampling (Cotecchia et al., 2014). 

 

Due to the tectonic folding and the erosion of the top soils, the Numidian 

Flysch dips along the slope and outcrops only at the southern toe of the hill-slope, as 

shown in Figures 5.1 and 5.3, while the originally deep Red Flysch outcrops at the 

centre of the slope, within the footwall of the fault. The Paola Doce (PD) Formation 

outcrops in most of the rest of the hill-slope (Figure 5.3). Besides the slope debris, 
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some wedge-top basin deposits (Pliocene sandstones; Figure 5.3) and Ofanto alluvial 

sediments outcrop at the top and at the toe of the hill-slope respectively (Figure 5.3). 

 

  

 

Figure 5.4 - Damages to the aqueduct pipeline (2m of diameter) (a) and to secondary hydraulic struc-

tures (b). 

 

The combined study of aerial photos, borehole core data and electrical resis-

tivity tomographies allowed for the reconstruction of the non-uniform setting of the 

soils (Figure 5.6) and rocks (Figure 5.5) within the hill-slope, as shown in Figures 5.3 

(Cotecchia et al., 2014). Significant resistivity variations were logged across the slope 

(Figure 5.7), with high resistivity (>25 Ωm) portions, corresponding to the presence 

of disarranged rock masses, logged within high conductivity (<6.3 Ωm) materials, 

referred to the clays, that represent the main lithotype in the hill-slope.  

 

Figures 5.3 show the location of the three main soil complexes forming the 

slope. 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, T, i.e. the 

Paola Doce formation, is made up of laminated fissured clays, locally silty or sandy, 
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including disarranged rock blocks, from centimetres to metres thick (Figure 5.5). The 

rock inclusions and levels vary from being calcareous to silico-clastic when moving 

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

complexes could be distinguished within the transition complex (Figure 5.8): the up-

per one (ST), rich in quartz sandstone interbeddings, and the lower one (CT), less rich 

in rock intervals, that, in this case, are mainly calcareous. 

 

 

 

Figure 5.5 - Fractured rocks interbedded in the clayey materials, both outcropping (a and b) and inter-

cepted at 20 m depth while drilling the boring P7 in Figure 5.3 (c). 
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Figure 5.6 - Outcropping clays belonging to the Paola Doce formation. 

 

The samples tested in the laboratory (Cotecchia et al., 2014) were mainly tak-

en within the clays of either the ST or the CT transition sub-complexes (Figures 5.3, 

5.10), whose presence is dominant in the hillslope.  

 

They were distinguished in two groups on the basis of their geotechnical 

properties and irrespective of the sub-complex they belong to. Thereafter, it has been 

recognized that Group 1 samples are mainly part of sub-complex ST, although they 

occur at places also in CT, whereas Group 2 samples are mainly part of CT. Mean 

values of composition and physical properties for each group are reported in Table 

5.1.  
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Figure 5.7 - Example of electrical tomography obtained with reference to the southern zone of the Pis-

ciolo hill-slope (Cotecchia et al., 2014). 

 

 

Table 5.1 - Average values of composition and physical properties of Group 1 and Group 2 clays 
(Cotecchia et al., 2012). 

 

The clays of Group 1 are characterized by a higher SF and lower CF than 

those of Group 2. Furthermore, clays of Group 1 are of lower PI and only slightly 

higher consistency than those of Group 2. Both groups include high activity clays. 

The clays of both the groups are fissured. In particular, almost all the Group 1 clay 

samples are found to be characterized by a fissuring that differs from that characteriz-

ing Group 2 clay samples. The latter generally present very high fissuring intensity 

with random orientation (Figure 5.6c-d), while the former seems to be characterized 

by single fissuring orientation and fissuring intensity going from medium to high.  

 



 204 

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

compressibility up to σ’v max = 5 MPa. Table 5.2 reports the average values of 

compression and swelling indexes measured in the tests on both shallow and deep 

clay specimens of the two groups. As expected, the compressibility exhibited by the 

Group 1 samples is smaller than that of Group 2 samples 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 groups, range between 10-10 m/s and 5·10-10 m/s (Pedone, 

2014). 

 

 

 
Table 5.2 - Average values of Cc and Cs indexes measured during the oedometer tests on Group 1 and 
Group 2 clays (Cotecchia et al., 2012). 
 

Several consolidated undrained triaxial tests (CIU) were carried out on either 

standard (38 mm diameter; 76 mm high) or bigger specimens (70 mm diameter; 140 

mm high), depending on the specimen fissuring intensity.  

In Table 5.3 the average peak strength parameters, c’peak and φ’peak, for 

given ranges of the consolidation mean effective stress, p’, are reported.  

 

The data show that, up to about 25 m depth (i.e. p’ < 250 kPa, Figure 5.8), 

the Group 1 clay specimens can exhibit higher strength than Group 2 specimens.  
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At larger depths (i.e. 250 kPa < p’ < 950 kPa, Figure 5.9) the peak strength 

parameters of both groups appear to be closer. The friction angle determined through 

direct shear tests, after five shearing cycles, has been measured to be φ’pp about 16° 

for Group 1 and 13° for Group 2 clays. 

 

 
Table 5.3 - Average values of peak strength parameters of Group 1 and Group 2 clays (Cotecchia et 
al., 2012). 
 

 
 
Figure 5.8 - Stress paths followed by clay specimens of both the groups (p' < 250kPa) during consol-
idated undrained triaxial tests. Group 1: red stress paths; Group 2: black stress paths. 
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Figure 5.9 - Stress paths followed by clay specimens of both the groups (250kPa < p' < 900kPa) 
during consolidated undrained triaxial tests. Group 1: red stress paths; Group 2: black stress paths. 
 

The saturated hydraulic conductivity of the PD clays has been measured in 

the laboratory to be about 5·10-10 m/s, that is higher than the values typical for high 

plasticity unfissured clays. The field scale permeability has been measured to be 

higher: from ks=2,5·10-9 m/s at 20 m depth, to 6,5·10-9 m/s at 13 m, to about 10-8 

m/s about the ground surface (Pedone, 2014; Cotecchia et al., 2014). 

 

Geomorphological slope features 

 

The current geo-morphological setting of the Pisciolo hill-slope is shown in 

Figures 5.3 and 5.10, as result of the analysis of the 2003 aerial photos, field survey 

data and inclinometer data (2009-2012). Several active landslides of medium to large 

depth (Hutchinson, 1995) have been recognized, which are often characterized by ro-

to-translational shear bands located mainly in the T complex, including very frequent 
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shallow movements. Bodies C9 and C (Figures 5.3 and 5.10) are the most active on 

the hill-slope. They are nested in body A (Figures 5.3 and 5.10), on the left of the Pis-

ciolo gorge, and share a single toe about the bottom of the gorge. Bodies D and B2 

(Figure 5.3) are located on the right side of the gorge.  

In the Northern part of the slope there are also three active bodies, i.e. bodies 

F, L and G (Figure 5.3), that extend downslope further the railway line, almost reach-

ing the Ofanto River. Other three currently inactive landslides have been identified in 

the Southern part (Figure 5.3). 

 

An analysis of the aerial photos available from 1955 to 2003 allowed to ob-

serve that several present landslides developed after the fifties. At that time, only ge-

omorphic elements of landslides F, G, B and D could be recognized, whereas on the 

southern side of the Pisciolo stream only shallow soil slips were active, with toe 

about the stream. Since then, in about 50 years, the slow deepening and enlargement 

of first-time failure has given rise to new landslide bodies: A, C, C9 and L (Figure 5.3). 

In addition, further slow retrogression of body F and advancement of bodies B, D and 

G has taken place.  

As previously mentioned, the damages produced by the several active land-

slides prompted the Apulia Aqueduct Authority to fund a monitoring campaign aimed 

at understanding the main predisposing and triggering factors of the landsliding and 

designing landslide risk reduction interventions. This monitoring campaign, started in 

2009, has been conducted by means of 21 inclinometers, 15 piezometers and 8 GPS 

sensors installed within the Pisciolo hill-slope (not all of them are reported in Figure 

5.3 for sake of simplicity).  
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Figure 5.10 - Lithological sections of the Pisciolo hill-slope (the sections’ lines are reported in Figure 

5.3). Key: (1) fan deposit; (2) debris deposit; (3) alluvial deposit; (4) Pliocene complex; (5) N Com-

plex;(6) ST subcomplex; (7) CT sub-complex; (8) rock levels interbedding clays (a) or continuous rock 

interval (b); (9) R Complex with rock levels or coarse-grained intervals (a); (10) stratigraphic (a) and 

tectonic (b) contacts; (11) boreholes and inclinometer shear bending (a); (12) landslide: a-crown in-

tercept, b-failure surface, dashed line when it is inferred (Cotecchia et al., 2014). 
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Figure 5.11 - Data collected along the inclinometer I12 located within the Pisciolo Landslide (Figure 

5.3) (after Cotecchia et al., 2014). 

 

Figure 5.11 shows data for inclinometer I12, located within the toe of bodies 

C9, C and A (Figures 5.3 and 5.10), which give evidence of an active shear band at 

about 19 m depth, where the average displacement rate has been 4.5 mm/month, 

with a maximum value of 14.5 mm/month registered at the end of winter 2011. 

  

Inclinometer I5 is located upslope, within landslide body A (Figures 5.3 and 

5.8). The data of this inclinometer (Figure 5.12) seem to show that the soils above 60 

m depth move very slowly in the direction parallel to the longitudinal axis of body A, at 

about 0.5 cm/year; a reduction of displacement occurs from 60 to 75 m depth, 

whereas no displacements have been monitored in the deepest 5 m of the inclinome-

ter casing. These data suggest that an early stage of shear strain localization is slowly 
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developing at large depths upslope in the Southern sector of the Pisciolo hill-slope 

and that the movements of body A are resulting from first failure processes at large 

depth.  

The shear strains involving inclinometer I5 are then likely to represent the 

upslope progression of slope failure that, at the toe, is in a more advanced stage.  

 

 

 

Figure 5.12 - Data collected along the inclinometer I5 located within the Pisciolo Landslide (Figure 5.3) 

(after Cotecchia et al., 2014). 

 
The trend of variation with time of the deep movement rates (Pedone 2014; 

Cotecchia et al., 2014) is characterized by maximum values at the end of winter-early 

spring and minimum values in summer; in particular, in Figure 5.13 reports the dis-

placement rates registered by the inclinometer I14, I8 and I12 together with the GPS 
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sensor S2; the inclinometer I12 and the GPS sensor S2 are both located near the toe 

of the bodies C, C9 and A, in the most active area of the Pisciolo hill-slope. 

 

 

 

Figure 5.13 - Displacement rates measured by inclinometers I12, I8 and I14 (Figure 3.24) in corre-

spondence to the intercepted shear bands and by the GPS sensor S2 (Figure 3.24) connected to the 

pipeline in correspondence to the Pisciolo gorge (Pedone, 2014) 

 
The seasonal trend of the displacement velocities measured by means of the 

inclinometers and the GPS sensors (Figure 5.13) is similar to the one that character-

izes the piezometric heads measured by means of the piezometers installed in the hill-

slope, from 13 to 80 m depth, the latter shown in Figure 5.14. The amplitude of the 

fluctuations of the piezometric heads, that vary from 0.5 to 4 m, is apparently not re-

lated to the depth at which the piezometric cell is located, as usually expected in ho-

mogeneous and non-fissured clayey slopes (Kenney & Lau, 1984; Pedone et al., 

2018).  

 
 



 212 

 

 

Figure 5.14 - 180-days cumulated rainfalls (red line) and piezometric levels recorded by the piezome-

ters (dashed and continuous lines; depth ranges of the cells specified in the legend), (Cotecchia et al., 

2014 plus new monitoring data from the end of 2016 on). 

 
This allows to argue that the fissuring distribution (Figure 5.6) and the hetero-

geneities recurrently observed within the slope (Figure 5.5), even at depth, are highly 

influential on the hydraulic regime at the slope scale, probably creating local frequent 

distortions of the equipotential lines (Angeli, 1989), hence making the piezometric re-

gime of the slope rather complex. The cyclic variation of the piezometric heads, syn-

chronous with the 180-days cumulated rainfalls, produces a cyclic variation of the 

available strengths in the slope.  

Figure 5.15 reports the displacement rates recorded by means of the incli-

nometer I12 and the GPS sensor S2, both located at the toe of the bodies C, C9 and 

A, in the most active area of the Pisciolo hill-slope, along with the piezometric excur-

sions measured in the piezometers installed at depth aside the inclinometer, and the 

180-day cumulated rainfalls. Bodies C9 and C, of maximum depth 23 m and 40 m re-

spectively, are active and their shear band is intercepted by inclinometer I12 at 19 m 
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depth (Figures 5.10 and 5.11). The displacement rates monitored along the shear 

band and at the ground surface, the piezometric levels and the 180-day cumulated 

rainfalls are found to follow seasonal excursions, with maximum values reached at 

the end of winter - early spring. Hence, the monitoring data suggest that the seasonal 

increase in piezometric head, induced by the cumulated rainfall infiltration may be a 

factor triggering the progression of failure and the displacement accelerations record-

ed at depth in the slope. 

 

 

 

 

Figure 5.15 - 180-days cumulated rainfalls, piezometric heads and displacement velocities measured 

in the most hazardous zone of the Pisciolo hill-slope (close to the Pisciolo gorge in Figure 5.3), where 

the pipeline experiences the most severe damages (Figure 5.4) (replotted, Pedone, 2014, Cotecchia et 

al., 2014). 

 
The monitoring campaign allowed also to observe the evolution of the land-

slide processes and of the state of the outcropping slope morphology during the dif-

ferent periods of the year. With reference to the last aspect, it's worth noting that the 

outcropping soils (i.e. the organic top soil layer, of thickness roughly between 0.5 and 

2 m), were fractured all over the year, even if the maximum depths of these fractures 
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were measured at the end of summer (Figure 5.17). The deepest fractures were ob-

served where the organic top soil layer is deeper (Figure 5.17b), allowing to assume 

that the characterization of this material is important in the analysis of the slope-

atmosphere interaction.  

 

 

 

Figure 5.16 - Zoom from 2009 to 2013 of the Figure 5.15 (replotted, Pedone, 2014, Cotecchia et al., 

2014). 

 
During the field surveys, moreover, the presence of a spring at the top of the 

hill-slope has been observed, precisely at the contact between the Pliocene Sand-

stones (Figure 5.1) and the clayey materials belonging to the transition complex. De-

spite the dry summer that usually characterizes the South of Italy, water was pouring 

from the spring even during the hottest and driest periods of the year (see pictures 

taken in August 2012 reported in Figure 5.18, Pedone, 2014), allowing to assume that 

at the top of the hill-slope the water table is located at the ground surface during all 

the year. This circumstance, together with the presence of the Ofanto River at the toe, 

allow to justify the high piezometric heads recorded at depth, whose values represent 

a predisposing factor for the landsliding. 
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Figure 5.17 - Desiccation fractures observed on the Pisciolo hill-slope in August 2012 (typical fracture 

pattern (a), maximum depth measured (b), mean opening measured (c) and mean spacing measured 

between two fractures (d)); (Pedone, 2014).  
 

  
Figure 5.18 - Spring located at the top of the Pisciolo hill-slope, at the contact between the Pliocene 

Sandstones (Figure 5.2) and the clayey materials belonging to the transition complex (Figure 5.2); (Pe-

done, 2014).  
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5.1.2 Limit equilibrium back analysis and phenomenological diagnosis 
 

Cotecchia et al. 2014 carried out limit equilibrium back-analyses with refer-

ence to landslide bodies C, C9 and A (Morgenstern & Price, 1965), in order to assess 

the operational strength currently mobilised along the shear bands. These back-

analyses were conducted with reference to the geometry of the landslide bodies 

shown in Figure 5.10 (section b-b’ for bodies A and C9; section b-b” for body C). The 

limit equilibrium analyses implemented piezometric heads representative of the "win-

ter regime" (maximum values in Figure 5.14 modelled by means of a steady state 

analysis), in order to evaluate the strengths mobilized in the period of most active 

landsliding.  

 

The results of the back-analyses (Cotecchia et al., 2014) are reported in Table 

5.4. The shear strengths mobilized along the shear bands of both bodies A and C ap-

pear to be close to the average peak shear strengths measured in the laboratory (Ta-

ble 5.3). Such similarity confirms that the soils in the shear band of these two land-

slides are experiencing first failure and that movements take place when the piezo-

metric heads reach the maximum values. On the contrary, post-peak shear strengths, 

or even close to residual, are mobilized along the slip surface of body C9, which is 

currently subjected to seasonal reactivations. 

 

 

 

Table 5.4 - Results of the limit equilibrium back-analyses referred to body A, C and C9 (Cotecchia et 

al., 2014). 
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The geotechnical characterization of the clayey materials involved in the deep 

and very slow landslide movements recurrently observed in the Southern Apennines 

allows to assume that the high fissuring intensity of these materials (Figure 5.6) rep-

resents a predisposing factor of landsliding in the geotechnical context of reference. 

In fact, as demonstrated by Vitone & Cotecchia (2011), the fissuring reduces the 

shear strength of a material with respected to the same material when reconstituted. 

All the clayey materials, moreover, appeared to have a PI that increases with depth, 

then representing a predisposing factor for the deepening of the landslide mecha-

nisms. The recurrent heterogeneities (Figures 5.1 and 5.5) characterizing the geologi-

cal complexes affected by the instability processes, on the other hand, represent an-

other predisposing factor, because they increase the hydraulic conductivity at the 

slope scale, as documented by the high fluctuations of the pore pressures registered 

up to 60 m depth (Figure 5.14), whose variation produce a continuous oscillation of 

the operational shear strength of the materials, then promoting the seasonal reactiva-

tion of the landslide bodies. All the monitoring data, finally, allow to consider that the 

rainfall infiltration during autumn and winter, represents the main triggering factor of 

the landsliding. Rainfalls cumulated over periods ranging between 4 and 6 months are 

characterized by a variational trend that is similar not only to the evolution of the pore 

pressures measured at depth, but also to the variation of the displacement rates affer-

ent to the shear bands intercepted at depth by the inclinometers (Figures 5.15 and 

5.16).  

 

LEM and FEM analyses conducted on the Pisciolo SLOPE (Pedone, 2014; 

Cotecchia et al., 2014 and 2019 submitted), moreover, corroborated the above-

mentioned phenomenological interpretation of the landslide mechanism, confirming 
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that the stability of the slope under investigation is generally compromised when the 

winter seepage regime is approached.  

It is then worth to investigate how the seasonal reactivations of deep and very 

slow landslide processes in heterogeneous and fissured clay slopes are connected to 

the hydraulic features of the soil complexes and to the climatic factors, as investigat-

ed in the present work and discussed in the following sections. 

 

It is worth mentioning that this phenomenological behaviour of the slope ap-

pears to be strictly related with the climate. In particular, the regional climate at the 

site of reference (Figure 5.1) is classified as “Mediterranean subcontinental to conti-

nental, partly semiarid to arid” (M4 type, Costantini et al., 2013), with a rainy and cold 

‘wet season’ from late autumn to late winter and very early spring, and a ‘dry season’ 

from mid spring to mid autumn. In the latter season, a warm rainy period (of maxi-

mum evapotranspiration) anticipates a very warm and dry period, from June to late 

August. 

 

H numerical analysis of the SL-V-A interaction 

 

Cotecchia et al. 2014, carried out numerical analyses addressed to validate 

the phenomenological interpretation reported above. FEM simulations of the transient 

seepage connected to the climatic variations at the top boundary were conducted with 

the code Seep/w 2004 (Geo-Slope International Ltd, 2004). The results of the H nu-

merical analyses have been of use for the confirmation of the phenomenological di-

agnosis given in section 5.1.3. 
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The authors stated that when the pore pressure distribution resulting from the 

seepage analysis for early April is implemented in the limit equilibrium analyses of 

body C (Figure 5.10, section b-b”), it is found that the mobilized friction angle is 

about peak. This confirms that the landsliding of this body results from first failure. 

Also, it is found that the seasonal variations of the factor of safety, for landslide bod-

ies C and C9, are from 5 to 20% (Pedone, 2014; Cotecchia et al., 2014).  

Such safety factor variation confirms that cause of the current seasonal land-

sliding may be the slope-atmosphere interaction (Cotecchia et al. in 2014).  

 

In order to better assess the transient variation of the safety factor with re-

spect to both sliding bodies C and C9, LE analyses have been carried out (section 

5.2.3) implementing the transient pore water pressure field across the slope, as com-

puted in the following sections.  

 

Pedone et al. (2018) carried out finite element (FE) seepage analyses for a 

uniform simple clay slope subjected to a climate of the type defined above, where the 

clay is of very high retention capacity. The authors show that yearly piezometric fluc-

tuations of about 2 m occur at 15 m depth, and of 0.5 m at 25 m depth, and consider 

the type of climate as main cause of such fluctuations. These piezometric excursions, 

though, are quite smaller than those that may be monitored within slopes made of 

clayey turbidites, such as the Pisciolo slope (section 5.1, Figure 5.14).  

 

In the following, the Pisciolo slope is the prototype of reference for a new 

modelling of the slope-vegetation-atmosphere interaction in the geo-hydro-

mechanical and climatic context presented above (section 5.1). The transient seepage 
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in the slope, connected to the water mass exchanges between the outcropping soils, 

the vegetation and the atmosphere, is investigated through a hydraulic FE analysis, H 

(Annex 1). The variations in pore water pressure with time, predicted through the 

analysis, are input of Limit Equilibrium Analyses (Morgenstern and Price 1965), LE, to 

estimate the variation with time of the safety factors, SF, of different possible sliding 

bodies (according to the procedure in section 2.3.1.1; see the gray shaded case in 

the Table 4.1 reported hereafter).  

 

 
 

Table 4.1 - Scheme of the numerical testing programme. 

 

5.1.3 The methodological steps 
 

The performed H modelling is iso-thermic and does not implement the psy-

chrometric law; therefore it does not predict the evapo-transpiration flux, which needs 

to be pre-processed as outflow (see Annex 1). As such, the evapotranspiration flux 
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has to subtracted to the monitored total rainfall to derive the net rainfall, which is set 

as boundary condition at the ground surface.  

The FAO Penman Monteith method (Allen et al., 1998; Pagano et al., 2018; 

Rianna et al., 2018) has been used to estimate the evapo-transpiration flux with time. 

In particular, the dual crop coefficient approach has been used, which provides a 

separate estimation of either the evaporation, or the transpiration flux, using the coef-

ficients Kcb and Ke. Kcb, for the transpiration part, accounts for the plant type and 

growth during the year; Ke, for the evaporation part, accounts for the size of the slope 

vegetated portion.  

 

The transient seepage has been analysed through the integration of the Rich-

ards (1931) equation (Annex 1). The numerical code Seep/W (GeoStudio™, 2004) 

has been used, which implements the water retention curve of the soils, WRC (θw(s), 

where θw is the volumetric water content and s the soil suction), and the hydraulic 

conductivity function, k(s).  

The analysis is two-dimensional and run-off is implemented by zeroing the 

pore water pressures at the ground surface when the positive net rainfall flux is higher 

than the ksat of the outcropping soil. 

In saturated conditions, the analysis accounts for a soil deformability, mw, 

although the uncoupled nature of the modelling does not combine the water mass 

balance with the momentum balance. Since the effects on the pore water pressures 

of the hydro-mechanical coupling (Elia et al., 2017) are not simulated, the value of 

mw must account for the restraint in soil straining applying to the soil elements buried 

at depth in the slope (provided by the compatibility equations solved in the coupled 

HM analysis).  
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The FE mesh is made of 4-noded quadrilateral elements, with 4 Gauss points. 

Elements of 0.2 m height are used about ground surface. After the initialization of the 

analysis, carried out by means of steady state seepage analysis, a prototype net rain-

fall year has been input for 8 years at the top slope ground boundary. After the com-

pletion of the H analysis, the pore water pressures, predicted with time along the slip 

surfaces of several shallow to deep sliding bodies, have been input in LE analyses, 

and the variation in time of the factor of safety has been obtained. 

 

5.1.4 The prototype slope model 
 

Cotecchia et al. (2014) discuss the results of a H modelling of the slope with 

reference to section b-b’ (Figure 5.10). This paper presents the results of a more ad-

vanced H modelling, run with reference to both sections b-b’ and b-b” (Figure 5.10), 

in which the evapotranspiration rates have been estimated using the dual crop coeffi-

cient approach (Allen et al., 1998), instead of the single one used before.  

Furthermore, both the evapotranspiration and the rainfall rates have been pro-

cessed and input on a daily basis, instead of the previously used monthly basis. The 

Kcb and Ke used in the analyses are shown in Figure 5.20. According to field obser-

vations, winter wheat has been chosen as plant type. The evaporation coefficient Ke 

has been set maximum after the rainfall events (Allen et al., 1998). The results are 

discussed for section b-b”.  

In the slope model, only the fissured Paola Doce clays (complex PD, Figure 

5.10) and the isolated fractured rocks that they include have been implemented in the 
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slope model (where PD is synonymous of T, being composed of CT and ST in Figures 

5.3 and 5.10) (Figures 5.5, 5.7 and 5.19).  

The discretized slope section is shown in Figure 5.19, along with the bounda-

ry conditions and the clusters of different hydraulic properties (PD, rock inclusions, 

top soil of 2 m depth); the slip surface of body C is drawn in the figure too. Figure 

5.20 shows the used WRC, modelled according to Van Genuchten (1980).  

 

 

 
Figure 5.19 - FE slope model and boundary conditions (section b-b” in Figure 5.10). The piezometric 
heads along P7, P0, P5 and P3 are shown in Figure 5.22: ○, measured and numerical; , only numer-
ical. z=0 at 100 m below the bottom of the model. 
 

Pedone (2014) measured the field scale permeability of the PD clays: it rang-

es from ks=2,5·10-9 m/s at 20 m depth, to 6,5·10-9 m/s at 13 m, to about 10-8 m/s 

about the ground surface (Pedone, 2014).  

The field permeability is affected by the presence of the fractured rock levels 

at depth and, at the ground surface, by the fracturing due to deep drying.  
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The drying-wetting test data (Figure 5.20) of the clays (Pedone, 2014) are in-

dicative of a high retention capacity, despite the clay fissuring.  

 

 

 
Figure 5.20 - Test data and WRC used in the model (Pedone, 2014). 
 

 

 
Figure 5.21 - Values of Kcb (black) and Ke (white) used in the analyses; for Kcb, the corresponding 
plant growth stage is reported. 
 

The hydraulic conductivity function of the clays has been modelled according 

to Mualem (1976), accounting for the coefficients of saturated permeability, ksat, set 

equal to 10-9 m/s for the PD clays and to 10-8 m/s for the very top soil (fractured 
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clays). The ksat value for the alluvial deposit and the fractured rock inclusions (satu-

rated at any stage of the analysis) has been 10-6 m/s.  

Null pore water pressure has been set as boundary condition at the ground 

surface in the valley (Figure 5.19), given the presence of the Ofanto river. The up-

stream vertical boundary of the model has been set as hydrostatic, whereas the 

downstream one has been set impervious, the same as the bottom boundary.  

 

The initial steady state seepage has been run with a constant pore pressure of 

-40 kPa on the rest of the ground surface (summer conditions). Thereafter, the year 

of net daily rainfall 2006-07 has been input at the ground surface (Figure 5.21; daily 

temperatures and rainfalls measured at the Melfi weather station).  

This year has been considered representative of the average climate applying 

to the slope between 2001 to 2012. The input average net rainfall intensity has been 

Inaverage=1.3 mm/day, versus an average total rainfall Itaverage=2.1 mm/day. 

 

5.1.5 The variations in piezometric head with climate 
 

The piezometric heads predicted at depth by the numerical analysis, both in 

the lower and central part of the slope, are compared in Figure 5.22 with those meas-

ured down verticals P7, P5 and P3 (Figure 5.21). The figure reports also the net 180-

day cumulated rainfall input in the analysis. The predictions confirm that the piezo-

metric heads at large depth are not sensitive to any single rainfall event and follow 

seasonal excursions.  
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It is of interest to observe that the modelling predicts that, for the given geom-

etry and stratigraphy of the slope, at 15 and 36 m depth down vertical P7 the values 

of the piezometric heads are quite close and fluctuate of a similar amount (e.g. 2-2.5 

m), as recorded in situ from 2009 to 2013 (Figure 5.22a). The agreement between 

the measured and the predicted values of the piezometric heads is quite good, despite 

the analysis implements always the same net rainfall year. The predictions seem to be 

slightly closer to the measured data than those reported by Cotecchia et al. (2014) for 

section b-b’. This is possibly an effect of the higher accuracy in the simulation of the 

evapotranspiration rates (i.e. daily evaluation by means of the dual crop coefficient 

approach, versus the monthly evaluation via the single crop coefficient approach).  

 

However, the seasonal excursions along P7, where a rather large rock interval 

occurs at depth, are larger than those predicted at different depths along vertical P0 

(Figure 5.22b), which crosses solely the PD clays. Here, the seasonal piezometric ex-

cursions decrease slightly with increasing depth and the excursion predicted at 15 m 

depth is similar to that predicted for a uniform slope by Pedone et al. (2018) at the 

same depth, despite the different mw values that have been used. In fact, Pedone et al. 

2018 have implemented a mw value larger than that used in the present analysis of 

two orders of magnitude.  

Conversely, the piezometric excursions predicted in this modelling at larger 

depths, as shown for vertical P0 in Figure 5.22b, are larger than those predicted for 

the uniform slope by Pedone et al. (2018). Therefore, it appears that the presence of 

the inclusions in the slope contributes to a general increase of the seasonal piezomet-

ric excursions at large depth, not only as a local effect, as suggested by Pedone 

(2014), but as a general effect.  
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However, the trend of variation of the piezometric head with depth can differ 

from that shown for both vertical P7 and P0, when the permeability profile is more 

complex. For example, along vertical P5, where two thin rock levels are present at 

depth, the predicted piezometric heads at the three depths 15 m, 40 m and 53 m, are 

different and follow seasonal excursions that are smaller than along both verticals P0 

and P7. 

Furthermore, here the predicted piezometric excursions increase with depth 

along with the value of the piezometric head. These results are indicative of the possi-

ble chaotic effects that the discontinuous heterogeneities in permeability can deter-

mine within the piezometric domain.  

Undoubtedly, though, the spatial distribution in the slope of the seasonal pie-

zometric excursions activated by the climatic regime is influenced not only by the 

slope geometry and boundary conditions, as already recognized for the uniform slope 

(Pedone et al., 2018), but also by the heterogeneities in permeability.  

 

It can be summarized that the main general effects on the transient seepage 

domain determined by the presence of the rock inclusions (i.e. higher permeability) 

are: 1) local distortions of the equipotential lines; 2) a general increase at large depths 

of the seasonal piezometric excursions connected to the soil-vegetation-atmosphere 

interaction; 3) local extreme values of the piezometric excursions where the inclu-

sions are located, both within the inclusion and in the surrounding clay.  

 

The piezometric heads measured in the central part of the slope, along both 

verticals P5 and P3 (Figure 5.19), are also shown in Figure 5.22c.  
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These are larger than the excursions predicted by the modelling along vertical 

P5. This discrepancy may be due to the distance of the piezometers from the mod-

elled section (i.e. three-dimensional flow effects, not accountable in 2D modelling), 

and further confirms the complexity of the seepage in the hillslope.  

Concluding, the analysis of all the predicted and monitored piezometric heads 

suggests that the presence within the clayey turbidites of isolated interbedded more 

permeable strata provides the slope with an increase of the effects of climate at large 

depths, with respect to uniform clay slopes (Vaughan, 1994; Smethurst et al., 2012; 

Pedone et al. 2018).  

 

Figure 5.23 reports the predicted pressure heads corresponding to 0, 1.0 and 

1.5 m b.g.l. along vertical P0. Negative pressure heads are predicted at these depths 

for most of the year. At both 1 and 1.5 m depth, from September to December the 

predicted suctions on average tend to decrease. Thereafter, a stage of zero suction, 

or slightly positive pore water pressure, occurs, with a following increase in suction 

from April to September. The predictions, though, scatter about the average trend line 

as effect of single rainfall events. The scatter becomes milder with increasing depth, 

recognizably minor by 1.5 m depth. About the ground surface, instead, the pressure 

fluctuations are frequent and very irregular, recognizably as effect of either the rainfall 

events or the drying in the days of no rainfall.  
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Figure 5.22 - Measured and numerical piezometric heads down verticals (a) P7, (b) P0; (c) P5 and P3. 

The net 180-day cumulated rainfall is the one input in the modelling. 
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Figure 5.23 - Numerical pressure heads at shallow depths along vertical P0 and net daily rainfall. 

 

It is worth highlighting that, from mid-April to the end of May, a major in-

crease in suction occurs down to 1.5 m depth due to major evapotranspiration, that 

stops in the rainy days. In particular, the occurrence of a long duration rainfall after 

the end of May is seen to generate zero suction at the ground surface, a decrease in 

suction down to 1 m depth, and, at 1.5 m depth, just a reduction in the gradient of 

suction increase. At larger depths, the predicted interference of single climatic events 

with the seasonal variation of the pressure head is negligible. 

 

In order to investigate how the process of water infiltration develops with time, 

the predicted pore water pressure profiles along the first 5 m depth down vertical P0 

have been plotted for different climatic periods in Figures 5.24 to 5.27. The profiles 

are a means to explore the variation with time of the versus of the vertical component 

of the flow velocity, vz, above the water table. When vz is directed upwards (because 

evapotranspiration takes control), the pore water pressure profile will be to the left of 

the hydrostatic profile; it will be to the right for vz directed downwards (Ridley, 2012). 
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Figure 5.24 - Pore water pressure profiles along vertical P0: late spring to late summer. 

 

The predictions from the 1st of June to the 8th of September (Figure 5.24) re-

fer to a period when rainfalls occur only at the very start, e.g. 1st and 4th of June. 

Then, a zero flow plane (ZFP corresponds to the depth where the pore pressure profile 

has gradient equal to the hydrostatic one; e.g. Ridley, 2012), that underlies a down-

ward vz and overlies an upward one, is at about 1 m depth. Thereafter, the suction 

about ground level increases and a shallower ZFP appears, above which there is up-

ward vz, with still residual downward vz below. The successive persistent evapotran-

spiration, with no rainfalls (negative net rainfall), results in a continuous lowering of 

the deeper ZFP, until this coincides with the water table. Thereafter, the vz becomes 

entirely directed upwards, with a continuous increase of the suctions and the lowering 

of the water table, from 2.9 m to 3.7 m b.g.l.. Such lowering is not mentioned for clay 
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slopes in wetter climates (Kenney and Lau, 1994; Vaughan, 1994), where most prob-

ably the net outflow rates are smaller than in the Mediterranean climate being mod-

elled. 

 

 

 

Figure 5.25 - Pore water pressure profiles along vertical P0: autumn. 

 

In autumn (Figure 5.25), the water table goes on lowering due to the upward 

flow. But infiltration begins to overcome the evapotranspiration at the ground surface 

and a second ZFP occurs, above which infiltration develops. This ZFP gradually deep-

ens towards the water table and a progressive reduction of the suctions occurs. Also, 

several rainfall events cause the zeroing of suction in the very top layers. 
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Since January (Figure 5.26), the frequent rainfalls produce very low suctions 

above the water table. Percolation brings about the rising of the water table (from 

4.40 m b.g.l., reached on the 31st of December, to 1.6 m b.g.l.). This rise, though, 

starts slowly and accelerates, with about 2.7 m rise from the 2nd of March to the 4th 

of April. At some stages, infiltration leads to positive pore water pressures above the 

water table, generating a perched water table.  

 

 

 

Figure 5.26 - Pore water pressure profiles along vertical P0: winter to early spring. 

 

Afterwards, till the end of May (Figure 5.27), the intense transpiration due to 

the growth of the crops, generates a new zero flow plane, above which an upward vz 

occurs, causing a new lowering of the water table.  
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In conclusion, the numerical analysis highlights that, from the start of April 

until the end of December, the climatic action gives rise to strong variations in suction 

above the water table and only a slow monotonic lowering of the water table. At the 

same time, the pore water pressures in the submerged portion of the slope decrease. 

Afterwards, from December to April, the climate keeps the soils above the water table 

almost saturated and causes a water table rising, that is slow at first and, in late win-

ter-early spring, accelerates. The corresponding pore water pressures at depth in-

crease on average, although the three-dimensional effects commented before make 

this increase vary across the slope. It appears that the major rise in pore water pres-

sures at depths below 5 m occurs only after a long-lasting period during which the 

pore pressures experience complex variations with time mainly within the first 2-3 m. 

 

 

 

Figure 5.27 - Pore water pressure profiles along vertical P0: spring. 
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The numerical modelling appears to show that it is the combination of the 

large climatic difference between the dry period and the rainy period (typical of the 

climate being modelled) with the high field permeabilities of the clayey slopes to de-

termine the significant variations in pore water pressures at depth recorded in situ.  

 

5.1.6 LE analysis for the variation of the slope stability with climate 
 

The variations in safety factor (SF) with time for four different landslide bod-

ies, assessed by means of LE (Morgenstern and Price, 1965), is discussed in the fol-

lowing. Three of the bodies are shallow, of depth: 1) 0.5m; 2) 1 m; 3) 3 m; and locat-

ed where shallow sliding has been mostly recorded on the slope (Figure 5.22). The 

fourth is body C (Figure 5.21).  

The Mohr-Coulomb failure criterion, accounting for the unsaturated soil state, 

is computed as:  

τ c’ σ  tg φ’ s tg φ  (5.1) 

has been used, where φ  decreases for decreasing degree of saturation, Sr. 

Since the minimum Sr reached in summer in the very top soils of the slope is 

about 77%, the LE analysis will slightly overestimate the SF values in the dry period, 

especially with reference to the shallow landslide bodies. 

 

For the bodies of 0.5 m and 1 m depth, the strength parameters used in the 

LE analyses have been c’=0 kPa and φ’=13°, complying with the state of disturb-

ance of the very shallow clays found in situ (Figure 5.29). For body 3, of 3 m depth, 

c’=0 kPa and φ’=15°, complying with the reduction in soil disturbance with depth. 
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For Body C, c’=0 kPa and φ’= 23°, which are about the average peak shear strength 

parameters measured for the undisturbed samples.  

 

 

 

Figure 5.28 - Variations in safety factor for the shallow bodies 1 and 2 and net daily rainfall. 

 

The computed SF values are shown in Figure 5.28 for both bodies 1 and 2, 

along with the daily net rainfalls, whereas Figure 14 reports the computed SF for bod-

ies 3 and C, along with the 180-day net cumulated rainfall. For both bodies 1 and 2, 

since mid-September the autumn rainfalls cause a rapid drop in SF. This drop is 

monotonic for body 2, until the reach of SF=1 about the 20th of December.  
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Figure 5.29 - Pisciolo slope: hummocky ground highlighting the disturbance due to shallow landsliding. 

 

Conversely, SF fluctuates, as effect of the alternating rainy and dry days for 

the very shallow body 1, before reaching the value of 1, again about the 20th of De-

cember. Therefore, the LE results show that in autumn the climate generates a pro-

gressive loss of stability of the landslide bodies and, in winter, SF fluctuates little for 

both bodies (Figure 5.28). After March, SF of both bodies increases, despite the oc-

currence of rainfall events (that cause only transient drops in SF), because of the sig-

nificant evapotranspiration. It is worth noting that the long duration rainfall event in 

early June causes for both bodies an important drop in both suction (Figures 5.23 

and 5.24) and SF. A significant increase in SF, far above 1, is observed afterwards, 

until mid-September, due to the lack of rainfalls and the strong evapo-transpiration. 

The only rainfall event in early July (11th), of net intensity about twice Inaverage, causes 

a transient drop of SF for both the shallow bodies.  

 

For the body of 3 m depth (Figure 5.30) the pattern of SF variation is not af-

fected by any single rainfall event, the same as for the much deeper body C. For both 

bodies, SF increases form mid spring until January. The drop in SF develops in win-
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ter, when the water table rises, causing the minimum SF about the end of March. This 

prediction agrees with the displacement rates shown in in Figure 5.16 and with the 

field records of damages caused by the landside reactivation. Only for the shallow 

body 3, SF is affected by the long duration rainfall taking place in early June, that 

causes a pause in the progressive SF increase.  

Hence, irrespective of the specific values of SF shown in Figure 5.30, it ap-

pears that, from 3 m depth below, the landslide stability is controlled by the long term 

cumulated infiltration of the net rainfall. 

 

 

 

Figure 5.30 - Variations in safety factor for bodies 3 and C and 180-day net cumulated rainfall. 

 

Based upon these H-LE modelling, it may be concluded that reasonable pre-

dictions of the yearly piezometric fluctuations recorded at depth in the clayey slopes 

of the south-eastern Apennines can be achieved through uncoupled modelling, im-
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plementing a Mediterranean climate and an accurate hydro-mechanical characteriza-

tion of the slope. 

The modelling has shown that both the fissuring of the clays and the inter-

bedding of more permeable strata increase the size of the deep seasonal piezometric 

excursions with respect to those occurring in uniform clay slopes.  

The corresponding variations in operational strength have been shown to 

cause, in winter, a decrease in stability of the deep landslide bodies, which may be-

come active, or accelerate, in late winter. The climatic precursor of these deep insta-

bilities is the net rainfall cumulated over long periods, 160 to 180-days for instabilities 

deeper than 3 m. 

 

At small depths, instead, the predictions suggest that shallow landslides, in-

volving weak clays, can take place since late autumn. From then until early spring, the 

stability at shallow depth is marginal and landsliding is strictly related to the sequence 

of net daily rainfalls over short periods. Shallow instabilities, though, may occur also 

in early autumn, if extreme rainfall events take place.  

 

The variation with depth of the precursors of instability, initially recognized 

based upon field data and now characterized through the slope modelling, should in-

form the design of EWS (Chapter 6) for the mitigation of the landslide risk involving 

clayey slopes.  
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5.1.7  Further advancement in the H modelling of the slope  
 

In this section, H and LE numerical analyses successive to the previous ones 

are discussed, which have been carried out with Seep/W 2012 together with Slope/W 

2012, which implement few governing equations different from those of the previous 

version, used for the modelling discussed before. 

 

The differences between the Seep 2004 and 2012 versions concern the trig-

ger of the runoff and the possibility to account for the water-stress (i.e. high suction 

levels) in the top soil when computing both the evaporation and the transpiration flux 

to be input at the ground surface of the slope. Whereas, with regard to Slope/W, the 

only difference among the 2004 and 2012 versions concerns the possibility to ac-

count for a variable effect of the suction on the shear strength of the partially saturat-

ed soil. 

 

In particular, in Seep/W 2012 the runoff is activated when a pore pressure 

equal to 0 kPa occurs at the ground surface; at such stage, water infiltration will de-

pend on the zero pore pressure at the ground surface (i.e. head-type boundary), and 

not on flux q(t), even if it differs from zero (i.e. rainfall). On the contrary, as said in 

section 5.2.1, in Seep/w 2004, the runoff was activated when the imposed inward 

flux of water exceeds the saturated hydraulic conductivity (ksat), not considering that 

the eventual unsaturated regime standing at the ground surface would reduce the ksat 

according to the hydraulic conductivity function. 

Moreover, Seep/w 2012 provides knowledge about the soil water content at 

the ground surface with time and this allows to process the evaporation and transpi-

ration fluxes accounting for this water content (and corresponding degree of satura-
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tion). In fact, it is worth remembering that a coupling between the soil state and the 

evaporation and transpiration fluxes exists and can be accounted for within the FAO 

Penman-Monteith method. This is achieved by means of the Kr and Ks values which 

are indirectly function of the water stress condition (Eqs. 3.48 and 3.55 respectively; 

section 3.6.1). In this respect Seep/w 2012 allows for the implementation of this soil 

water stress in the computation of the evapo-traspiration by means of the “hydraulic 

modifier”. This function makes Kr and Ks function of the soil suction through the WRC 

implemented in the analysis (Figure 5.19 in section 5.2.2), as shown in Figures 3.27 

and 3.29 respectively. Hence, for the evaporation flux, taking from the WRC the water 

content value 𝜃𝐹𝐶=0,455 corresponding to a value of suction: 𝑠=0 𝑘𝑃𝑎 and 

𝜃𝑊𝑃=0,294 to 𝑠=−1500 𝑘𝑃𝑎 (wilting point for the vegetation, section 3.6.1) the 

value of 𝑇𝐸𝑊 (Eq. 3.47) where 𝑍𝑒=0,15 𝑚, is computed as: 

𝑇𝐸𝑊=1000*(0,455−0,5*0,294)*0,15 = 46,2 𝑚𝑚  

 

(5.2) 

Moreover, taking the value for 𝑅𝐸𝑊=12 𝑚𝑚, as indicated in Table3.5 with 

reference to clayey soil, the water content below which the evaporation flux starts to 

decrease, known as 𝜃𝑡, is computed through the following proportion:  

(𝜃𝐹𝐶−𝜃𝑡) : 𝑅𝐸𝑊 = (𝜃𝐹𝐶−0,5𝜃𝑊𝑃) : TEW  (5.3) 

Resulting in: 

𝜃𝑡=0,455−((0,455−0,5·0,294)/46,2 𝑚𝑚)*12 𝑚𝑚=0,375  (5.4) 

From the WRC, a suction of about 300 𝑘𝑃𝑎 is found to correspond to 

𝜃𝑡=0,375. 

For the transpiration flux, considering that 𝜃𝐹𝐶=0,455 and that 𝜃𝑊𝑃=0,294 , 

similarly to what has been done for the evaporation flux, the mean water fraction of 
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the total available water in the soil (𝑇𝐴𝑊), which may be extracted from the root zone 

before the water stress 𝑝=0,55, is computed from the following proportion:  

(𝜃𝐹𝐶−𝜃𝑡) : 𝑅𝐴𝑊 = (𝜃𝐹𝐶−𝜃𝑊𝑃) : 𝑇𝐴𝑊 (5.5) 

where, 𝑅𝐴𝑊=0,55*𝑇𝐴𝑊, and 𝜃𝑡 is the volumetric water content at which 

the reduction in the evaporation flux starts.  

From Eq. 5.5, 𝜃𝑡=0,36645 is obtained, corresponding in the WRC to a suc-

tion value of −359 𝑘𝑃𝑎. 

As such, by means of the hydraulic modifier in Seep/W, the function Kr and 

Ks are implemented as in Figures 3.31 and 3.32 respectively. 

 

  

 

Figure 5.31 - Kr function with suction. 

 

 

Figure 5.32 - Ks function with suction. 
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With regard to Slope/W 2012, as anticipated, the shear strength increase due 

to suction is modelled in a more advanced way with respect to what may be done 

with Slope/W (2004) (Eq. 5.1). 

As discussed in Chapter 2, considerable research has been done to advance 

in the estimate of the shear strength of unsaturated soils, using the soil-water reten-

tion curve and the effective shear strength parameters (c’ and φ’). As a better alterna-

tive to the Eq. 5.1 (i.e. the use of φ ) to model the increase of shear strength due to 

soil suction, the following equation proposed by Vanapalli et. al. (1996) is implement-

ed in Slope/W: 

τ c’ σ u tg φ’ u u
θ θ

θ θ
tg φ’  (5.6) 

In the above equation, θ  is the volumetric water content, θ  is the saturat-

ed volumetric water content and θ  is the residual volumetric water content. Hence 

SLOPE allows to relate the shear strength to the soil suction based on the above 

equation and the WRC. Furthermore, a residual volumetric water content, at which the 

suction-induced strength increment becomes zero (θ ), can be accounted for.  

In the analyses that have been performed, a value of 68% has been imple-

mented for θ , according to an on-purpose study explained in the section 5.3.1. 

 

Before starting with the discussion of the results, it has to be clarified that the 

results coming from the analysis with Seep/W 2012 are just a part of a more ad-

vanced analysis which was accounting for the climate condition from the 2001 till 

2016; as such the results here shown are still corresponding to the input of the year 

2006-2007, but are preceded by the climatic years from 2001 till 2006. As such a 

rigorous comparison between those results may not be carried out.  
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The results of the new seepage analysis are discussed first. With reference to 

vertical P7, the numerical predictions of Seep/W 2004 analyses (the same results 

shown in Figure 5.23) and those of Seep/W 2012 are compared in Figure 5.33. It ap-

pears that the piezometric heads at the shallow depths computed by means of 

Seep/w 2012 appear to be a bit lower than the corresponding ones from Seep/W 

2004 (from September to November and from April to August; Figure 5.33). 

This appears not to be due to the implementation of the water stress condition 

in the soil (through the implementation of the Kr and Ks, Figures 5.31 and 5.32 re-

spectively), since the suction values corresponding to the piezometric heads in Figure 

5.33 are not exceeding the limit value for the water stress function. However, Kr and 

Ks are explicitly acting at the ground level (0 metres b.g.l.) in the most evapo-

transpirative period (from April to June) where the threshold of about 300-350 kPa is 

exceeded, implying a reduction of both the evaporation and transpiration fluxes. This 

circumstance is then felt more in depth, and the suctions at 1 and 1.5 metres b.g.l. 

are lower than the corresponding in the Seep/W 2004 analyses in that period. 

From that time on (after June), even if the water stress functions are no more 

applying, an effect of the pre-existent lower suction is felt throughout August. 

The full numerical analysis, accounting for the climate between 2001 and 

2016, will be discussed in Chapter 6. 
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Figure 5.33 - Numerical pressure heads at shallow depths along vertical P7, comparing the Seep/W 

2004 and the Seep/W 2012 analyses. 

 

At larger depths, the analysis with Seep/W 2012 gives smaller excursions in 

piezometric head than Seep/” 2004 (Figure 5.34). In fact, if for Seep/W 2004 the pore 

water pressure variation is less than 30 kPa, with Seep/W 2012 it generally less than 

20 kPa (at 15 metres depth); at 36 metres, with Seep/W 2012, 10 kPa is calculated 

versus 20 kPa. This allow to argue that the combination of the water stress functions 

and the different runoff mechanism between the two processing procedures cause 

variations in infiltration rate with time, bringing about a prediction of smaller pore wa-

ter pressure excursions during the year. 

It is worth remembering, however, that the excursions along vertical P7 (i.e. at 

the toe of the slope) at depth in the analysis carried out by means of See/W 2012 

may be also the result of the different antecedent climatic year applied. 
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As such it is not possible to describe a general relation between those two 

analyses, since the transient input data has changed. 

 

 

Figure 5.34 - Numerical piezometric heads at depths along vertical P7 (comparing the 

Seep/W 2004 and the Seep/W 2012 analyses) and monitoring data of piezometers at 15 and 36 me-

tres depth. 

 

LE analyses have been also carried out, adopting the same φ’ for each sliding 

body (as section 5.2.2), but implementing the unsaturated shear strength according 

to Eq. 5.6. 

With reference to both Figures 5.35 and 5.36, the differences in safety factor 

trend are not ascribable to the implementation of Eq. 5.6. The latter may only apply to 

the period of maximum evapotranspiration (i.e. April, May and June) and only for the 

0.5 metres deep body. For all the other sliding bodies, it is believed that differences in 

SF are coming from the already described differences in pressure or piezometric 

heads (Figures 5.33 and 5.34). 
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Moreover, for body C, the trend of SF is similar among the two calculations. 

The SF of the body C computed by means of Seep/W and Slope/W 2012 is highlight-

ing a drop which is smaller than the corresponding in the calculation in section 5.2.2. 

This circumstance, together with the difference of values in SF are to be ascribed to 

the smaller oscillation at depth already described with reference to Figure 5.34. 

 

  

 

 

Figure 5.35 - Net daily rainfall and factor of safety with time (comparing the Seep/W 2004 and the 

Seep/W 2012 analyses) with respect to 0.5 and 1 metres depth sliding bodies. 

 

The overall hydraulic and mechanical behaviour of the slope, with this model-

ling strategy, with respect to the period of time from 2001 to 2016, is shown and dis-

cussed in Chapter 6. 
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Figure 5.36 - 180-day cumulated rainfall and factor of safety with time (comparing the Seep/W 2004 

and the Seep/W 2012 analyses) with respect to body C. 

 

5.2 HM numerical analysis  
 

The H numerical analyses discussed in section 5.2 implement the water re-

tention behaviour of the soil in terms of volumetric water content, ϑw=Sr*n, within 

which the porosity may vary, but only as effect of the suction upon drying-wetting. 

This is because the porosity n is not coupled with the momentum balance and, there-

fore, it does not vary due to compatibility of straining and corresponding re-

distribution of loading. Furthermore, for the saturated soil below the water table in the 

slope, n varies according to the deformation coefficient mw sat, which though has to be 

set very low, just to account for the uncoupled nature of the calculation.  

For a more accurate solution of the water balance in the slope, as well as for 

the prediction of the effects of SVA on the soil straining, HM numerical analyses have 

been carried out, as indicated by the grey shaded area in Table 4.1 recalled hereafter 
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(Annex 2; section 2.3.2), by means of the FE program Plaxis 2D 2016 (Brinkgreve et 

al. 2016).  

 

 

 

Table 4.1 - Scheme of the numerical testing programme. 

 

In the following, their results are presented, with the aim at investigating the 

possibilities and limitations of modelling the transient seepage in slopes coupled with 

the deformation of the soil skeleton, characterizing, hence, the stress-strain response 

of the slope to SLVA interaction. 

 

As first, the FE program Plaxis has been tested through the modelling of a dry-

ing element test (section 5.3.1), carried on a sample of the slope clay. Thereafter, a 

sensitivity analysis has been carried out, aimed at identifying the impact that the geo-

hydro-mechanical slope features may have on the overall stress-strain state of the 
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slope (section 5.3.4). As last, the most realistic SLVA numerical modelling for the 

Pisciolo slope is discussed (section 5.3.5). 

 

5.2.1 HM numerical analysis of a free drying lab test  
 

The numerical simulation of an unconfined drying lab test (Pedone 2014) has 

been carried out with the FE program Plaxis, with the aim to assess the capabilities of 

Plaxis 2016 in simulating transient unsaturated seepage in a deformable porous me-

dia.  

 

Pedone (2014) carried out the determination of the hydraulic behaviour of a 

fissured clay sample from the top layer of the Pisciolo slope, deriving the Soil Water 

Retention Curve (SWRC) of the clay through the use of both the filter paper technique 

and the suction measurement making use of the Imperial College high capacity tensi-

ometer (Figure 5.37). Pedone (2014) carried out the unconfined drying test on an oe-

dometer specimen; the results are shown in terms of degree of saturation - suction in 

Figure 5.37, of void ratio - suction in Figure 5.38, and in terms of suction - time in 

Figure 5.39. 

It is worth noting that in Figures 5.37, 5.38 and 5.39 the curves describing the 

test data are two; they correspond to the measurements corresponding to two filter 

papers, which had been used for each suction measure. In fact, when dealing with 

clays, it is suggested to use for each suction measurement two filter papers, one di-

rectly in contact with the specimen, and the other not directly in contact with the 

specimen. This is done in order to prevent that some of the clayey particles may re-
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main attached to the first filter paper, affecting the weight measurement of the filter 

paper. For sake of completeness both the curves are presented in the figures. 

 

The laboratory data show that the fissured clay can't reach Sr=100% at zero 

suction (Figure 5.37), probably because the fissures are not full of water at s=0 kPa 

in the laboratory, even if the material aggregates between the fissures are saturated. 

However, in situ the fissures are filled with water through infiltration, that is why the 

initial Sr of the drying curve should be considered not representative of the in-situ 

conditions. Indeed, as discussed by Pedone (2014), upon drying the fissured clay 

specimen exhibits a bi-modal response, coherent with the multiple porosity of the 

clay, that includes not only an either single or double porosity at the micro-scale (per-

sonal communication of C. Vitone, based upon mercury-intrusion porosimetry tests), 

but also a meso-porosity due to fissuring (see Figures 5.37 and 5.38). 

Moreover, from Figure 5.38 it can observed a strong and sudden reduction in 

void ratio in the interval 1000-2000 kPa. This corresponds to the "gross air entry" val-

ue, GAE (Figure 5.37) defined by Cafaro & Cotecchia (2005 and 2016), which occurs 

when a rapid decrease of dSr/d(log(s)) takes place, that is roughly when the air phase 

becomes continuous inside the pores. In Figure 5.37, just in correspondence with the 

GAE, it is possible to notice a strong reduction of the void ratio, a phenomenon de-

fined by Cafaro & Cotecchia (2016) volumetric collapse in drying. This sudden in-

crease in deformation has been considered effect of a new arrangement of the clay 

fabric due to the retreat of the menisci (Childs, 1969) and therefore, defines a transi-

tion between the quasi-saturated and non-saturated state. 
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Figure 5.37 - Lab unconfined drying test results in terms of void ratio and suction; (Pedone, 2014). 

 

 

 

Figure 5.38 - Lab unconfined drying test results in terms of degree of saturation and suction; (Pedone, 

2014). 

 

Cafaro & Cotecchia, (2015), Cotecchia, (1996), Esposito (1995) and Marinho 

(1994) cosider quasi-saturated state Sr < 90%, that is when the air is present only 

within confined bubbles within the pore water, i.e. before GAE. This is the case for 

Meso-porosity effect 

Meso-porosity effect 
Sr=100% for the inter-fissure elements 
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90%>Sr>80% with the fissured clay, if referring to the micro-pores (Figure 5.38). On 

the basis of various isotropic tests and drying tests performed on over-consolidated 

clays, Cafaro & Cotecchia (2016) have shown that the compressibility of the solid 

skeleton during drying within the quasi-saturated conditions, characterized by the pa-

rameter α in the model in Figure 5.40, is always very close to the compressibility of 

the saturated clay under external isotropic loading, therefore α = κ.  

 

 

 

Figure 5.39 - Lab unconfined drying test results in terms of suction and progressive time; (Pedone, 

2014). 

 

This consideration can be motivated by the fact that when the water is still a 

continuous phase inside the pores and air is in bubbles, the hydro-mechanical condi-

tions that generate the load of the solid skeleton do not differ much from those ap-

plied in conditions of complete saturation. Therefore, as long as the soil is in the qua-

si-saturated stage, i.e. before GAE, it appears reasonable to consider that the effective 

stress changes due to an increase in suction are the same as the effective stress 
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changes due to the same increase in the effective isotropic invariant: ’=+s; in 

fact, the water traction acts as an isotropic compressive stress on the skeleton. Ca-

faro & Cotecchia, (2015) provide large evidence of this correspondence based upon 

experimental data. Moreover, the authors show that in unconfined drying tests, the 

overconsolidated clay specimens experience GAE upon the reach of the gross yield 

pressure in compression, that is when the state boundary surface of the clay is 

reached. At the same stage, the clay experiences the volumetric collapse at GAE. Ac-

cording to these findings, Cafaro & Cotecchia (2015) schematized, as shown in Fig-

ures 5.40 and 5.41, how the water retention behaviour of the overconsolidated clay 

depends on the compression behaviour of the clay when under external loading.  

This circumstance is testified using lab data for over-consolidated clays only 

in the quasi-saturated state (i.e. before the GAE), by the consistency existing between 

the value of the swelling compressibility κ, and the compressibility the material exhib-

its along a drying path (Figure 5.40).  

After the suction value corresponding to the GAE, found to coincide with the 

gross yield pressure in isotropic compression, a further increase in suction is no 

more able to cause volumetric changes (i.e. further plastic volumetric changes are ze-

ro). This phenomenological behaviour is also seen for the Pisciolo clay in Figure 5.37, 

where the tendency of the e-suction curve to become horizontal after the GAE may be 

easily spotted. 

As such, in the Bishop’s effective stress framework, the effect of suction on 

the effective stress state should be such that beyond GAE≡GY no more volumetric 

straining occurs. In other words, the Bishop’s effective stress parameter 𝜒 should be 

linked not only to the saturation degree, but also to mechanical state of the clay skele-

ton with respect to the state boundary surface under loading (i.e. should account for 



 255 

the over-consolidation ratio). 𝜒 should be such as to provide zero straining for any in-

crease in suction beyond GAE≡GY. If the data in Figure 5.40 are reported in the plot 

e-p’BISHOP, no data must exceed the INCL, which is bounding all the possible states for 

that specific clay. As such all the points on the right of the INCL in Figure 5.40 must 

collapse on the INCL, when reported in the e- p’BISHOP plot (Figure 5.41). 

 

In the present research the use of the Bishop effective stress in the coupled 

HM analyses has accounted for this finding and 𝜒 has been calibrated to comply with 

the observed behaviour, in order to make realistic the simulation of the un-saturated 

clay upon drying - wetting with the SVA interaction. 

 

  

 

Figure 5.40 -Drying path overlapped with the INCL, K0NCL and swelling line of the overconsolidated 

clay. The drying path refers to the suction on the x-axis, whereas the INCL and K0NCL refer to the 

p’BISHOP (which is equal to the Terzaghi effective stress when Sr=100%) on the x-axis. 
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Figure 5.41 -Drying path overlapped with the related INCL and K0NCL. The drying data now are report-

ed in terms of p’BISHOP (in the framework of Cafaro & Cotecchia 2015). 

 

Summarizing, for the over-consolidated clay the suction has been assumed to 

act as an effective isotropic stress until the suction reaches the GAE, which corre-

spond to the GY. At that point, a further increment of suction is no more able to cause 

plastic volumetric strains, and as such, from that point on it has been imposed to the 

Bishop stress to comply with values that make the state of the clay be below or equal 

to the Gross yield state (Figure 5.41) (Cafaro & Cotecchia 2001, 2015; Cotecchia 

1996), as discussed in the following.  

 

The Figure 5.42 reports the drying test data in Figure 5.37, in which the suc-

tion values have been converted in p’BISHOP. For the computation of 𝜒, several pro-

posals can be found in the literature (section 2.3.2). However, only one formulation 

can be adopted in Plaxis (Annex 2): 
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𝜒 𝑆 ,
𝑆 𝑆 ,

𝑆 , 𝑆 ,
 (5.7) 

In Figure 5.42 each curve in Figure 5.37 is reported in terms of p’BISHOP adopting two 

different value for the residual degree of saturation (𝑆 , ).  

 

 

 

Figure 5.42 - Lab unconfined drying test data in terms of void ratio and Bishop’s effective isotropic in-

variant. 

 
𝑆 , 6% and 𝑆 , 45% have been considered, the first seemingly close 

to the last data measured, at very high suctions, in the lab, then modelled with van 

Genuchten model (1980) (Table 5.6b); the second one has been chosen through a 

procedure designed to make the p’BISHOP such as that the GAE = GY, according to the 

above-mentioned framework (Figure 5.40 and 5.41). In the latter case, the value of 

the Bishop’s effective stress invariant 𝑝  at high suctions becomes smaller. The 

success of the use of 𝑆 , 45% with respect to 𝑆 , 6% is evident in Figure 

5.42. 
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The procedure here presented has been validated for several other clays 

whose drying had been tested in the laboratory. For the Pisciolo clay the 𝜒 value as-

suming 𝑆 , 45% has been used. 

 

As for the HM numerical modelling of the unsaturated transient flow in a de-

formable porous media, Galavi (2010) described the mathematical formulation of the 

coupled flow-deformation analysis in unsaturated soil and its implementation with ref-

erence to Plaxis 2012; unfortunately, early tests carried out by the Tagarelli (2014) 

and Milella (2015), have shown that the implementation of such calculation approach 

was not working properly, since issues with the stiffness of the pure water were de-

tected. In particular a smaller stiffness of the pure water value (i.e. rather than 2 GPa) 

was required as input in order to get reasonable results out of the calculation. This 

circumstance was clearly identifying a problem in the computation procedure; as 

such with the 2016 release of the Plaxis code, as explained in Annex 2, those issues 

have been solved, by introducing the “constant stiffness-Kw” calculation strategy (An-

nex 2). This strategy is the one used in the coupled modelling discussed in the follow-

ing (Annex 2). 

 

The HM numerical analysis herein reported was conducted to simulate the 

drying path in Figure 5.39 for a cylindrical specimen (D=56mm ed H=20mm) (Pe-

done, 2014), to check the validity of the HM coupling being adopted.  

All the numerical simulations have been referred just to a quarter of the sam-

ple (symmetric with respect to the median plane orthogonal to the axis of the cylin-

der), simulated through an axisymmetric model (Figure 5.43). The mesh is made of 

triangular elements of 15 nodes, whose dimensions are of the order of few millime-
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tres (Figure 5.44). As for the boundary conditions (Figure 5.43): axis of symmetry 

and plane of symmetry are considered impermeable and the displacements orthogo-

nal to these boundaries have been prevented; an outflow has been imposed on the 

outer faces of the sample when evaporation has been allowed for going on with the 

drying process. 

 

 

 

Figure 5.43 - Geometrical 2D scheme of the oedometer specimen (a); scheme of the displacement (b) 

and hydraulic (c) boundary conditions superimposed in the analysis. 

 

 

 

Figure 5.44 - FE mesh adopted for the analysis; width and height are respectively 28 and 10 centime-

tres. 

 

Through several volume and weight measurements in the laboratory, Pedone 

(2014) deduced the outward transient flux along the unconfined drying perimeter and 

set this as boundary condition to be applied to the model test, in order to model the 

amount of water lost during all the stages of the test. As such, Table 5.5 shows all the 

33 drying or equalizing steps the specimen has been subjected to. Then, Pedone 
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(2014) carried out the test simulation using ICFEP (Imperial College Finite Element 

method), with a two variable approach to treat the HM coupling. In this work the 

simulation of the drying lab test has been carried out to test the capacity of Plaxis to 

simulate correctly the HM coupling, once the Bishop’s effective stress has been cali-

brated as discussed above. 

 

The retentive properties of the material have been modelled in Plaxis through 

the equation of van Genuchten (1980), whose parameters are shown in Table 5.6a. 

The saturated hydraulic conductivity, Ksat has been set equal to 1-10 m/s, as 

measured by means of an oedometer test (Pedone, 2014). 

 

The constitutive models adopted in this HM numerical analysis are the Mohr-

Coulomb, as first, and subsequently the Soft Soil model (Brinkgreve et al. 2016). Ref-

erences to both these constitutive models may be found on the Plaxis 2016 manual 

(Brinkgreve et al. 2016). However, a brief description of the Soft Soil constitutive 

model is given in the following. 

 

The Soft Soil or Plaxis Cap model (Brinkgreve & Vermeer, 1997) is an elasto-

plastic model partly based on modified Cam Clay.  

This constitutive model implements the Mohr-Coulomb yield function on the 

dry side, but also a cup bounding surface on the wet side, similar to the one imple-

mented in the modified Cam-Clay (i.e. Roscoe surface).  

Therefore, this model is of use for the numerical simulation of this unconfined 

drying test because of the presence of the yield surface intercepting the p’ axis. The 

shape of the so-called yield cap surface is calibrated by a M value which allows for a 
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correct simulation of the gross yielding upon oedometer compression (Brinkgreve, 

1994; Brinkgreve et al., 2016).  

The Soft soil model is then described by means of two yielding functions, 

shown in Figure 5.45, defined as follow: 

𝑓
𝑞
𝑀

𝑝∗ 𝑝∗ 𝑝∗  (5.8) 

𝑓 𝑞 𝛼𝑝∗ (5.9) 

where, Eq. 5.8 represents the Hardening Cap function and Eq. 5.9 represents 

the Mohr-Coulomb yield strength function; moreover: 

𝑝∗ 𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑 (5.10) 

𝑝∗ 𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑 (5.11) 

The plastic deformations are computed implementing an associated flow rule 

for the cap, whereas a non-associated flow law is used for the Mohr-Coulomb yield-

ing surface. The plastic potentials are defined respectively as: 

𝑔 𝑓  (5.12) 

𝑔 𝑞 𝛽𝑝∗ (5.13) 

where the parameter β in the Eq. 5.13 is a coefficient describing the dilatancy 

(Brinkgreve et al. 2016). 

 

The stiffness of the material, similarly to the Cam Clay constitutive model, is 

based on a logarithmic relationship between the average isotropic stress invariant, 𝑝′, 

and the volumetric deformations, ɛ  (rather than the void ratio, e): 
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𝜀 , 𝜀 , 𝜆∗ ln
𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑

𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑
  (5.14) 

𝜀 , 𝜀 , κ∗ ln
𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑

𝑝 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑
(5.15) 

Eq. 5.14 and 5.15 describe the volumetric strain during unloading-reloading 

and the plastic volumetric straining along the isotropic virgin compression line, re-

spectively. 

It should be noted that in one-dimensional compression, the presence of the 

cohesion in the definition of the isotropic stress invariant 𝑝∗ leads to a constant ratio 

of 𝑞/𝑝∗ instead of 𝑞/𝑝. 

Parameters 𝜆∗ and κ∗ are defined as the modified compression and swelling 

index, respectively. A relationship between the aforementioned parameters and the 

more used 𝜆 and κ exist: 

𝜆 𝜆∗ 1 𝑒  (5.16) 

𝜅 𝜅∗ 1 𝑒  (5.17) 

However, it is worth mentioning that, although also a relationship between the 

compression coefficient 𝐶  and the modified compression index 𝜆∗ exists: 

𝐶 2.3 ∙ 𝜆∗ 1 𝑒  (5.18) 

Similar relation may not be written as regards the swelling coefficient 𝐶  and 

κ∗. Being in fact 𝐶 , the parameter controlling the following constitutive link: 

𝑒 𝑒 𝐶 log
𝜎 , 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑

𝜎 , 𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑
 (5.19) 

After some maths: 
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𝜀 , 𝜀 , 𝑘∗ ln
𝜎 , 1 2𝐾 3𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑

𝜎 , 1 2𝐾 3𝑐 ∙ 𝑐𝑜𝑡𝑔𝜑
 (5.20) 

it is noted that an exact relation between 𝐶  and κ∗ cannot be written in the 

general case, since the coefficient 𝐾 ,  varies during unloading. 

 

 

 

Figure 5.45 - Yield surfaces characterizing the Soft soil constitutive model in the q-p plane. 

 

The specimen subjected to the drying process has been extracted at 1.5m 

depth, so it was just in partial saturation conditions at the beginning of the drying 

path. This is the reason why the initialization of the numerical analysis has been car-

ried out imposing an initial value of 10 kPa of suction to the specimen. Starting from 

this suction level, the drying path has been simulated imposing a negative unit flux on 

the outer faces, computed by means of time and weight measurements on the oe-

dometer specimen in lab. 

 

In the early numerical analyses, it was highlighted that if an elastoplastic con-

stitutive model without the yield cap surface on the p’ axis is adopted (e.g. Mohr-
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Coulomb constitutive model), predictions consistent with the experimental measure-

ments of the drying with time (coupled HM response of the soil) are obtained only be-

fore 1000-1500 KPa of suction (i.e. below GAE; Figure 5.46), as expected according 

to the hydro-mechanical framework depicted before (Figure 5.41). The parameters 

used in the numerical analyses adopting the Mohr-Coulomb constitutive model were: 

γunsat=17 kN/m3; γsat=19 kN/m3; E'=10000 kPa; ν'=0.25; φ'=15°; c'=15 kPa; 

ψ=0°; einitial=0.76.  

 

Implementing the Mohr-Coulomb constitutive model, it is possible to adjust 

the stiffness parameters to match better the lab data but only in a certain range of 

suction values. In fact, with such constitutive model it is not possible to get the iso-

tropic elasto-plastic behaviour the specimen is actually experiencing. 

 

 

 

Figure 5.46 - Early numerical analysis (Mohr-Coulomb constitutive model) of the unconfined drying 

test compared to the lab data; input parameters of the M-C constitutive model as follow: γunsat=17 

kN/m3; γsat=19 kN/m3; E'=10000 kPa; ν'=0.25; φ'=15°; c'=15 kPa ; ψ=0°; einitial=0.76. 
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The result reported in Figure 5.45 made even more clear that a more complex 

constitutive model is required to predict the real behaviour in the high suction range. 

As such the Soft soil constitutive model was adopted, as in the following. 

 

With regard to the stiffness properties of the material modelled, the isotropic 

compressibility index λ has been set equal to that measured on the same specimen. It 

is worth remembering that the λ in this model is not the same as the homonymous 

parameter in critical state soil mechanics; in fact, the compressions plan has abscis-

sa ln 𝑝 𝑐 ∗ 𝑐𝑜𝑡𝑔 𝜑  and not ln 𝑝 ).  

As for the unloading-reloading compression index 𝜅, its evaluation has been 

based on the experimental evidences described above (i.e. α 𝜅), in particular, plot-

ting in the plane 𝑒; ln 𝑝 𝑐 ∗ 𝑐𝑜𝑡𝑔 𝜑  the data coming from the WRC (before of 

the GAE, Figure 5.37); from that α has been determined and the swelling index, 𝜅 has 

been defined (Table 5.6). 

All the input parameter for the Soft soil constitutive model are summarized in 

Table 5.6. 

 

(a)  (b) 

Sr,res [%] 6  Sr,res [%] 6 

Sr,sat [%] 88  Sr,sat [%] 100 

gn 1,4  gn 1,37 

ga 0,0032  ga 0,0077 

gc -0,28571  gc -0,27007 

gl 0,5  gl 0,5 
 

Table 5.5 - Van Genuchten SWRC parameters, fitting lab data (a), and implemented in the analysis (b). 
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ϒsat 
(KN/m3) 19   
ϒd (KN/m3) 17   
e0 0,764   
λ 0,0967 λ* 0,054819 
k  0,024 k* 0,013605 
c‘ (kPa)  15   
𝝋  (°)  15   
γ'  0,25   
K0 

NC 0,56   
POP (kPa) 1192 Pp (kPa) 900 
 

Table 5.6 - Soft soil constitutive model parameters adopted for the numerical simulation of the drying 

test. 

 

In Table 5.6, also the values of 𝑐  and 𝜑  are reported, which indeed do not 

have any influence on the simulation since the stress state during the test is always 

isotropic.  

 

At the beginning of the numerical simulation, the model has been initialized by 

imposing a pre-consolidation state equal to the value of the Bishop’s effective stress 

corresponding to the volumetric collapse (Figure 5.47).  

In particular, the sudden change in void ratio occurs corresponding to a value 

of the of Bishop’s effective stress p' of about 900 KPa.  

The stress-strain condition of the specimen related to a pre-consolidation 

stress, has been implemented in the modelling through the definition of Pre-

Overburden Pressure (POP): 

𝑃𝑂𝑃 𝜎 , 𝜎  (5.21) 

where 𝜎  is the initial vertical effective stress, that at the centre of the speci-

men is equal to 0.5 kPa, while 𝜎 ,  indicates the pre-consolidation stress. Having as-
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sumed a K0 coefficient equal to 0.56 and the pre-consolidation pressure 𝑝  equal to 

900 KPa, i.e. approximating the precosolidation pressure in one-dimensional com-

pression with that in isotropic compression (with a consequent error) it is possible to 

determine, through the definition of the isotropic stress invariant, the value of 𝜎 , : 

𝑝 900 𝐾𝑃𝑎
𝜎 , 2𝐾 𝜎 ,

3
 (5.22) 

Obtaining, 𝜎 , 1273.58 𝐾𝑃𝑎; therefore, the corresponding value of the 

POP to be applied is, 𝑃𝑂𝑃 1273.08 𝐾𝑃𝑎. 

 

In a first numerical analysis, whose results are shown in Figures 5.47 and 

5.48, the input parameters for the WRC are as reported in Table 5.6, 𝑆 , 100%, 

and 𝑆 , 6%. As such in this analysis the revised Bishop’s effective stress (i.e. 

as in the framework in Figure 5.41) has not been adopted. Good numerical results of 

the drying test have been obtained in terms of 𝑒 𝑝′  (Figure 5.47); however, 

the results are not yet completely satisfactory in Figure 5.48, even if results are better 

than the Mohr-Coulomb simulation (Figure 5.45), maybe because of a better calibra-

tion of the stiffness parameters here carried out.  

 

Aimed at better predicting the drying lab data, the WRC input data have been 

modified, as already mentioned. In particular the 𝑆 ,  has been increased (=45%).  

The simulation implementing the modification of the residual degree of saturation now 

predicts much better the lab test data (void ratio versus Bishop’s effective stress and 

suction versus time in Figure 5.49 and 5.50 respectively).  
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Figure 5.47 - Numerical analysis (Soft soil constitutive model) of the unconfined drying test compared 

to the lab data in terms of void ratio against Bishop’s effective stress isotropic stress; input parameters 

of the S-S constitutive model are reported in Tab 5.6b. 

 

 

 

Figure 5.48 - Numerical analysis (Soft soil constitutive model) of the unconfined drying test compared 

to the lab data in terms of suction against time; input parameters of the S-S constitutive model are re-

ported in tab 5.6b. 
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Figure 5.49 - Numerical analysis (Soft soil constitutive model) of the unconfined drying test compared 

to the lab data in terms of void ratio against Bishop’s effective stress isotropic stress; both the anal-

yses where the residual degree of saturation has been modified (=45%, blue line) and not modified 

(=6%, red line) are reported. 

 

 

 

Figure 5.50 - Numerical analysis (Soft soil constitutive model) of the unconfined drying test compared 

to the lab data in terms of suction against time; both the analyses where the residual degree of satura-

tion has been modified (=45%, blue line) and not modified (=6%, red line) are reported. 
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The success of the numerical modelling in this last simulation is evident. The 

increase in 𝑆 ,  has caused a lower variation of the effective stresses (𝑝 ) af-

ter the GAE (=Gross Yield, Cafaro & Cotecchia, 2015); this circumstance is what it 

was aimed to be obtained from the numerical simulation.  

However, with this procedure, one may argue that the physical meaning of the 

𝑆 ,  is a bit lost; this may be true if the 𝑆 ,  is thought as the degree of saturation 

the material experience when dried out in lab. 

But here a different idea arises; in fact, the 𝑆 ,  may rather represent a pa-

rameter allowing for a better prediction of the laboratory data, with the formulation of 

the Bishop’s effective stress which is available in Plaxis. 

However, it is worth mentioning that if the numerical problem of interest is 

such that no high suction values are expected to occur (i.e. the degree of saturation 

does not become very small), the manipulation on the residual degree of saturation 

presented above does not affect significantly the WRC in the part relevant to the nu-

merical analysis. In the numerical analysis discussed in the following at the slope 

scale, the modification of the residual degree of saturation has been applied, but, as 

said, it has not changed much the WRC for degrees of saturation ranging from 100% 

to about 50%; as such this manipulation resulted to be beneficial in the definition of 

the Bishop’s effective stress (Figure 5.51), not impacting the mass balances being 

modelled. 
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Figure 5.51 - Numerical analysis (Soft soil constitutive model) of the unconfined drying test compared 

to the lab data in terms of degree of saturation against suction; both the analyses where the residual 

degree of saturation has been modified (=45%, blue line) and not modified (=6%, red line) are report-

ed.                                                                                                                                                                       

 

5.2.2 Prototype HM numerical analysis at the slope scale 
 

After having tested the HM governing equations through the analysis of the el-

ement test discussed in the previous section, numerical simulations of the stress-

strain response at the slope scale have been carried out. In particular, the same slope 

section subjected to H analysis in the section 5.2 has been modelled, i.e. section b-b” 

in Figures 5.3 and 5.10, although using a simpler geometry, as shown in Figure 5.52. 

In particular, the slope is 1850 m long, with a constant inclination (i.e. equal 

to the mean inclination of the b-b” section, 12°, Figure 5.10) and with horizontal 

ground surface both upslope and downslope. 

In Figure 5.52 also the hydro-mechanical boundary conditions are reported. In 

particular, horizontal displacements are prevented on the vertical sides boundaries, 
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both downslope and upslope, whereas both horizontal and vertical displacements are 

prevented at the bottom of the model. From the hydraulic point of view, both vertical 

upslope and downslope boundaries, together with the bottom one, are impermeable 

(i.e. closed boundaries), whereas at both the horizontal upslope and downslope 

ground surface portions a null pore water pressure is ascribed. On the sloping portion 

of the model, the transient boundary (q(t)) condition representing the SVA interaction 

is applied in the transient phase (i.e. net rainfall, the same implemented in the H nu-

merical analysis in the section 5.2, Figure 5.19). 

The hydro-mechanical state in the slope has been initialized carrying out a 

steady state seepage analysis, imposing at the ground surface a suction value of 40 

kPa, following Pedone (2014). 

In Figure 5.52 also the location of vertical P7 is reported in red, where the 

monitoring data have been recorded through two piezometers, at 15 and 36 metres 

depth. 

The discretised FE mesh used 127369 nodes and 15754 fifteen-node triangu-

lar elements (i.e. nine stress points; Brinkgreve and Broere, 2010), (Figure 5.52).  

 

 

 

Figure 5.52 - Numerical model and boundary conditions for the hydro-mechanical analyses. 
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The slope is supposed to be formed of a uniform material, whose hydro-

mechanical properties correspond to those characterizing the PD formation (section 

5.1).  

More information about the constitutive model adopted and the parameters 

are given in the following sections. 

 

As first, the numerical analyses have been aimed at identifying the best initial-

ization procedure of the stress field across the slope. 

 

5.2.3 Different numerical initialization techniques 
 

One of the most difficult tasks in the numerical modelling of natural slopes is 

to achieve the representative initial stress-strain conditions. This is because the 

stress-strain history of natural slopes has developed through various geological phe-

nomena, such as tectonics, orogenesis, valley erosion, etc. In principle, at least the 

most important geological phenomena which have contributed to the creation of the 

slope should be modelled at the start of the numerical analysis. But in most cases, 

these are either unknown, or not known with the accuracy required for slope scale 

analyses.  

It is worth mentioning that this issue is more easily faced when dealing with 

engineered slopes. In fact, when dealing with embankments, the geometry, as well as 

the building stages are designed, and as such, the numerical initialization of such 

slope stability problems is quite straightforward. 

Similarly, in the case of cuts, the initialization of the stress state may be a bit 

more complex in comparison with embankments, but the initialization has to account 
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for man-made excavation, and as such the construction phase is usually known or 

conceivable. In this case the main problem may be the imposition of an initial value of 

the K0, representative of the soil mass under investigation. However, based on geo-

logical knowledge it may be relatively easy to estimate an appropriate initial value of 

K0. 

Clearly, this estimation may be more complex if several geological processes 

took place in the area of reference (i.e. orogenesis or tectonic processes in general 

and surficial erosion etc.), as it is the case for the Pisciolo slope (section 5.1). 

Moreover, the dimensions of the problem are also relevant. In fact, usually the 

dimensions of engineered slopes (i.e. length and width) may be one or two order of 

magnitude smaller than a natural hillslope suffering landsliding. This circumstance in-

creases the uncertainties to face when simulating numerically natural slopes with re-

spect to the engineered ones.  

 

The impact and consequences of the initialization technique is a problem not 

very often discussed in the literature. Rather, only few considerations on this very rel-

evant phase of the numerical modelling are given in contributions analysing the 

stress-strain response of slopes. 

As example, Potts et al. (1997), carried out numerical analyses of the pro-

gressive failure in cuts in London clay. In particular, starting from an oedometer con-

dition in situ, they carried out K0 procedure for the definition of the stress state, being 

followed by some excavation stage aimed at shaping the model to its final morpholo-

gy. 

The authors carried out numerical analyses changing the K0_initial value, stating 

that the latter may results in big differences in the numerical results. 
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It is worth remembering that the Pisciolo slope has resulted from both uplift-

ing during orogenesis, and river erosion of part of the valley (section 5.1). This cir-

cumstance makes the initialization problem quite difficult to be faced.  

 

The definition of the initial stress state across the slope may be carried out in 

Plaxis through two different numerical strategies. 

The first one is the so-called “K0 procedure”; adopting this strategy, starting 

from the unit weight of the soil and from the hydraulic condition, the horizontal 

stresses are set in each node such that the K0_initial (user’s input) is guaranteed. This 

can be done with either a horizontal ground surface, or a sloping one, since the code 

runs the system integration to reach the equilibrium conditions, whatever are the initial 

conditions (in Plaxis this is called “Plastic nil step”, Brinkgreve et al. 2016). In fact, 

also in oedometer conditions when using an elastic perfectly-plastic soil model (e.g. 

Mohr-Coulomb model), in the elastic domain (i.e. inside the yield surface that in the 

modeling of reference coincides with the state boundary surface), the K0 (Hooke’s 

law, Brinkgreve et al. 2016) is necessarily lower than 1, and may differ from the im-

posed K0, so that the model has to achieve a new state of equilibrium. The K0 depends 

strongly on the assumed values of Poisson's ratio and it is important to choose val-

ues of Poisson's ratio that are closest possible to that giving the value of K0 selected 

in the initialization, although for K0 values larger than 1, as for slopes which have ex-

perienced large lateral compression (overconsolidation and orogenesis), no value of 

the Poisson's ratio will be suited to the chosen K0 value.  



 276 

Another procedure for the initialization of the stress state in a numerical model 

is the “gravity loading”; this procedure sets the initial stresses by applying the soil 

self-weight. But this is generally best suited for embankments. 

 

In the research work presented here, in early simulations carried out on the 

slope model in Figure 5.52, it has been seen that the gravity loading and the K0 pro-

cedure were giving very similar results in terms of stress state across the slope, if the 

K0 procedure phase was followed by a Plastic nil step and the K0 value determined by 

the input elastic parameters and that initially input in the K0 procedure were the same. 

This was not the case for higher K0 vales, such as those required for the slope model 

to be analysed, that is why the gravity loading procedure was abandoned in favour of 

the K0 procedure, used for all the analyses discussed in the following. 

 

Three different initialization processes have been applied, always using the k0 

procedure, as shown in the following.  

 

5.2.3.1 K0 procedure with initial horizontal ground surface 
 

The K0 procedure has been applied to the horizontal stratum modelled in Fig-

ure 5.53. The final morphological profile of the slope (Figure 5.52), was obtained 

through 8 drained excavation steps (following Potts et al. 1997).  

In the initial phase, as well as, in all the subsequent excavation phases the pi-

ezometric level has been always kept 10 m below the ground level.  
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Figure 5.53 - Mesh for the initial model, initialization n.1. 

 

The excavation process models the geological history due to erosion of the 

valley caused by the river, whereas the effects of the vertical loading history (normal-

consolidation followed by overconsolidation) and of the tectonic actions are modelled 

through the input initial K0. 

 

After the last drained excavation, the steady state hydraulic boundary condi-

tions shown in Figure 5.52, where instead of the transient atmospheric boundary, a 

constant suction value have been applied. In particular, as mentioned in section 5.3.2, 

the hydraulic head was assumed at the ground surface upstream, coherently with the 

presence of a spring located in the upper part of the slope. Similarly, the hydraulic 

head has been assumed at the ground surface also downstream, simulating the pres-

ence of the Ofanto river at the bottom of the valley. Along the slope, the initial distribu-

tion of the pore water pressure has been set as hydrostatic, with a value of suction at 

the ground surface of 40 kPa. This agrees with the average pore water pressure 

monitored in situ by shallow depths (Pedone, 2014; section 5.1).  

With reference to these hydraulic boundary conditions, a steady state seepage 

calculation has been carried out for the computation of the pore water pressures in 

the numerical model before the activation of the SVA interaction (net rainfall). 
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The constitutive model used to simulate the hydro-mechanical behaviour of 

the clays has been the linear elastic-perfectly plastic Mohr-Coulomb constitutive 

model. The van Genuchten-Mualem's model (van Genuchten, M., 1980) has been 

adopted to define the WRC and the hydraulic conductivity function. All the model input 

parameters are reported in Table 5.7. 

 

 

Table 5.7 - Hydraulic and mechanical parameter for the uniform material in the slope model (PD clay 

formation).  

 

In Figure 5.54 the results in terms of plastic points just after the initialization 

stage, are shown for four different numerical analyses, in which for different initial 

values of k0 have been given as input, K0_initial: 0.65, 1, 1.5 and 2. The plastic points 

(red dots in Figure 5.54) indicate the nodes in which the stress state is at yield (Plaxis 

2D manual).  

 

The results show clearly that values of K0_initial lower than 1 lead to an advanc-

ing failure mechanism, starting upslope, which does not strongly involve the toe area 

(especially in terms of strain localization, Figure 5.55). On the contrary, values of 

K0_initial bigger than 1 lead to a failure mechanism which starts from the toe, retro-

gressing upslope; moreover, the bigger the K0_initial is, the deeper is the localization of 
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the deformation starting from the toe. Similar conclusions were drawn by Potts et al 

(1997), although mainly when a strain softening Mohr Coulomb model was applied. 

The corresponding total deviatoric strains are shown in Figure 5.55. 

 

 

  
Figure 5.54 - Plastic points after excavation, for four different values of the k0_initial (0.65, 1, 1.5 and 2). 
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Figure 5.55 - Corresponding results of Figure 5.54 in term of deviatoric shear strain. Note that the scale 

of values is in common among the first two cases, and the second ones.  

 

Shear strain localization in Figure 5.55 for the case K0_initial=0.65 may seem 

not to be very much concentrated in the upslope part of the slope; but since the scale 

of representation of the deviatoric strain between the K0_initial=0.65 and K0_initial=1 is 

the same, it is clear that the upslope portion of the slope when K0_initial=0.65 is much 

more deformed then the corresponding portion when K0_initial=1; this statement is even 

more clear if correspondingly the plastic points in the upslope portion are compared 

(Figure 5.54). For K0_initial=0.65, the fact that yielding is larger at the top of the slope 

than at the toe, despite the shear straining is larger at the toe, might be due to the 

yielding at the top about the tension cut-off, although still for positive mean effective 

stresses, since the failure at the top is not due to the approach of traction. 

 

Max. 4% 

Min. 0% 

Max. 190% 

Min. 0% 
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After the initialization stage, the transient phase was applied to the slope fol-

lowing the scheme in Figure 5.52. 10 years of net rainfall referring to the climatic year 

2006-2007 (the same implemented in the H numerical analysis in the section 5.2, 

Figure 5.21) have been applied to the ground surface. The transient pore water pres-

sures with time obtained for the case of K0_initial of 1, with reference to the two point 

along the vertical P7, at 15 and 36 metres below the ground level, are shown in Figure 

5.57. These are similar to those resulting in the other cases (i.e. different K0_initial). 

At the end of 10 years of net rainfall, the cumulated deviatoric strains are re-

ported in Figure 5.56. These deviatoric strain fields are not accounting for the strain-

ing during the excavation phases.  

 

  

 

Figure 5.56 - Cumulated deviatoric shear strain across the slope after 10 years of net rainfall at the 

ground surface, with reference to four different values of the K0_initial (0.65, 1, 1.5 and 2). 



 282 

These results highlight that in the only case in which the K0_initial=1, the deviatoric 

strain localizes in a deep shear band retrogressing from the toe upwards. In all the 

other cases, this is it not the case. 

 

The field evidences of the landslide mechanism of reference (section 5.1), 

compared with the numerical results here obtained, lead to deduce that a K0_initial value 

of approximately 1 seems to be more appropriate to model the SLVA interaction at 

Pisciolo slope, given the initialization strategy being used.  

 

 

 

Figure 5.57 - Pore water pressure: monitoring data of the piezometer P7 (red) and numerical prediction 

(black), with reference to the same vertical at 15 m b.g.l. (a) and at 36 m b.g.l. (b). 
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The numerical simulation of the transient seepage induced by the SLVA inter-

action, is able to simulate significant piezometric fluctuations even at large depth 

(Figure 5.57b), despite the slope is formed of uniform clay. But this is because, on 

the whole, the model slightly over-predicts the pore water pressure excursions, as 

recognized though the comparison of numerical and monitored data at 15 m depth 

(Figure 5.57a). 

The fluctuation size is likely to be affected by the large void ratios reached by 

the clay after unloading due to excavation. Therefore, further initialization trials were 

attempted, as discussed below. Furthermore, the improvement in the SL-V-A interac-

tion simulation would improve a lot if variations of the stiffness parameters and/or of 

the saturated permeability with depth are implemented. The investigation of the SL-V-

A interaction effects will be further analysed in Section 5.3.4, after that the different 

trials in initializing the slope have been fully discussed, as in the following paragraph. 

 

5.2.3.2 Initialization by means of K0 procedure, oedometer unloading and 
excavation phases 

 

As it has been seen in the previous section, in Plaxis the K0_initial value needs to be giv-

en as a user-input and, for a uniform slope, the initial value of K0 is constant with the 

depth. This is in reality not the case for overconsolidated clays (Skempton, 1961; 

Burland et al. 1985; Potts et al., 1997; Tsiampousi et al. 2014). In particular Schetelig 

et al. (1985) reported measurements of the horizontal in situ stresses with reference 

to a 300 m thick Tertiary sequence of clays at Frankfurt by means of pressuremeter 

and laboratory tests, highlighting that the value of K0 tends to its normal consolidation 

value (K0,NC) at a depth of about 40-50 metres below ground surface. Of course, this 

depth may vary, depending on the depositional and erosion history the site has been 
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subjected to, but still highlights that a decrease of the value of K0 should be imple-

mented in the analysis for a better simulation of landslide mechanisms, especially if 

deep landsliding is of interest, as it is in this case. 

 

Given this wish, along with the need for a e0 at the ground surface close to the 

measured one and a variation of void ratio with depth, a second different way to ini-

tialize the stress field in the model has been designed. In particular, a value of void ra-

tio changing with depth, not only complies with a more realistic water balance for the 

effects that this has on the Richard’s equation, but also it may be very useful for the 

definition of the variation of permeability with depth. In fact, Plaxis implements the 

empirical law by Taylor (1948) for the permeability function: 

𝑙𝑜𝑔𝐾 𝑙𝑜𝑔𝐾
𝑒 𝑒

𝑐  (5.23) 

where 𝐾  is the value of the hydraulic conductivity being referred to the initial 

void ratio 𝑒 ; whereas 𝐾 is the current hydraulic conductivity referred to the actual 

void ratio 𝑒; 𝑐  is an empirical parameter that control this dependency.  

Eq. 5.23 may be of use to match the in-situ permeability measurements car-

ried out by Pedone (2014), already described in section 5.1. To do so, the value of 

the 𝑐  should be properly defined. 

The relevance of the implementation of a variability of the permeability with 

depth on the coupled transient seepage induced by the SLVA is better discussed in 

the following section (5.3.4), where the effect of the permeability on the transient HM 

seepage analysis is shown for the slope initialization procedure selected in the end, 

for all the full analyses. 
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Following this idea, a variability of the profile of the void ratio ranging from 0.8 

to 0.6 (from the ground surface to the bottom of the model) has been then applied to 

the slope model.  

In particular, a horizontal layer of 50 metres, formed of a different material 

(light green) than that forming the slope (light blue), has been included in the model 

(Figure 5.58). This additional layer is of use for the application of an initial preconsoli-

dation, since it is excavated to produce unloading, hence swelling of the whole nu-

merical model (material light blue). Given the value of the ∆e to be pursued with the 

unloading, and accounting for the stiffness parameters of the material forming the 

slope, the unit weight of the soil forming the layer above (light green) has been de-

duced (64.5 𝐾𝑁/𝑚 ) and has been given as input for that material. 

However, since the stiffness properties of the material forming the slope had 

not to be constant and the Mohr-Coulomb constitutive model does not account for a 

stress-dependent stiffness, a variability in the clay stiffness was implemented with 

depth manually; in particular, a variability with the depth of the Young modulus of the 

material in light blue has been imposed. 

 

 

 

Figure 5.58 - Geometry and corresponding mesh of the model accounting for an additional layer of soil 

(above in light green). 
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After the unloading of the layer of the material above, the variability of the void 

ratio has been obtained with depth, as shown in Figure 5.59. 

 

 

 

Figure 5.59 - Variation of the void ratio with depth, obtained after the oedometer unloading. 

 

In order to obtain the final geometry of the model (Figure 5.51), also the lat-

eral portion of the model had to be excavated, the latter being indicated in red in Fig-

ure 5.60.  

Since the idea was to keep the profile of void ratio obtained in the previous 

phase, a very high Young modulus, equal to 100000 kPa, was attributed to the slope 

material, in order to minimize the volumetric strains due to the lateral excavation (i.e. 

clusters in red in Figure 5.60).  

Fifteen excavations with a height of 15 metres were carried out through 

drained analyses, where the piezometric line was gradually lowered (always imposed 

10 metres below the ground level).  

At the end of the last step of lateral excavation, the hydraulic boundary condi-

tions were imposed as described in Figure 5.52, where along the slope, an initial val-

Max. 0.8 

Min. 0.6 
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ue of suction at the ground surface of 40 kPa has been imposed (as in the previous 

section). 

 

 

Figure 5.60 - Final slope model (in light blue) and clusters to be excavated (in red). 

 

After the application of the steady state boundary conditions to the slope 

model, realistic parameters of the material have been implemented again (in the pre-

vious step the Young modulus was increased to 100000 kPa): 

𝐸 20000 𝐾𝑃𝑎
𝜈 0.4
𝜑 25°

𝑐 25 𝐾𝑃𝑎

 (5.24) 

It is worth mentioning that the stress state across the stratum after oedometer 

unloading deeply changes with the k0_initial. A very high Poisson’s coefficient, equal to 

0.4, has been chosen in the analyses to achieve a high initial 𝑘 , . During 

the oedometer unloading:  

∆𝜎
𝜈

1 𝜈
∙ ∆𝜎  (5.25) 

K0elastic equals 0.666 for a Poisson’s ratio of 0.4. 
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If the model has been initialized (i.e. K0 procedure) with a value of the K0_initial 

different from the K0_elas (=0.666), a variability of the K0 with depth is obtained after 

the oedometer unloading as shown in Figure 5.61, with reference to K0_initial 1 and 1.5. 

In Figure 5.61 the stress state corresponds to that in Figure 5.59 (i.e. before the lat-

eral excavation) only for K0_initial=0.666. Only in this case (K0_elas equal to the K0_initial ) 

the K0 after the oedometer excavation does not change.  

 

 

 

Figure 5.61 - Profiles with depth of the K0 after the oedometer unloading. Different curves correspond 

to different K0_initial values being used the K0 procedure. 

 

Assuming then K0_initial=K0_elas=0.666, the strain localization mechanism after 

the lateral excavation is advancing (typical mechanism for normal-consolidated clay-

ey slopes) as shown in Figure 5.62a.  

When a larger K0_initial is adopted (Figures 5.62b and c), the profile of the K0 

shows very high values at the top, gradually decreasing with depth; this trend seems 

to be reasonable for over-consolidated clays, and the corresponding mechanism is 

0

50

100

150

200

250

300

350

400

450

0 5 10 15 20 25 30 35 40 45 50 55 60

He
ig

ht
 [m

]

k0

Ko elastico

Ko=1

Ko=1.25



 289 

retrogressive (Figure 5.62b and c); this circumstance is consistent with the results of 

the initialization of the previous strategy, where changes of the K0_initial resulted in the 

same phenomenological features.  

 

 

Figure 5.62 - Deviatoric shear strain field across the slope with reference to different k0_initial values, after 

the lateral excavation.  

 

Max. 12% 

Min. 0% 

Max. 100% 

Min. 0% 

Max. 120% 

Min. 0% 
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Moreover, it is worth mentioning that the scale of the deviatoric strain field in 

Figure 5.62 are not homogenous for the three cases; as such, it may not appear 

clear, but the Figure5.62a reports strain levels a bit lower than those in the two follow-

ing cases (Figure 5.62b and c). 

 

With regard to the hydraulic function in the slope, any value of 𝑐  possible in 

Plaxis, to use Taylor’s empirical law (Eq. 5.24) and match the profile of the saturated 

hydraulic conductivity as measured in situ by Pedone (2014, section 5.1) was not 

appropriate. Therefore, a lower variability of the saturated permeability with depth, of 

only an order of magnitude from the ground level to the bottom of the model, could be 

ensured; in particular, the permeability function with depth implemented is shown in 

Figure 5.63 together with the in situ measurements (Pedone, 2014). The 𝑐  imple-

mented in this case was equal to 0.25. 

In Figure 5.63 only the first 50 metres from the ground level are shown so that 

it is clear how the implemented variability of the permeability stands with respect to 

the in situ measurements. At the bottom of the model (Figure 5.58), a value of 10-9 

m/s of the permeability is obtained. 
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Figure 5.63 - Permeability function with depth implemented in the analysis (black line) and in situ 

monitoring (Pedone, 2014; red dots). 

 

The transient analysis has been carried out with reference to the mechanical 

parameters already shown (Eq. 5.25). As for the hydraulic parameters, except for the 

saturated permeability, whose function has been discussed, the unsaturated parame-

ters are the same as in the previous analysis (section 5.3.3.1, Table 5.8). 

The transient phase has been applied to the slope following the scheme in 

Figure 5.52. 10 years of net rainfall referring to the climatic year 2006-2007 (the 

same implemented in the H numerical analysis in the section 5.2, Figure 5.21) have 

been applied to the ground surface. The results at the end of 10 years of net rainfall in 

term of cumulated deviatoric strain are reported in Figure 5.64 for K0init=1. These re-

sults highlight that in this case a deep retrogressive failure from the toe towards 

upslope, but also occurs; but differently from Figure 5.57 (for the case of K0,initial=1), 

also an advancing strain localization occurs from upslope towards the toe. 

 

 

 

Figure 5.64 - Cumulated deviatoric shear strain across the slope after 10 years of net rainfall at the 

ground surface. The straining due to the excavation is not here included. 

 

Max. 2.4% 

Min. 0% 
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In Figure 5.65, the numerical pore water pressures have been compared with the pie-

zometric monitoring data at 15 and 36 metres depth. Only some of the monitoring da-

ta of the piezometric cells are here reported. 

 

 

Figure 5.65 - Pore water pressure: monitoring data of the piezometer P7 (red) and numerical prediction 

(black), with reference to the same vertical at 15 m b.g.l. (a) and at 36 m b.g.l. (b). 

 

As it was with reference to Figure 5.57, here the pore water pressure fluctua-

tions are modelled; the latter are still not satisfactory in terms of fluctuation size, es-

pecially at smaller depths (Figure 5.65a); they are fully satisfactory for the timing of 

the occurrence of their peak value, which is in total agreement with the monitored tim-

ing. 

The improvement that was expected by implementing the variation in void ra-

tio and permeability with depth, then, seems to be not so evident, even if a slight im-
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provement of the results was obtained (in particular with reference to the peak pre-

pressures values at shallower depths and for the failure mechanism, if comparing 

Figure 5.65a and 5.57a). Since from all the analyses has resulted that the fluctuations 

are strongly affected by both the permeability and the stiffness properties of the mate-

rial, but these could not be manipulated any further with the initialization procedures 

discussed so far, another alternative strategy has been adopted, as discussed in the 

following paragraph. 

5.2.3.3 K0 procedure and valley erosion modelling 
 

In both the previous initialization strategies (sections 5.3.3.1 and 5.3.3.2) a 

large cluster of soil has been taken off to model the excavation process, with the 

drawbacks explained above. But it is unlikely that erosion of the valley was of such 

dimensions. In fact, the remains of river deposits on the slope are confined below the 

mid height of the Pisciolo slope. Therefore, the initialization of the stress field across 

the slope has been carried out by means of the K0 procedure, with K0,initial equal to 1, 

but performing a more realistic limited excavation, as shown in Figure 5.66. The k0 

procedure has been applied to the slope geometry in the figure, which implements a 

black-bounded cluster which is of use to simulate an unloading caused by the river 

erosion, according to the field evidences of such erosion. 

 



 294 

 

 

Figure 5.66 - Numerical model of the third initialization process presented. 

 

This procedure considers right after the imposition of the stress field through 

the k0 procedure, the calculation of the plastic nil step. Once this is solved, the equi-

librium in every node of the mesh is ensured. As such it may be possible to proceed 

with further calculation phases. The black-bounded cluster in the model has been de-

activated in two different steps, to simulate the unloading process representing the 

excavation. In the initialization process described in sections 5.3.3.1 and 5.3.3.2, the 

excavation phases were always carried out in drained condition. Within this analysis, 

instead, the excavations have been carried out with drained and un-

drained/consolidation procedures, to check whether a certain impact on the overall 

response of the slope was found. 

The constitutive model is Mohr-Coulomb with input parameters as follow: γun-

sat=17 kN/m3; γsat=19 kN/m3; E'=15000 kPa; ν'=0.3; φ'=21.5°; c'=23 kPa; ψ=0°; 

einitial=0.76; the saturated/unsaturated hydraulic behaviour is modelled using the pa-

rameters in Table 5.8.  

When the two drained excavations are carried out after the plastic nil phase 

the results are show in Figure 5.67, in terms of plastic points (a), deviatoric shear 
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strains (b), and deviatoric shear strains after ten years of application of net rainfall as 

in the previous cases (c). 

 

 

 
Figure 5.67 - Numerical model with drained excavations; plastic points (a), deviatoric shear strains (b), 

and deviatoric shear strains after ten years of transient analysis (c) are shown. 

 

Similarly, the results in Figure 5.68 correspond to the numerical analysis in 

which the undrained excavations are carried out, each of them followed by a consoli-

dation stage lasting until the residual excess pore water pressure in the mesh reach 

the maximum value of 1 kPa (i.e. total dissipation of the excess pore water pressure). 

 

Max. 22% 

Min. 0% 

Max. 22% 

Min. 0% 
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Figure 5.68 - Numerical model with undrained excavations; plastic points (a), deviatoric shear strains 

(b), and deviatoric shear strains after ten years of transient analysis (c) are shown. 

 

More details of the latter numerical simulation have been reported in the fol-

lowing section (5.3.4).  

It appears very clearly that there are huge differences among the two numeri-

cal simulations, despite the input data were exactly the same, except for the way in 

which the excavation phase is carried out. The number and the position of the plastic 

points across the mesh suggest that when the consolidation analysis is carried out, 

the equilibrium condition across the slope is better computed, with respect to the 

case in which the excavation is carried out in drained condition. The un-

drained/consolidated excavated are also closer to the real slope history. This circum-

stance should not surprise, since a drained analysis does not take into account the 

coupled consolidation flow into the deformable porous media that is computed when 

undrained analysis is carried out. 

Max. 100% 

Min. 0% 

Max. 100% 

Min. 0% 



 297 

 

For the reasons given in this section, it may be concluded that with the nu-

merical tools available in Plaxis, the most effective and efficient way to initialize a nat-

ural slope which has experienced uplift due to tectonics and excavation due to river 

erosion is the last initialization procedure (following Pedone, 2014). Moreover, the ex-

cavations representing the erosion, have to be computed with undrained calculations 

and followed by consolidation stages. 

 

As such in the following, all the analyses have been carried out adopting this 

procedure, with the initialization of the stress field in the slope model adopting a 

K0,initial=1. 

 

5.2.4 Sensitivity analysis 
 

In this section the results of HM numerical analyses carried out with the ini-

tialization procedure in Figure 5.66 are discussed. These have been run for various 

values of a number of parameters, according to a sensitivity analysis of the slope 

model. 

In particular, the pore water pressure oscillation with time, and the landslide 

mechanism occurring have been observed to depend on some of the slope factors, 

and the impact of the variation of the values for these factors has been investigated. 

 

After the initialization procedure explained in section 5.3.3.3 (Figure 5.52), the 

transient phase, consisting of the application of five years of net rainfall (in Figure 

5.19), has been carried out. 
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As first, the evaluation of the impact of the value of the Poisson’s ratio has 

been analysed. In particular two analyses have been carried out, with the hydro me-

chanical parameters as in Table 5.8. It is highlighted that, in this first set of analyses, 

some parameter values differ from those in Section 5.3.3.3, e.g, E’ and ksat, both 

slightly higher than before. 

 

 

Table 5.8 - Hydraulic and mechanical parameters describing the material in the slope model. 

 

The two values for the Poisson’s ratio have been 0.3 and 0.4. The impact of 

the Poisson’s ratio is shown in Figure5.69 in terms of pore water pressure with time, 

along with the corresponding piezometric heads monitored data with reference to the 

piezometric cells at 15 and 36 metres depth down P7 (vertical red line both in Figure 

5.52 and in 5.66).  

 

The increase of the Poisson’s ratio causes the oscillations to be mildly larger; 

the lower Poisson’s ratio in this analysis suits better the prediction. However, the tim-

ing of the fluctuations (e.g. the timing of occurrence of the peaks) is not affected at 

all.  

 

Mechanical parameters 
Property Value 
γsat (sat. unit weight) 
γunsat (unsat. unit weight) 
Stiffness properties 

19 [kN/m3] 
17 [kN/m3] 

E’ (Young modulus) 20000 [kPa] 
ν' (Poisson’s ratio) VARIABLE 
Strength properties  
c’ (eff. cohesion) 

 
25 [kPa] 

ϕ’ (eff. friction angle) 
ψ 

25° 
0° 

  

Hydraulic parameters 
Property Value 
Sat. properties   
ksat 1*10-8 [m/s] 

Unsat. properties   
Ssat 1 
Sres 0.45 
gn 

ga 

gl 

1.7 
0.0095 [1/m] 
0.5 

 



 299 

The impact of the Young’s modulus has been investigated in two analyses: for 

E’ equal to 10000 and 20000 kPa; the remaining input parameters implemented are 

here reported in Table 5.9.  

 

 

 

 

Figure 5.69 - Numerical pore water pressure simulations with different Poisson’s ratios; values related 

to the analysis with Poisson’s ratio of 0.3 are reported in black, whereas, grey lines correspond to the 

analysis implementing a Poisson’s ratio of 0.4; in red the piezometric monitoring data. 
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Table 5.9 - Hydraulic and mechanical parameters describing the material in the slope model. 

 

Similarly to what has been seen before (Figure 5.69), also in this case the re-

sults (Figure 5.70) are shown in terms of pore water pressure with respect to piezo-

metric monitoring data.  

The impact of the E’ variation is larger. The stiffer is the material is the materi-

al implemented in the model, the higher are the fluctuations, as expected. 
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15 m b.g.l. E'=20000 KPa E'=10000 KPa SCP7 15m

Mechanical parameters 
Property Value 
γsat (sat. unit weight) 
γunsat (unsat. unit weight) 
Stiffness properties 

19 [kN/m3] 
17 [kN/m3] 

E’ (Young modulus) VARIABLE 
ν' (Poisson’s ratio) 0.4 
Strength properties  
c’ (eff. cohesion) 

 
25 [kPa] 

ϕ’ (eff. friction angle) 
ψ 

25° 
0° 

  

Hydraulic parameters 
Property Value 
Sat. properties   
ksat 1*10-8 [m/s] 

Unsat. properties   
Ssat 1 
Sres 0.45 
gn 

ga 

gl 

1.7 
0.0095 [1/m] 
0.5 
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Figure 5.70 - Numerical pore water pressure simulations with different Young moduli; values related to 

the analysis with Young modulus of 10000 kPa are reported in black, whereas, grey lines correspond 

to the analysis implementing a Young modulus of 20000 kPa; in red the piezometric monitoring data 

are reported. 

 

For the saturated permeability, two analyses in which the permeability is 

changed of one order of magnitude have been carried out. In particular, 10-8 m/s and 

10-9 m/s have been assigned to the material here. All the remaining hydro-mechanical 

parameters are reported in Table 5.10. 

 

 

 

Table 5.10 - Hydraulic and mechanical parameters describing the material in the slope model. 
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36 m b.g.l. E'=10000 KPa E'=20000 KPa SCP7 36m

Mechanical parameters 
Property Value 
γsat (sat. unit weight) 
γunsat (unsat. unit weight) 
Stiffness properties 

19 [kN/m3] 
17 [kN/m3] 

E’ (Young modulus) 20000 [kPa] 
ν' (Poisson’s ratio) 0.4 
Strength properties  
c’ (eff. cohesion) 

 
25 [kPa] 

ϕ’ (eff. friction angle) 
ψ 

25° 
0° 

  

Hydraulic parameters 
Property Value 
Sat. properties   
ksat VARIABLE 

Unsat. properties   
Ssat 1 
Sres 0.45 
gn 

ga 

gl 

1.7 
0.0095 [1/m] 
0.5 
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Figure 5.71 - Numerical pore water pressure simulations with different saturated permeability; values 

related to the analysis with 10-8 m/s are reported in black, whereas, grey lines correspond to the analy-

sis implementing with 10-9 m/s; in red the piezometric monitoring data are reported. 

 

For the sake of simplicity only the comparison between numerical data and 

monitoring ones at 15 m depth are presented in Figure 5.71, since the same evidenc-

es have been found at. 36 metres b.g.l. As it was suspected, a decrease in permeabil-

ity, causes a shift in the timing of occurrence of the peaks of the fluctuation and a 

significant reduction of the piezometric excursions. Moreover, a variation of the per-

meability seems to affect heavily the fluctuation, allowing to state that the saturated 

permeability represents the main slope factor controlling the SL-V-A interaction. 

Making use of the results of this sensitivity analysis, it can be concluded that 

a good modelling of the pore water pressure fluctuations with time may be obtained if 

a variability of both the saturated permeability and the stiffness of the material is im-

plemented in the slope modelling. 

 

However, since the increase in stiffness with depth and the reduction in per-

meability with depth are counterbalancing, it may be possible to obtain good predic-

tions if an average bulk stiffness and an average saturated permeability which are the 
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most realistic are implemented in the analyses. This is what has been done in the fol-

lowing, using the M-C constitutive model which, in Plaxis, does not permit the imple-

mentation of a stress-dependent stiffness and, as explained in section 5.3.3.2, of an 

appropriate variability of the saturated permeability with depth (see section 5.3.3.2: 

issues in the numerical converging process arise if a realistic variability with depth of 

the void ratio and of the saturated hydraulic conductivity (Taylor, 1948; Eq. 5.24) are 

implemented) 

Furthermore, the analyses have been carried out also to test the effects of 

slight variations in the values of clay unit weight and in the strength parameters of the 

M-C constitutive model, all compatible with the variability of these parameters in the 

context of reference, where the spatial variability of such parameters is strong. 

 

The discussion will start from the numerical simulation whose results in terms 

of plastic points and deviatoric shear strains have been reported in Figure 5.68. This 

simulation has been carried out with reference to quite realistic input parameters giv-

en in Table 5.11, also according to the trials discussed above. 

 

 

 

Table 5.11 - Hydraulic and mechanical parameters describing the material in the slope model. 

 

Mechanical parameters 
Property Value 
γsat (sat. unit weight) 
γunsat (unsat. unit weight) 
Stiffness properties 

19 [kN/m3] 
17 [kN/m3] 

E’ (Young modulus) 15000 [kPa] 
ν' (Poisson’s ratio) 0.3 
Strength properties  
c’ (eff. cohesion) 

 
23 [kPa] 

ϕ’ (eff. friction angle) 
ψ 

21.5° 
0° 

  

Hydraulic parameters 
Property Value 
Sat. properties   
ksat 3*10-9 [m/s] 

Unsat. properties   
Ssat 1 
Sres 0.45 
gn 

ga 

gl 

1.7 
0.0095 [1/m] 
0.5 
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For this analysis then the saturated and unsaturated unit weight of the soil are 

19 and 17 kN/m3, respectively, and the M-C strength parameters were c’ and ϕ’, 

equal to 23 kPa and 21.5° respectively, with a medium value of E’ and ksat. 

 

This analysis has been compared with a similar one, in which only the unit 

weight of the material and the strength parameters were changed, that is with: the 

saturated and unsaturated unit weight of the soil, were 21 and 19 kN/m3, respectively, 

and the M-C strength parameters were c’ and ϕ’, equal to 15 kPa and 20.5° respec-

tively. 

Similarly to what has been shown for the first analysis in Figure 5.68, Figure 

5.72 reports the plastic points and deviatoric shear strains after the initialization pro-

cess, and the deviatoric shear strains after the transient climatic boundary condition 

(i.e. net rainfall).  
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Figure 5.72 - Numerical modelling referred to numerical analysis implementing heavier and weaker ma-

terial (the saturated and unsaturated unit weight of the soil, 21 and 19 kN/m3, respectively, and the M-C 

strength parameters were c’ and ϕ’, equal to 15 kPa and 20.5°); plastic points (a), deviatoric shear 

strains (b) after the initialization and deviatoric shear strains after ten years of transient analysis (c) are 

shown.  

 

Comparing Figure 5.68 and 5.72 it is clear how much even a little variation of 

the bulk weight and of the strength parameters of the clay are affecting the landslide 

mechanism. In fact, already after the initialization process (carried out as described in 

section 5.3.3.3), differences have been obtained. 

The plastic points in Figure 5.68a are indicative of the mobilization of a shear 

band propagating in the soil, which suggests that the slope was already in incipient 

rupture condition after excavation (i.e. the factor of safety, was a bit above 1). Also 

for the model in Figure 5.72a FS is about 1, but the plastic points do not define a con-

Max. 100% 

Ave. 0% 

Max. 3.1% 

Min. 0% 
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tinuous shear band. Hence, after the initialization, after ten years of net rainfall, in Fig-

ure 5.72c a strain localization is occurring both in the toe area, and upslope (maxi-

mum deviatoric shear strain about 3%); whereas in Figure 5.68c values of about 80% 

are obtained inside the very narrow continuous shear band which brings about a deep 

large landslide. 

With regard to the piezometric excursions, the numerical results are shown in 

Figure 5.73, in grey for the analysis in Figure 5.68 and in black for that in Figure 5.72. 

In particular, in Figure 5.73, the numerical simulations of both analyses are reported 

together with the monitoring data along the piezometric vertical P7 with reference to 

the two piezometric cells (i.e. 15 and 36 metres b.g.l.). 
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Figure 5.73 - Pore water pressure numerical results referred to both numerical analyses (black and 

grey line), and monitoring data, at 15 and 36 metres depth along the piezometric vertical P7. 

 

It is worth noting that despite certain differences among the pore water 

pressures fluctuations among the numerical analyses, the overall trend seems to be 

similar. 

 

With regrard to the slope model in Figure 5.68, the grey line in Figure 5.73 

indicate a sudden reduction of the pore water pressure at depth (i.e. 36 m b.g.l.); if 

the trend of the pore water pressure is compared to the horizontal displacement in 

time at the ground surface in Figure 5.74, along the same control vertical (P7 in 

Figure 5.52), the explanation of such a drop in the pore water pressure is found. In 

fact, Figure 5.73 shows clearly the coincidence between the sudden drop in the pore 

water pressure and the acceleration of the landslide body. This circumstance is likely 

to be an effect of the H-M coupling upon the progression of plastic shear strain 

localization. 

 

It is very interesting to note that the timing of the processes is perfectly 

coupled. In fact, Figure 5.73 still shows a perfect time agreement between the peaks 

in the pore water pressure trend, and the increase of the accumulated displacement 

exhibited y the the slope. This circumstance is even more clear analysing Figure 5.74. 
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Figure 5.74 - Numerical results in terms of pore water pressure referred to 36 metres depth along the 

piezometric vertical P7 (grey line) and horizontal displacements (blue line) at the ground surface along 

the same vertical of the piezometric data (i.e. P7), with reference to the analysis in Figure 5.68. 

 

In Figure 5.74, the rates computed from the displacements data with time re-

sulting from the numerical analyses are shown. In particular, the displacements at the 

ground level have been taken to compute the rates and compared with the displace-

ment rates measured at ground surface by means of the GPS sensor (i.e. S2, section 

5.1).  

 

 

 

Figure 5.75 - Comparison between the numerical velocity and the monitored ones with reference to the 

ground surface. 
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Referring to Figure 5.75, it is worth noting that the analysis in which a very 

shallow and defined shear band occurs (grey lines, analysis in Figure 5.68), is catch-

ing the field monitored trend of horizontal displacement rates; this is not the case for 

the analysis in Figure 5.72 (black lines). 

In fact, it appears that in the analysis in Figure 5.72, the displacements are 

mainly elastic, and no accumulation of irreversible displacement occurs. The horizon-

tal displacement along the shear band (17 m b.g.l. along the vertical I12) plotted in 

Figure 5.76 testify this circumstance: no plastic accumulation of displacements is oc-

curring. This is even more clear if Figure 5.76 is compared with the Figure 5.73, 

which are both reporting the numerical horizontal displacement at 17 m b.g.l. along 

the vertical I12 and the corresponding pore water pressure trend. 

 

At this stage of the numerical modelling there was not the presumption of 

modelling accurately the monitoring data, since the model under study is at first fail-

ure, whereas the field displacements have been monitored at the toe of two pre-

existing landslide bodies, generated through a three-dimensional failure mechanism in 

the last century history of the slope. However, the slope model in Figure 5.68, since is 

brought to marginal stability through the initialization procedure, although implement-

ing parameter values that are very realistic, demonstrates that the SL-V-A interaction 

can, in the geo-hydro-mechanical context of reference, complete the failure process 

in the slope and give rise to acceleration of deep slope movements with the timing 

observed in situ in several slopes of similar hydro-mechanical features as those here 

simulated. Therefore, the numerical modelling, despite not embodying the onset of 

discontinuities with progressive failure, succeeds to show that the phenomenological 
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interpretations of the instabilities observed in the south-eastern Apennines and dis-

cussed in Chapter 2 (section 2.2.2) is well conceived. 

 

 

 

Figure 5.76 - Numerical results in terms of pore water pressure referred to 15 metres depth along the 

piezometric vertical P7 (grey line) and horizontal displacements (blue line) at the ground surface along 

the same vertical of the piezometric data (i.e. P7), with reference to the analysis in Figure 5.72. 

 

Furthermore, what has been shown testifies how different may be the numeri-

cal simulation of the slope behaviour due to even small differences in the parameter 

values, which are all possible in the real context of reference.  

5.2.5 Final slope model 
 

In this section the more advance numerical modelling of the Pisciolo slope is 

described. 

As first the current topography of the Pisciolo slope section has been recon-

structed with reference to the section b-b”, in the same way in which it has been 

done for the H numerical modelling (section 5.2). Furthermore, also the fractured rock 

inclusions across the section have been implemented in the slope model (Figure 

5.77).  
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The initialization procedure has been carried out following what has been ex-

plained in section (5.3.3.3). As such, a K0,initial=1 has been imposed, after which the 

plastic nil step, and two steps of undrained excavation with the subsequent consoli-

dation phases have been applied, reaching the slope geometry shown in Figure 5.78. 

The mesh adopted is shown in Figure 5.79; it is made by 13122 elements and 

105449 nodes. This mesh has been adapted for accounting the implementation of 

pre-existent sliding bodies (i.e. C and C9); the latter have been included in the analy-

sis in the next section. 

 

 

 

Figure 5.77 - Slope model subjected to the initialization process. The hydro-mechanical boundary con-

ditions are also reported.  

 

 

 

Figure 5.78 - Initialized slope model subjected to the transient boundary condition representing SVA in-

teraction. 
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Figure 5.79 - Mesh adopted for the analysis. 

 

In this model, despite the implementation of the fractured rock inclusion, and 

of the 2-metres thick top soil layer of higher permeability (see section 5.1.2), no me-

chanical heterogeneities have been accounted for; in fact, both the fractured rock in-

clusions and the top soil only configure hydraulic heterogeneities; in particular the 

mechanical parameters in Table 5.12 apply to all the materials implemented in the 

slope model.  

 

The saturated hydraulic conductivity has been imposed as 10-9 m/s, 10-8 

m/s and 10-6 m/s, for the PD formation (green material in Figure5.78), for the top 

fractured soil (brown material in Figure 5.78) and for the fractured rock inclusions 

(light blue material in Figure 5.78) respectively. This is the same hydraulic heteroge-

neity which has been adopted in the H numerical modelling (section 5.2). 
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Table 5.12 - Mechanical properties of all the materials implemented in the analysis. 

 

The saturated/unsaturated hydraulic behaviour has been implemented in this analysis 

as in the previous ones, referring to the data in Tab 5.14. Only the saturated hydraulic 

conductivity has been changed with respect to the material. 

 

 

 

Table 5.13 - van Genuchten-Mualem parameters for the description of the unsaturated behaviour. 

 

Figure 5.80 reports the piezometric head contours across the slope at the end 

of initialization. It is worth noting how both the fractured rock inclusions and the top 

soil layer are cause the bending of the contours.  

Mechanical parameters 
Property Value 
γsat (sat. unit weight) 
γunsat (unsat. unit weight) 
Stiffness properties 

21 [kN/m3] 
19 [kN/m3] 

E’ (Young modulus) 15000 [kPa] 
ν' (Poisson’s ratio) 0.3 
Strength properties  
c’ (eff. cohesion) 

 
15 [kPa] 

ϕ’ (eff. friction angle) 
ψ 

22.5° 
0° 

  

Hydraulic parameters 
Property Value 
Unsat. properties   
Ssat 1 
Sres 0.45 
gn 

ga 

gl 

1.7 
0.0095 [1/m] 
0.5 
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Figure 5.80 - Total heads resulting from the consolidation analysis (i.e. imposing 40 kPa of suction at 

the ground surface, Figure 5.77) after the undrained excavation phases.  

 

A safety factor analysis has been calculated by means of the ‘c-φ reduction tech-

nique’, giving a FS nearly 1 for the landslide mechanism shown in Figure 5.81. 

 

 

 

Figure 5.81 - Zoom on the plastic point at the end of the second consolidation stage.  

 

The transient net rainfall has been applied to the ground surface (Figure 5.75) 

modelling 15 years of transient flux, as effect of rainfalls and evapotranspiration; in 

the first 10 years the net yearly rainfall corresponding to 2006-2007 has been applied 

at the ground surface (Figures 5.82 and 5.78). Subsequently, other 5 years of net 

rainfall have been applied, simulating the climate from 2007 to 2012. The years of net 

rainfall applied in the transient analysis are plotted in Figure 5.82. 
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Figure 5.82 - Net rainfall applied at the ground surface in the transient calculation phase. 

 

The results of the coupled seepage analysis for the first 15 years are shown in 

Figure 5.83 compared to the monitoring data recorded by the piezometers at 15 me-

tres (a) and 36 metres b.g.l. along the P7 vertical. The numerical prediction of the 

pore water pressure is quite good. It is worth noting that in this analysis the net rain-

fall year has been computed, for the last 5 years, based upon the real climatic moni-

tored data of the years being simulated. As such, the real climatic conditions corre-

sponding to the monitored piezometric excursions has been accounted for. 

Maybe, less good piezometric results (i.e. in terms of piezometric excursions) 

have been obtained for the P5 vertical at 40 metres depth; still a good timing of the 

predicted excursions is obtained.  
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Figure 5.83 - Numerical results in terms of pore water pressure and monitoring data, at 15 (a) and 36 

(b) metres depth along the piezometric vertical P7 and along vertical P5 at 40 metres b.g.l. (c). 

 
In Figure 5.84, the horizontal displacement field after the 15 years of net rain-

fall is reported. As it may be easily spotted, a clear unstabilized soil mass is detected. 

The bound of the soil body is exactly corresponding to the shear surface that the plas-

tic points in Figure 5.81 were suggesting already after the end of the initialization 

stage. It has to be said that the medium depth landslide mechanism seems to corre-

spond to a local steeper portion of the slope. The onset of this instability does not al-

low to investigate, through the numerical analysis, whether also deeper landsliding 

would activate with time. The landslide body activated in this analysis, though, is a 

large portion of landslide body C (section 5.1). 
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Body C include body C9, which here is not unstable, since in reality this lies 

where the slope inclination is lowest (at the base of the slope) and the clays are most 

disturbed, i.e. they are much weaker than the clays simulated in the present analysis 

(section 5.1).  

 

 

 

Figure 5.84 - Horizontal displacement field after the 15 years of net rainfall.  

 

Correspondingly, in Figure 5.85 the deviatoric shear strain field is reported. 

The shear band, bounding the sliding body in Figure 5.84, is clear. Along the shear 

band, numerical very high values of the deviatoric shear strain are predicted; there-

fore, the numerical results are just indicative of the qualitative features of the landslide 

mechanism, since the soils are at yield in large part of the analysis. These large val-

ues are consistent with the displacement values reported in Figure 5.84, across the 

slope, and in Figure 5.86 with time. 
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Figure 5.85 - Deviatoric shear strain field. 

 

Since no slope movements are involving the toe area, the displacements and 

velocities, shown in the following for this case (Figures 5.86 and 5.87) refer to verti-

cal P5 (Figures 5.10 and 5.19), inside the mobilized sliding body. 

 

Figure 5.86 reports the horizontal displacement along the P5 vertical at the 

ground level (a) and at 40 metres depth (b). By comparison with the ground surface, 

the point at 40 metres b.g.l. is not experiencing very high horizontal displacement. 

This is consistent with the shear band position and the restraint of continuity inherent 

to the analysis. In fact, this deep point (Figure 5.86b) is very close to the shear band, 

but it is not involved in the overall straining of the body. On the contrary, the control 

point at the ground surface, Figure 5.86a, is experiencing huge horizontal displace-

ment. However, after 8 years the displacement rate seems to zero, as it is also clear if 

the horizontal velocity trend is analysed (Figure 5.87). 

Figure 5.86 in fact, reports the horizontal velocity with time of both the control 

points at the ground surface (a), and 40 metres b.g.l. (b). The velocity trends together 

with the displacement ones, clarify that for the first 8 years of applied net rainfall 
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some plastic strains and, as such, some accumulated irreversible displacements oc-

cur. In particular, for the point at 40 metre depth, the cumulated horizontal displace-

ment becomes about 0.35 metre. 

As already said above, at this step the objective was not to match the dis-

placement field monitored in situ (i.e. by means of inclinometers), but rather was to 

show that even adopting a very simple constitutive model and a slope made of clays 

not involved before by any landslide process (slope which had never experienced fail-

ure before the initialization), given the implemented slope factors, which are repre-

sentative for the geo-hydro-mechanical context of reference, a landslide mechanism 

may take place whose activity is controlled by the slope vegetation atmosphere, SL-

V-A, interaction, since the landsliding accelerates when it is observed to accelerate in 

situ. 

 

 

-500

0

500

1000

1500

2000

2500

3000

Se
p 

'9
7

M
ar

 '9
8

Se
p 

'9
8

M
ar

 '9
9

Se
p 

'9
9

M
ar

 '0
0

Au
g 

'0
0

M
ar

 '0
1

Au
g 

'0
1

M
ar

 '0
2

Au
g 

'0
2

M
ar

 '0
3

Au
g 

'0
3

Fe
b 

'0
4

Au
g 

'0
4

Fe
b 

'0
5

Au
g 

'0
5

Fe
b 

'0
6

Au
g 

'0
6

Fe
b 

'0
7

Au
g 

'0
7

Fe
b 

'0
8

Au
g 

'0
8

Fe
b 

'0
9

Au
g 

'0
9

Fe
b 

'1
0

Au
g 

'1
0

Fe
b 

'1
1

Au
g 

'1
1

Fe
b 

'1
2

Au
g 

'1
2

Di
sp

la
ce

m
en

t_
x 

[m
]

(a) P5 0m b.g.l.



 320 

 

 

Figure 5.86 - Horizontal displacements in time, with respect the ground surface (a) and a point 40 me-

tres b.g.l. (b) along the vertical P5. 

 

 

 

 

Figure 5.87 - Horizontal velocities in time, with respect the ground surface (a) and a point 40 metres 

b.g.l. (b) along the vertical P5. 
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The decrease of the displacement rates, until stopping the further accumula-

tion of plastic deviatoric strains, is discussed in the following section. 

  

In order to model even more realistically the Pisciolo slope, treating the analy-

sis as specifically devoted to the simulation of the case study, further changes in 

some parameters are required, as well as the activation of the shear band implement-

ed in the mesh in Figure 5.79 as discussed in the following section.  

 

As such, in the following section (5.3.5.1) pre-existing shear bands have been 

implemented. It is worth mentioning that the topography of the section under study 

(Figure 5.78) corresponds to an already self-stabilized geometry (i.e. post-sliding ge-

ometry); in this respect, the modelling of the realistic current strength properties, also 

accounting for the weak soils in the shear band, is fundamental to rehearse the case 

study at present. 

 

5.2.5.1 Implementation of pre-existing shear bands 
 

As it has been explained in the previous section, the implementation of the 

mechanical heterogeneity may represent a feature to be implemented in order to 

simulate the landslide mechanism of the Pisciolo slope as it has been reconstructed 

phenomenologically (section 5.1) and by means of H numerical analyses (section 

5.2). 

 

Hence, the presence of pre-existing shear bands has modelled in this part 

with reference to the same section as before (Figure 5.78). Both the shear bands cor-
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responding to the landslide bodies C and C9 have been included in the model (Figure 

5.88). 

 

 
 
Figure 5.88 - Initialized slope model subjected to the transient boundary condition representing SLVA 
interaction. 
 

All the initialization procedure, including the generation of the stress field, the 

hydraulic steady state seepage, the plastic nil phase, the undrained excavation and 

the corresponding consolidation phases, have been here carried out identically to 

what has been done with reference to the previous section. 

The only difference with respect to the previous simulation is that the shear 

band, (Figure 5.89, and Table 5.15) have been activated from the beginning of the 

analysis. As such, during the initialization, the mechanical heterogeneity was already 

implemented. 

 

The shear bands were already activated at the beginning since the superposi-

tion of the mechanical heterogeneity post-initialization has been seen in other numeri-

cal analyses to cause a so big imbalanced condition, that FE numerical program was 

even no more able to converge. Whereas, on equal terms, if the mechanical hetero-
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geneity was activated from the beginning no numerical issues of convergence were 

recorded. 

 

All the boundary conditions and also the hydro-mechanical properties of the 

materials implemented in this analysis are exactly the same as in the previous simula-

tion (Figures 5.78 and 5.82; Table 5.13 and 5.14). 

 

As said, the only exception was represented by the different mechanical pa-

rameters implemented in the materials in the shear band (Figure 5.89); in particular 

body C and C9 were modelled as phenomenological evidences suggested (i.e. body 

C is nested on the shear band of the body C9, Figure 5.89). This band have been di-

vided into 4 parts, in which different mechanical parameters have been implemented. 

The necessity of differentiating the shear strength parameters along the shear 

band arises from the fact that this landslide process is an example of the progressive 

failure (Potts et a., 1997); to be more detailed, this process is retrogressive, and both 

simple back analysis or most advanced semi-coupled numerical analysis (i.e. H+LE 

analysis, section 5.2) have demonstrated that the material in the shear band of the 

body C9 is characterized by a post-peak to residual shear strength; as for body C, the 

material inside its shear band is at the peak (Cotecchia et al., 2014; 2018; submitted 

2019). 

Hence, in order to reproduce the landslide mechanism such as both shear 

bands were mobilized together, a differentiation of the shear strength parameters has 

been implemented as follows (see Figure 5.89): 

 1°: c’=0,1 kPa, φ’=14,5°,  

 2° (fractured rock inclusion): c’=2 kPa, φ’=16°,  

 3°: c’=0 kPa, φ’=15,5°,  



 324 

 4°: c’=10 kPa, φ’=23°. 

 

 

 

Figure 5.89 - Initialized slope model later subjected to the transient boundary condition. 

 

Figure 5.90a and b report the plastic point after the initialization process, as 

carried out for the latter modelling not accounting for the mechanical heterogeneity. 

A zoom on the bounded area in Figure 5.90a is reported in 5.90b. 

In particular, it is easy to see that all the shear bands are characterised by a 

diffuse yielding, since the majority of the nodes, inside the shear bands are highlight-

ed as plastic points. 

Correspondingly, the deviatoric strain field due to the initialization process is 

reported in Figure 5.91.  
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Figure 5.90 - Plastic points field after the initialization process. 

 

 

 

Figure 5.91 - Deviatoric strain field due to the initialization process. 

 

Huge and not reasonable maximum deviatoric strains occurred in the shear 

bands (maximum value 8000%). This is not a problem, since all the further strains 

and displacements are not accounting for those due to the initializations. However, 

this circumstance, together with the plastic points in Figure 5.90, testify that the me-

chanical parameter chosen for the shear bands, are such that all the plasticity and as 

(a) 

(b)

Max. 8000% 

Min. 0% 
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such, the tendency of the deviatoric strains to localize has been directed into the 

bands. 

 

The same transient net rainfall than the case in Figure 5.78 has been applied 

to the ground surface (Figure 5.88) modelling 15 years of transient flux, as effect of 

rainfalls and evapotranspiration; in the first 10 years the net yearly rainfall correspond-

ing to 2006-2007 has been applied at the ground surface (Figures 5.82). Subsequent-

ly, other 5 years of net rainfall have been applied, simulating the climate from 2007 to 

2012. The years of net rainfall applied in the transient analysis are plotted in Figure 

5.82. 

 

The results of the coupled seepage analysis for the first 15 years are shown in 

Figure 5.92 compared to the monitoring data recorded by the piezometers at 15 me-

tres (a) and 36 metres b.g.l. along the P7 vertical. The numerical prediction of the 

pore water pressure is quite good. It is worth noting that in this analysis the net rain-

fall year has been computed, for the last 5 years, based upon the real climatic moni-

tored data of the years being simulated. As such, the real climatic conditions corre-

sponding to the monitored piezometric excursions has been accounted for. 
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Figure 5.92 - Numerical results in terms of pore water pressure and monitoring data, at 15 (a) and 36 

(b) metres depth along the piezometric vertical P7. 

 

Similar results with respect to Figure 5.83 are obtained. This testifies that the 

mechanical heterogeneity is not causing impacts on the seepage analysis. 

This is relevant to say, and it is because no stiffens heterogeneities have been 

applied to the shear bands. The latter in fact, are only characterised by a lower shear 

strength. 

If a modification in the stiffness of the shear bands with respect to the sur-

rounding soil mass was implemented, then the seepage would be affected. 

 

As for the displacements and the velocities, Figure 5.93 reports the horizontal 

displacements along the P7 vertical inside the shear band (i.e. 18m b.g.l.). The corre-

sponding plot of the horizontal velocity is in Figure 5.94, where also the velocity in 

time computed on the base of the inclinometric data (i.e. I12) are reported. 
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Figure 5.93 - Numerical results in terms horizontal displacement along the P7 vertical, inside the shear 

band. 

 

 

 
 

Figure 5.94 - Horizontal velocity in time (black) corresponding to the displacements in Figure 5.93 

compared with the horizontal velocities computed by means of inclinometric data (green). A zoom on 

the last years of this plot is reported in Figure 5.95. 
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Figure 5.95 - Zoom on the last years of the Figure 5.94. 

 

As already discussed, here the idea was not to simulate the current activity in 

terms of displacements and velocities of the sliding bodies. It would have been not a 

good idea to choose such a simple constitutive model for this objective.  

Rather, this study was addressed to the demonstration that a slope character-

ised by the slope factors already presented (section 5.1) and widespread in all the 

southern-eastern Apennines, may be also numerically subjected to seasonal reactiva-

tions of the slope movements under the SL-V-A interaction process. 

As such, this objective has been fully obtained also by means of HM numeri-

cal modelling, since Figures 5.93, 5.94 and 5.95, are clearly shown reactivations of 

the displacements, such as the velocity increases in some period of the year, and all 

those evidences are coherent with field evidences. 

 

The huge displacements, and related velocities, obtained as results from the 

HM numerical analysis, caused by the implementation of simple constitutive model 

(i.e. Mohr-Coulomb constitutive model), makes such analysis not useful for studying 

the impact of different climatic conditions. In fact, the differences which may be 
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cause by a different climatic SLVA interaction would be not quantifiable when com-

paring huge displacements and velocities. As such, in the following Chapter 6, the ef-

fect of the climate is studied with reference to the numerical approach followed in the 

section 5.2 (Annex 1), as indicated by the grey shaded area in the Table 4.1 reported 

hereafter. 

 

 

 

Table 4.1 - Scheme of the numerical testing programme. 

 

This numerical approach may be more sensible, in terms of obtained results, 

to different climatic boundaries. 
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CHAPTER 6 

ANALYSIS OF PRECURSORS AND INDICATORS OF THE LANDSLIDE 
ACTIVITY FOR THE DESIGN OF EARLY WARNING SYSTEM 

 
 

When either human life, or infrastructures, or communities are in a condition 

of risk with respect to climate-induced landslides, mitigation measures need to be de-

signed and realized in order to reduce the landslide associated-risk. Moreover, it is 

worth mentioning that climate-induced landslides are becoming more frequent since 

extreme climate conditions occur more frequently, and societal development causes 

an increase of elements built in landslide-susceptible areas (e.g., Gariano and Guzzet-

ti, 2016).  

Furthermore, the scientific innovation and technological development, that 

have been achieved by the academic community, make possible to mitigate risk 

through alert systems in which the alert is related to landslide precursors, or indica-

tors (Aitsi-Selmi, A., 2016). In particular, a strong advancement in the quality, quanti-

ty and availability of data useful for the risk prediction in real time have been achieved 

(UNISDR, 2012). Enhanced instruments and technology, including real-time data col-



 332 

lection and capability in the modeling and in disseminating information, are more and 

more allowing for the setting up of increasingly sophisticated warning systems. 

The achieved technical advancement requires, nowadays, for a corresponding 

advancement in the real time prediction of the landslide onset (Scolobig, 2017).  

This chapter is devoted to the description of H - LE analyses (Annex 1, sec-

tion 2.3.1) of the Pisciolo slope (section 5.1) aimed at designing the site scale EWS, 

with a deterministic procedure. To this aim, the advanced modelling already dis-

cussed in section 5.2.5 has been used to characterize the precursors and the indica-

tors (also defined as threshold variables in the following) of landsliding at Pisciolo, 

running the model with reference to the climate between 2001 and 2016. In particular, 

it is shown how threshold variables vary with the depth of the landsliding (i.e. shallow 

sliding bodies and deeper ones). 

 

An EWS necessarily requires the conduction of five activities, as pre-requisite 

(UN-ISDR, 2004): (i) acquiring knowledge about the specific landslide risks; (ii) moni-

toring, analysis and prediction of the hazards; (iii) devising an operational centre; (iv) 

communication or dissemination of the alert and corresponding warnings; and (v) lo-

cal capability to respond to the received warning.  

Generally speaking, an EWS constitutes a process through which the infor-

mation generated through the monitoring of the natural phenomenon under investiga-

tion, are provided to the institutions in charge of the emergency response operations, 

so that certain tasks may be executed before the landslide event impacts the social 

community (Villagàn de Leòn et al., 2013).  

The so-called operational landslide early warning systems (LEWS) aim at re-

ducing the probability of social and economic losses by defining and calling for sev-
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eral possible actions, involving both the people to act properly in populated areas, and 

the public/private offices in control of the infrastructures interacting with the landslide.  

The LEWSs may differ depending on several aspects: the type of landslide, 

the predisposing and triggering factors, the scale of operation (i.e. the size of the area 

covered by the system represents a major issue).  

Several cases of installed and functioning LEWS, at different scales (i.e. both 

at regional and local scale), show that their efficiency depends on the scientific and 

technological characteristics of the system as well as on the social, economic and 

political conditions of their operation (e.g., MICHOUD et al., 2013; STÄHLI et al., 

2015).  

The matching of all these requirements for the design of an effective LEWSs 

must be based on interdisciplinary approaches to the design and management of 

such system. Calvello and Piciullo (2014) state that, after the definition of the objec-

tives of the LEWS, the design and management process should be based on multiple 

levels of analysis, detailing: the necessary technical and social skills; the activities to 

be performed; the means to be used; the basic elements of the system. In this pro-

cess, technical and social skills must be employed synergically: technical know-hows 

are needed to define monitoring strategies, models and procedures leading to reliable 

warnings; social competences are essential to address the people-system interac-

tions, thus, to make LEWSs an effective tool to reduce the risk to life. 

Calvello (2017) defined the set of interdisciplinary methods needed to be de-

fined for an effective and efficient LEWSs. From a scientific viewpoint, LEWSs need to 

be accurate in the spatial and temporal prediction of landslide occurrences and ef-

fects. From a technological viewpoint, they need to be robust with redundancy in the 

associated infrastructure. From a social viewpoint, LEWSs should be used to prepare 
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people for precipitation- induced landslides and to develop strategies to maximize life 

safety during emergencies and, thus, they should be community-supported. From an 

economic viewpoint, the costs associated to the deployment and management of 

such systems must be sustainable in the long-term. From a political viewpoint, the of-

ficers of relevant authorities need to be adequately engaged. 

 

The definition of the different stages of the landslide movement has to be pro-

vided, making clear what is the stage of reference for the EWS. Leroueil et al. (1996), 

following previous work by Skempton and Hutchinson (1969) and Vaunat et al. 

(1994), differentiated the landslide mechanism into four different stages of slope 

movements: the pre-failure stage; the onset of failure; the post-failure stage; and the 

reactivation stage, when a soil mass slides along one or several pre-existing shear 

surfaces. In this chapter, the reactivation stages of pre-existent sliding bodies have 

been of reference.  

 

As already anticipated, together with the stages and the type of landslide pro-

cess of interest, also the scale of analysis affects the EWS design and its application 

procedure. In general, strong differences arise mainly between local and regional sys-

tems. 

In this regard, with reference to the Pisciolo climate-induced mechanism, the 

design of site-scale EWS has been carried out. 

It has been necessary to develop numerical simulations able to predict in “re-

al-time” the landslide occurrence, based on the monitoring of some meteorological 

variables (such as precipitation - rain and snow), and atmospheric parameters at the 

soil level, (e.g. atmospheric temperature).  
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Despite the numerical modeling for the diagnosis of landsliding and the design 

of the remediation measure (e.g. EWS) cannot be easily applied over vast areas, it is 

believed that the numerical analysis on representative slopes location of climate-

caused landslides may allow for a use of the specific slope findings on the other simi-

lar slopes in the vast area. Accordingly, following the Multiscalar Method for Land-

slide Mitigation (MMLM, Cotecchia et al. 2010; 2016), i.e. a reductionist approach 

(Cotecchia et al. 2015; Cafaro et al, 2016), the characterization of the threshold vari-

ables for instability derived from representative site-specific studies (i.e. the Pisciolo 

slope), can be of reference in the design of early warning systems for several slopes 

in the reference context. An example of use of MMLM is reported by Cafaro et al. 

(2016).  

 

It is worth remembering that monitoring plays a crucial role in landslide risk 

mitigation, since it is used to calibrate and validate modelling, to check the efficacy of 

remedial measures and is the main tool on which EWS design and operation is based. 

Nowadays, the traditional monitoring devices can be complemented with unconven-

tional monitoring tools, making use of advanced technologies, e.g. the monitoring of 

the ground surface displacements can benefit from the use of Synthetic Aperture Ra-

dar (SAR) satellite techniques, processed via Differential SAR Interferometry (DInSAR) 

algorithms. 

 

In the case of climate driven landslides, this chapter is intended to release a 

rigorous scientific procedure for the design of a site scale EWS for climate-induced 

landslides. Where this strategy is usually designed for rapid shallow landslides (e.g. 



 336 

flow-slides in pyroclastic covers, soil slips and flow-slides in coarse debris covers), it 

will be shown that EWS may hold also for the mitigation of the effects of climate-

induced deep landslide reactivation (Pedone et al. 2018; Cotecchia et al. submitted).  

 

For site scale EWS, advanced SLVA interaction H+LE modelling has been 

used to characterise both precursors, i.e. climatic variables, and indicators, i.e. suc-

tions, pore water pressures. The available field monitoring data for the Pisciolo case 

history (i.e. since 2009) represent a robust starting point for the development of the 

EWS design. 

The numerical modelling discussed in Section 5.2 represents the EWS com-

putational platform of the EWS at Pisciolo. This is used to characterize the threshold 

variables for landslides of different depth. Given the representativeness of the Pisciolo 

case history (section 5.1) for several slopes of the South-Eastern Apennines (Cotec-

chia et al. 2016; Cafaro et al. 2016), this study may be of general use in this context. 

 

The slope monitored data concern: the pore water pressures, the deep dis-

placements, on the pre-existing shear bands, the indications of reactivation provided 

by the occurrence of damages, the displacements monitored at ground surface 

through GPS monitoring.  

Based on both this database and on the climate monitoring (i.e. daily rainfalls 

and temperatures) H-LE numerical modelling has been carried out, adopting the nu-

merical procedure discussed section 5.2.5. 

 

 



 337 

6.1 The 2001-2016 climate at Pisciolo  
 

Within the southern Apennines, the climatic features are controlled by the alti-

tude. Winters are cold and sporadically snowy, and summers are hot in the basins, 

progressively cooler at high altitude. Rainfall is well distributed during the year, but 

with high values in late autumn, winter and early spring. Temperatures during the 

most intense cold periods can drop even below -5 °C. The climate at Pisciolo has 

been classified as “Mediterranean subcontinental to continental, partly semiarid to ar-

id” (M4) (Costantini E.A.C. et al. 2013). 

 

Figure 6.1 reports the monitored climatic data in terms of rainfall, minimum 

and maximum temperature, from the 1st of September 2001, until the 31st of August 

2016 (meteorological station at Melfi, about 3 km far from the Pisciolo hillslope).  

 

The representativeness of the climatic data of the Melfi meteorological station have 

been stated through the comparison of those data with data recorded by another me-

teorological station installed at the Pisciolo hillslope from the 7th December 2018 

(Chapter 7); in fact, this comparison has shown very similar values of either the rain-

falls and the temperatures monitored at the two sites.  
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Figure 6.1 - Rainfall and both minimum and maximum temperature data from the 1st of September 

2001, until the 31st of August 2016, as recorded by the Melfi meteorological station. 

 

6.2 Numerical H modelling 
 

In this chapter the impact of different climatic boundary conditions is ana-

lysed, with the aim at characterizing the link between the input climatic variables and 

the variation in the degree of stability of the landslide bodies in the Pisciolo slope. The 

methodology being used is that already presented in Section 5.2. The deterministic 

method accounts for the whole set of climatic variables and relates the threshold cli-

matic values (precursors) to the slope geo-hydro-mechanical features and to the 

landslide activity, the latter assessed based upon the safety factor computation (ac-

tive for F≤1). The landslide bodies whose activity has been checked go from shallow 

to deep.  

 

Despite using a H modelling, as in Section 5.2, it has to be said that the re-

sults in the following have been derived adopting the Seep/W version released in 

2012, as in Section 5.2.5, with the input material parameters discussed in the same 
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section. With reference to the climatic boundary condition applied, the FAO Penman-

Monteith dual crop approach has been used for the computation of both the crop 

specific evaporation and transpiration fluxes, starting from the minimum and maxi-

mum temperature data (Figure 6.1) and crop characteristics (as explained in section 

5.2.2). The computed transpiration and evaporation fluxes as shown in Figure 6.2. 

have been computed accounting for the water stress condition in the soil as explained 

in section 5.2.5 (Figures 5.31 and 5.32).  

 

The slope model adopted for the analysis has been the same as that shown in 

Figure 5.19 with reference to Seep/W 2004, but for some differences, e.g. a new 

meshing procedure, implemented in Seep/w 2012, resulting in the model in Figure 

6.3, which allows for the extraction of the negative fluxes at depths just about the 

ground surface, but slightly below it, as already done for the slope model in Figure 

5.19. The transient boundary condition is now the superposition of three different 

fluxes: the rainfall (at 0 m depth, blue in Figure 6.1) the transpiration (at 0.25 m depth 

green in Figure 6.2) and the evapotranspiration (at 0.05 m depth red in Figure 6.2) 

fluxes.  

 

This peculiar application of the flux boundary conditions has been necessary 

because, in this analysis, the rainfall, evaporation and transpiration fluxes, can not be 

applied on the same boundary surface anymore (as anticipated in section 5.2.5). In 

fact, since different hydraulic modifiers for the evaporation and the transpiration have 

been applied, it is no more possible to compute the net rainfall as a scalar at the 

ground surface (i.e. total rainfall - evaporation - transpiration). 

 



 340 

 

 

Figure 6.2 - Crop specific evaporation (red line) and transpiration (green line) fluxes from the 1st of 

September 2001, until the 31st of August 2016, as computed by means of FAO Penman-Monteith dual 

crop approach. 

 

 

 

Figure 6.3 - Slope model for the H analysis in Seep/W 2012. Material and regions are the same as for 

the slope model in Figure 5.19. 

 

As said in the section 3.6.1, the FAO method needs a water up-take model, 

which in this case has been hypothesized to be very simple. In literature (see section 

3.6.1) triangular distribution with depth of the transpiration flux is assumed to occur. 

In this case the triangular distribution has been thought to be as deep as the depth of 

the root system (winter wheat in the following; Prati Armati crops in Chapter 7). As 
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such, a mean reasonable depth of the winter wheat root system has been set as 0.75 

metres (Allen et al. 1998).  

Hence, a resultant transpiration flux may be applied as a unique point at the 

depth of one third of 0.75 metres. Therefore, the mesh has been modified in order to 

account for a ground surface line, a 5 centimetres depth boundary surface line for the 

application of the evaporation flux, and a 20 centimetres deep line, for the application 

of the transpiration flux. The mesh is in Figure 6.4, where a zoom of the upper part of 

the vegetated soil layer (2 metres thick) is shown. 

 

 

 

Figure 6.4 - Zoom on the top soil layer mesh highlighting the positions of the three boundary conditions 

here taken into account. 

 

As such, the climatic boundary condition (rainfall in Figure 6.1, and both tran-

spiration and evapotranspiration in Figure 6.2) from 2001 to 2016 has been applied 

for two cycles. Hence, 30 years of H analysis have been computed; only the results 

from the second cycle are shown in the following, since the first cycle has been used 

to allow for the code to get a numerical stability (Pedone 2014; Cotecchia et al. 2014; 

Pedone et al. 2018). 
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In Figure 6.5 the results in terms of piezometric levels with time, with refer-

ence to the two piezometric cells along the P7 vertical (i.e. 15 and 36 metres b.g.l.), 

are shown, together with the corresponding monitoring data available for the same 

period, the 180-day net and total cumulated rainfalls, and the net rainfalls. 

It is worth mentioning that here the net rainfall has been computed as the sum 

of the inward flux (i.e. rainfall in Figure 6.1) and the outward fluxes (i.e. evaporation 

and transpiration in Figure 6.2); as such, since the hydraulic modifiers are decreasing 

the amount of outward fluxes when suction exceeds a certain value (Figures 5.31 and 

5.32), the net rainfall in Figure 6.5 may not be completely representative of the net 

flux (i.e. water infiltrating + runoff) at the ground surface. 

 

 

Figure 6.5 - Numerical piezometric heads (z=0 is set at the ground level) at 15 and 36 metres below 

ground level compared with the piezometric monitoring data along the vertical P7; together with the net 

rainfall, and both the net and total 180-day cumulated rainfall. 
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The numerical results match very well all the piezometric monitoring data, in 

terms of size and timing of the piezometric excursions. Moreover, the consistency be-

tween the timing of the peaks in piezometric level and those ones in the 180-day both 

net and total cumulated rainfall is evident. 

What is interesting to note is that, differences in climate (i.e. yearly rainfall and 

both evaporation and transpiration, resulting in different 180-day net cumulated rain-

fall) result in differences in the piezometric heads with time during the year. This rep-

resents an important result, meaning that the modeling SL-V-A modelling is able to 

predict different responses even when the successive climatic years vary, as in reali-

ty. 

From Figure6.5 it may be stated that the numerical modelling of the variations 

of the pore water pressures due to rainfall infiltration across the slope have been 

properly modelled and can be of use for the design of an early warning system at the 

site. If continuous piezometric monitoring data were available, a more complete com-

parison could be achieved, giving even more relevance to the obtained results.  

As for the shallow depths, Figure 6.6 reports the piezometric heads with refer-

ence to 0.5, 1, 3, and 5 metres below ground level, along a vertical which is at mid-

height of the shallow bodies 1, 2, and 3, named P_SB in Figure6.3, for which the 

safety factor has been later computed during the year (section 6.3.2). 

 

The results for the rainiest year (i.e. 2010-2011, annual total rainfall: 1112 

mm; and annual net rainfall: 816 mm), and for the less rainy one (i.e. 2011-2012, an-

nual total rainfall: 622 mm; and annual net rainfall: 328 mm) are reported in Figure 6.7 

and 6.8 respectively. 
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It is worth mentioning that, as it has been shown in section 5.2, the results in 

terms of piezometric heads for the shallow depths appeared to be qualitatively differ-

ent from the deeper one (Figure 6.5) only for depths smaller than 5 metres. As such, 

in Figure 6.6, as well as in Figures 6.7, 6.8 and 6.9 only data referring to depths up to 

3 metres have been reported, those being considered representative of shallow hy-

draulic phenomena. 

 

 

 

Figure 6.6 - Numerical piezometric heads (z=0 is set at the ground level) at 0.5, 1, 3 and 5 metres be-

low ground level, with respect to the net rainfall. 
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Figure 6.7 - Numerical piezometric heads (z=0 is set at the ground level) at 0.5, 1, 3 and 5 metres be-

low ground level, with respect to the net rainfall from 1st September 2010, until 31st August 2011. 

 

No big differences appear in the trend of the piezometric heads at all the con-

sidered depths (i.e. 0.5m, 1m and 3m) between Figures 6.7 and 6.8. However, it has 

to be said that the whole amount of net rainfall, computed from the climatic forcing 

conditions, does not all infiltrates in the soil; as such it would be not correct to state 

processes and correlations based on the idea that the more net rainfall is applied, the 

worst the condition for the shallow crop layers is; in fact, the runoff plays a funda-

mental role in controlling the infiltration processes (section 3.1.1 and 5.2.5) reducing 

the amount of the water infiltrating in the soil.  

Hence to investigate the effects of different climatic conditions on the infiltra-

tion and on the piezometric heads correspondingly, it may be more appropriate to in-

vestigate the numerical predictions for climatic years characterized by different num-

ber of rainy days, instead of years characterized by different amount of annual net 

rainfall. 

As such, with respect to 2010-2011 and 2011-2012, the number of the rainy 

days were 81 and 62, respectively; whereas the maximum and the minimum number 
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of rainy days among the climatic years here taken into account were 96 and 62, re-

spectively. 

Figure 6.9 reports the same numerical results as for in Figures 6.6, 6.7 (i.e. 

2010-2011) and 6.8 (i.e. 2011-2012), but with respect to the year characterized by 

the highest number of rainy days (i.e. 2008-2009). 

 

 

 

Figure 6.8 - Numerical piezometric heads (z=0 is set at the ground level) at 0.5, 1, 3 and 5 metres be-

low ground level, with respect to the net rainfall from 1st September 2011, until 31st August 2012. 

 

 

 

Figure 6.9 - Numerical piezometric heads (z=0 is set at the ground level) at 0.5, 1, 3 and 5 metres be-

low ground level, with respect to the net rainfall from 1st September 2008, until 31st August 2009. 



 347 

 

Comparing Figure 6.8 and 6.9, being the years with the minor and higher 

number of rainy days, it appears that, by 1 m depth the piezometric head tends to ze-

ro (i.e. towards the saturated condition) more rapidly, i.e. at the beginning of Decem-

ber in 2008-2009 year. Rather, in 2011-2012 the piezometric head tends to zero 

around the beginning of February. This is the case especially at very shallow depths, 

e.g. 0.5 metres b.g.l.; at 1 metre b.g.l. these differences are already less marked. This 

is the case even if, the piezometric head at 0.5 m b.g.l at the 1st September 2008 is 

lower (i.e. the suction value is higher) in 2008-09 than in 2011-2012. This difference 

is due to the antecedent net rainfall year, that differs between the two analyses. The 

starting difference in the initial state at 0.5m b.g.l. has certainly played a role in mak-

ing milder the effect of the number or the rainy days in autumn on the suction drop 

with time. If the climatic years 2008-2009 and 2011-2012 had started from the same 

condition, the difference in the trend of the piezometric head at 0.5 m b.g.l. would 

have been even more relevant. In this case the reach of a zero piezometric head 

(saturated condition) in 2008-2009 would have been anticipated with respect to early 

December. In section 6.3.2 the implications of the piezometric variations on the safety 

factors of sliding bodies of different depth are discussed, making a stronger connec-

tion between the net rainfall and the triggering of shallow mechanisms. 

 

With regard to the hydraulic heads at depth, the H modelling has been shown 

to be successful in the prediction of the piezometric monitoring data (Figure 6.5). 

Moreover, the different climatic years have been seen to cause different values of the 

hydraulic heads with time. The identification of the threshold values of the triggering 

of deep landslide mechanisms must be calculated by means of LE analyses (see sec-

tion 6.3.1). Thereafter, the early warning system may be designed to associate the 
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dissemination of the alert to the reach of the threshold value of either the pore water 

pressures (indicators)causing the factor of safety to reach 1, or the climatic variables 

anticipating (precursors) FS=1.  

In order to identify a law connecting either the indicators (i.e. either the pore 

water pressures or the suction values), or the precursors (i.e. the net rainfall varia-

bles: net daily rainfall for shallow landsliding, 180-day net cumulated rainfall for deep 

landsliding) with the trigger of the landsliding, LE numerical analyses have been car-

ried out, as discussed in the following section. 

 

6.3 Numerical LE analyses 
 

A set of LE numerical analyses has been carried out in order to assess the 

variation in time of the safety factor and define how an appropriate EWS may be de-

signed for a clay slope location of climate-driven landslides, such as the Pisciolo 

slope (prototype slope model). 

 

Within the software GeoStudio 2012 (Geo-Slope International Ltd., 2012) it 

has been possible to use the output of the transient H numerical analysis (section 

6.2) as input of the LE analyses, as already done in section 5.2.4 (Slope/W 2012). 

Details of the advancements in the computation of the safety factor, especially with 

references to unsaturated soil state, have already been already described in section 

5.2.5. 

 

The LE numerical analyses have implemented the numerical results from the 

analyses corresponding to 2001 - 2016 years, with reference to different sliding bod-
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ies. In particular, as representative for the deep landsliding, both bodies C9 and C 

have been considered, whereas, for the shallow landsliding, three shallow bodies 

have been taken into account, as previously done in section 5.2. All the five landslide 

bodies are shown in Figure 6.3. 

The input parameters for all the sliding bodies are given in Table 6.1. 

 
 Body C Body C9 Body 3m Body 1m Body 0.5m 
Saturated unit weight 
[kN/m3] 21 21 21 21 21 

Unaturated unit weight 
[kN/m3] 19 19 19 19 19 

c' [kPa] 0 0 0 0 0 

φ' [°] 14 22 18 15 13 
 

Table 6.1 - Material parameters for the LE analyses. 

 

It is worth mentioning that the unit weights of the soil have been computed 

accounting for the saturation degree, making use of the WRC. The values of φ' in the 

table refer to saturated conditions, whereas Eq. 5.6 has been used for the un-

saturated conditions. The values of φ' in the table have been defined according to the 

knowledge about the soil shear strengths, as discussed in section 5.1.3 (Cotecchia et 

al. 2014; Cotecchia et al. submitted). In particular, where body C9 occurs in a slope 

portion of minor inclination and location of soils deeply involved in past landsliding, 

for the shallowest bodies located upslope (see Figure 6.3), the friction angles have 

been selected according to the inspection of the degree of disturbance of the soils in 

situ. For body C, the current state of first activation (see section 5.1.3) has been ac-

counted for in the selection of the φ' value, that is about the peak value measured in 

the laboratory (see section 5.1.1). 



 350 

The results of the LE analyses are commented hereafter, as first for the deep 

landsliding, and then for the shallow landsliding. 

6.3.1 Deep landsliding 
 

In Figure 6.10 a modified version of Figure6.5 is shown, where also the factor 

of safety with time is given, of either body C, or C9. 

 

Figure 6.10 reports the numerical results relevant to both Body C and Body 

C9. In particular, both numerical and monitored piezometric heads, together with the 

180-day cumulated net rainfall and the net rainfall have already been presented and 

commented in Figure 6.5. In this figure, also the trend of the safety factor with time of 

Body C and of Body C9 are reported (grey dashed and continuous lines, respectively). 

The climatic variations among the different years are shown to cause differences in 

the hydraulic response and in the factors of safety of both bodies.  

In particular, the LE results give evidence that the instability threshold, SF=1, 

is most often reached by body C, although only few times SF reaches 1 for body C 

and not for body C9. There are also fewer cases in which body C9 reaches 1, but 

body C does not, although it is just about 1. In any case, in reality, when body C 

moves, also C9, that lies within it, is activated; vice versa, when body C9 moves, its 

movement is likely to reactivate body C, since C9 is at the toe of body C. The interac-

tion between the two bodies, though, is not analysed through the LE analyses being 

performed.  

 

Figure 6.10 shows also some red arrows, which represent the years in which 

evidence of reactivation of both bodies have been acquired, given the effects of the 
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movements on interacting infrastructures (see section 5.1). The red full arrows stand 

for years in which the landslide reactivation caused serious damages. Empty red ar-

rows indicate years in which the landslide moved, not causing major damages. In the 

other years, the absence of monitoring did not allow to know whether the landslides 

accelerated in late winter, or not. It is possible to notice that, with the exception of the 

arrow for year 2006-07, every other red arrow (i.e. observed reactivation) corre-

sponds to the reach of SF=1. In total, SF=1 in: 2002-03, 2004-05, 2005-06, 2006-

07, 2008-09, 2010-11, 2013-14, 2014-15. 
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Figure 6.10 - Numerical piezometric heads (z=0 is set at the ground level) at 15 and 36 metres below 

ground level compared with the piezometric monitoring data along the vertical P7; together with the net 

rainfall, and both the net and the total 180-day cumulated rainfall in black and grey respectively. 

 

With regard to year 2010-2011, field monitoring has been also discussed (i.e. 

horizontal displacement rates, either computed from inclinometric data in light green, 

or measured through a GPS sensor connected to the pipeline, in orange). Those dis-

placement rates are fully consistent with the LE results, since both C and C9 in March 
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2011 reach SF=1. With the reactivation of 2011 the inclinometer broke, and no more 

information was available from that point onwards. 

Figure 6.10 also shows that for such a landslide mechanism, involving deep 

and slow landslide bodies, the climatic variable most suited to represent a precursor 

of reactivation is the 180-day net cumulated rainfall. The 180-day total cumulated 

rainfall might be of use too, but only if allowing for some approximation.  

 

The red line in Figure 6.10 corresponds to the 180-day net cumulated rainfall 

of 473 millimetres (e.g. year 2006-2007) and the blue line corresponds to the 180-

day total cumulated of 615 millimetres. It is interesting to notice that every year which 

is characterized by a peak value of the net cumulated rainfall which exceeds the red 

line, or correspondingly, every year characterized by a peak value of the total cumu-

lated rainfall which exceeds the blue line, is characterized by the reach of SF=1. 

Therefore, to a first approximation, the threshold values of the precursors 180-day net 

and total rainfall seem to be 473 millimetres and 615 millimetres respectively. How-

ever, an exception is recognized in the climatic year 2014-2015, which is character-

ised by a peak value of both total (=474 millimetres) and net (=405 millimetres) 

cumulated rainfall well below the corresponding threshold values, although SF reach-

es 1. 

It is worth noting that the peculiar summer of 2014-20156 plays an important 

role in the reach of SF=1, in March-April 2015. In fact, it easy to spot that during No-

vember 2014 the value of either the 180-day net and or total cumulated rainfalls was 

quite high with respect to the same period of the other years. This circumstance high-

lights that indeed, also the conditions in the “antecedent” season, i.e. in summer, are 

very relevant to the landslide reactivation. 



 354 

Another proof of the impact of the antecedent season on the piezometric 

heads and the safety factors of a given year is shown, in Figures 6.11 and 6.12, 

where the trends with time of the safety factor of body C and body C9 are reported 

respectively, for the year 2004-2005. In particular, one of the most rainy years (i.e. 

2005-2006; total annual rainfall: 1078 mm; total annual evapotranspiration: 322 mm) 

has been applied as a climate boundary condition for 7 times, and after this, the 

2004-2005 year has been applied. The results of this simulation have been named 

“wet”, standing for the fact that the 2004-2005 has been preceded by wet years (i.e. 

2005-2006) Figure 6.11 reports the results for body C9; Figure 6.12 for body C. In 

each figure the darker lines, i.e. dark red line for the factor of safety, the dark blue line 

for the piezometric head, black line for the 180-day net cumulate rainfall, are shown. 

Conversely, the results of the simulations of the 2004-2005 year, preceded by a dry 

year (i.e. 2011-2012; total annual rainfall: 622 mm; total annual evapotranspiration: 

294 mm), have been named as “dry” and are reported in Figure 6.11 (i.e. body C9) 

and 6.12 (i.e. body C) with lighter lines.  

 

Despite the overall shape of all the curves is not changing, the values of the 

piezometric heads, and of the safety factor for both body C9 (Figure 6.11) and body C 

(Figure 6.12) are heavily affected by the characteristics of the antecedent climatic 

year.  
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Figure 6.11 - Effect of the antecedent climatic year on the stability of the body C9: lighter lines (light 

blue, piezometric head; light red, factor of safety; grey, 180-day net cumulated rainfall) refer to the 

analysis anticipated by a very dry climatic year; darker lines (blue, piezometric head; red, factor of 

safety; black, 180-day net cumulated rainfall).  

 

 

 

Figure 6.12 - Effect of the antecedent climatic year on the stability of the body C9: lighter lines (light 

blue, piezometric head; light red, factor of safety; grey, 180-day net cumulated rainfall) refer to the 

analysis anticipated by a very dry climatic year; darker lines (blue, piezometric head; red, factor of 

safety; black, 180-day net cumulated rainfall).  
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These results appear of great relevance in the design of an EWS for deep and 

slow seasonal landslide reactivations. On the whole, the data in Figure 6.10 demon-

strate that the entire H-LE numerical modelling that has been developed in Chapters 5 

and 6 represents a tool capable of predicting the response of the deep landslide bod-

ies in the slope. Therefore, it is a tool that can be used to predict the reactivation of 

landsliding for the pre-existing landslide bodies C9 and C, as well as for any other 

body, for which they are known the operational strength parameters. Therefore, the 

numerical model built up in the present research work for the Pisciolo slope, could be 

continuously run and in order to forecast whether the deep landslide bodies are 

reaching instability in advance with respect to their real activation. This application 

would represent a mitigation strategy for the risk that the reactivation of the deep 

landslide bodies at Pisciolo, such as bodies C9 and C, determine. If, for example, the 

failure of the aqueduct pipeline lying at the base of the slope needs to be forecasted, 

in order to interrupt the flow in the pipeline before failure, the running of the modelling 

could allow for such mitigation. It can be said, then, that study has resulted in the de-

sign of a prediction tool of use within a EWS for the deep landsliding at Pisciolo.  

In order to use the H-LEM modelling developed as discussed above to identify 

the general expression of the climatic precursor for the reactivation of bodies C9 and 

C, though, the results in Figures 6.11 to 6.12 suggest that a H-LE numerical sensitivi-

ty analysis needs to be run for either bodies, C9 and C. This has to be aimed at char-

acterizing the function representing the 180-day net cumulated rainfall over the sea-

son from the start of September to the start of March, which brings about the reach of 

SF=1 for the landslide body. This is because the study has shown that it is the whole 

trend of variation of the net 180-day rainfall, from September to March, to control the 
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stability of the deep landslide bodies, and not the single maximum value of the cumu-

lated rainfall.  

 

6.3.2 Shallow landsliding 
 

The stability level of the shallow bodies subjected to analysis has been seen 

to resent of either the single rainfall events or of the cumulated rainfall over few days 

(see also section 5.2.4). 

The stability of the three shallow bodies (0.5, 1 and 3 metres) is strongly in-

fluenced by the suction and its variation in time. The high differences in terms of hy-

dro-mechanical behaviour between coarse and clayey material (i.e. here of reference) 

makes the hydraulic processes determining the suction decrease differ for coarse 

slope top layers and clayey top layers.  

It is worth mentioning that in the H modelling discussed in section 6.2, the 

rainfall has been applied as driving force upon the ground surface disregarding the 

variations in hourly intensity of the rainfall event. In fact, every single rainfall event has 

been considered to be uniformly distributed in the whole day (24 hours). This simpli-

fication is believed possible only because a clayey top layer is being considered, i.e. 

ks=10-8 m/s. 

Implication of this simplification is an error in the computation of the runoff, 

which though has been disregarded so far. The error should bring about a daily 

amount of infiltrating water higher in the model than in reality. As such, the water con-

tents in the shallow layer (i.e. unsaturated layer) predicted in the model will be proba-

bly higher than those in the reality, and the corresponding suctions may be lower than 

those in the field. 
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Unfortunately, the monitoring data about the water contents and suctions in 

the shallow layers of the slope that have been recorded in situ (Figure 5.20), were not 

used in trying to find a connection between the soil state and the climate, and hence 

no comparisons can be done among numerical and monitoring data testifying the va-

lidity of the numerical model. Despite this, the reactivations of shallow sliding have 

been qualitative recorded across the slope (section 5.1.2), even if with-out a quantita-

tive assessment of neither the depth of the sliding nor its activity. 

 

In this section the objective is to interpret how the climate affects the stability 

factor at shallow depth and characterize the precursors and indicators of the instabil-

ity phenomena. All the material properties implemented in the analyses have been al-

ready discussed in section 6.3 Table 6.1. 

In Figures 6.13, 6.14 and 6.15 the computed factor of safety for bodies 0.5m, 

1m, and 3m depth are reported, respectively. The trends are reported together with 

both the corresponding piezometric heads and the net rainfalls. 

 

The selection of the φ' for the shallowest body, reported in Table 6.1 and jus-

tified in section 6.3, has caused the safety factor trends with time in Figures 6.13, 

6.14, 6.15 and 6.17 to drop all the years to 1. This is clearly not reasonable and fea-

sible, in fact, more likely the φ' values, especially for the shallow body of 3 metres 

depth, is higher than what has been implemented. However, apart from the values of 

the safety factor, here what has been analysed is its trend trying to find qualitative 

correlations with climatic functions.  
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Figure 6.13 - Numerical piezometric heads (z=0 is set at the ground level), factor of safety, and the net 

daily rainfall with respect to the body 0.5m. 

 

 

 

Figure 6.14 - Numerical piezometric heads (z=0 is set at the ground level), factor of safety, and the net 

daily rainfall with respect to the body 1m. 
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Figure 6.15 - Numerical piezometric heads (z=0 is set at the ground level), factor of safety, and the net 

daily rainfall with respect to the body 3m. 

 

The results show clearly a link between the daily net rainfall and the hydraulic 

head variation, only for the very shallow landslide bodies; in particular, only the FS of 

the body of 0.5m depth (Figure 6.13) varies in tight connection with the net daily rain-

fall. The connection between the safety factor and the daily rainfall is seen to become 

less and less relevant for the deeper sliding bodies (Figures 6.14 and 6.15). 

 

In order to show better these correspondences, a zoom of the 2006-2007 

year is reported in Figure 6.16, where the piezometric heads and the factor of safety 

of all the shallow bodies of reference are reported. 
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Figure 6.16 - Zoom on the hydrological year 2006-2007: numerical piezometric heads (z=0 is set at 

the ground level), factors of safety, and the net daily rainfall with respect to the all the shallow bodies. 

Lines for body 0.5 are the lighter, whereas for body 3m are the darker one. 

 

For the body of 0.5m depth, during the whole hydrological year the tight varia-

tion of SF with the net rainfall intensity (average daily intensity) identifies this variable 

as precursor of such shallow landsliding. Again, a sensitivity analysis is required to 

identify the net rainfall function determining the such landslide activation. 

 

It has to be highlighted that over the whole climatic year (i.e. from the 1st Sep-

tember to the 31st August), the delay in the drop of SF to 1 with respect to the rainfall 

event (i.e. the daily amount of net rainfall) varies. During the wet period, from Novem-

ber to April, the very shallow body (i.e. 0.5m) is very responsive to the daily rainfall. 

This is less the case in the drier period, from May to October, when the unsaturated 

condition at the ground surface and in the very shallow cover, is causing the field 
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permeability to decrease of some orders of magnitude, making the transient seepage 

a slower process. This is not happening in the wet period, in which the field permea-

bility is much higher, making the infiltration faster.  

This consideration is less applicable to the bodies of 1m and 3m depth. It ap-

pears that for the body of 1m depth SF is subject to rather immediate variation due to 

net rainfall events in the wettest period (i.e. from February to April), whereas this is 

not the case in the rest of the year. Therefore, for bodies deeper than 0.5m a single 

climatic threshold variable is not of reference over the whole year. 

 

What has been said for body 1m is even more so for the body of 3m depth 

(Figures 6.15 and 6.16). In this case, the net cumulated rainfall represents a more 

appropriate threshold variable. In particular, the same plot in Figure 6.15 is reported in 

Fig 6.17, where instead of the daily rainfall, the 120day net cumulated rainfall has 

been plotted. The relationship between the climatic variable and the trend of variation 

of the safety factor appears more convincing. For this body (Figures 6.15 and 6.17), 

the reactivation of the landsliding is predicted every year probably because the friction 

angle input in the LE analyses has been too low. 
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Figure 6.17 - Numerical piezometric heads (z=0 is set at the ground level), factor of safety, and the net 

120-day cumulated rainfall with respect to the body 3m. 

 

In conclusion, with reference to the climate-induced reactivation of landsliding 

in the geo-hydro-mechanical context of interest, the trend of variation of the factor of 

safety has been shown to be strongly influenced by the depth of the landslide of ref-

erence. In particular, the reactivation of the landslides of depth equal or higher than 3 

m is controlled by the net cumulated rainfall, over a lapse of time that goes from 120 

to 180-days. For the shallower landslide bodies, the variation of the safety factor with 

time appears to be connected to either the function of the daily rainfall or to cumulat-

ed rainfall over few days. The function of the net daily rainfall over the whole season 

has to be varied and input in the numerical analyses, according to a sensitivity testing 

of the slope model, in order to characterize the general expression of such function 

threshold of the shallow landslide reactivation.  
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What found and discussed so far with regard to the results of the numerical 

analyses is fully consistent with the field monitoring and appears to confirm the quali-

tative evidences synthesized in the phenomenological interpretation provided in Sec-

tion 5.1.3. 
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CHAPTER 7 

SOIL-VEGETATION-ATMOSPHERE INTERACTION: THE IN-SITU TEST AT 
PISCIOLO 

 
 

This Chapter is focused on the activities performed within a test site and 

aimed at the quantitative evaluation of the efficacy of bio-engineering as landslide risk 

mitigation strategy. 

Bio-engineering is a technical science that studies ways of using living plants, 

parts of plants or different plant associations as construction material, often in con-

junction with no-living material such as stones, wood and steel. Bio-engineering in-

terventions are often used to reduce the risk linked to natural climatic disasters, such 

as landslides, flooding and erosion.  

Although the scientific formalization of some of these interventions is relative-

ly recent (Coppin et al. 1990; Gray and Satyr 1996; Morgan & Rickson, 2003; Gold-

smith et al. 2014; Bo et al. 2015), many of the techniques using the vegetation to 

stabilize and protect slopes belong to much earlier times and have been adopted 

based on empirical evidences. 

The contribution of vegetation to the strengthening of soil, which is turned into 

a root-soil composite material, is one of the issues of that part of bio-engineering 
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concerned with vegetation most discussed in the literature, as already discussed in 

section 3.5. However, in this research work, the strengthening effect has not been the 

subject of study; therefore, the shear resistance of the very shallow soil strata of the 

slope will not be modified by the presence of the root system, in the analyses of the 

effects of vegetation on the stability within the slope. The attention is rather mainly 

addressed to the stabilizing effects of vegetation on the equilibrium conditions at 

depth, i.e. on the deep slow-moving landslides, (e.g. bodies C9 and C in Figure 6.3). 

Vegetation is widely recognized to have an important role in intercepting rain, 

thus reducing the impact energy of rain drops on the soil, preventing splash erosion 

and slowing down the surface runoff (section 3.5). A relevant consequence is the re-

duction of infiltration rate in the soil, as investigated by some authors in the past for 

grass species and tree species (Pollen-Bankhead & Simon, 2010; Ng et al., 2013; 

Leung et al., 2015). 

 

Different vegetation types can be used (i.e. grasses, shrubs and trees) de-

pending on the bio-engineering purpose to be achieved: in fact, grass cover is in-

creasingly considered as a sustainable way of reducing the coefficient of erodibility of 

soil (Zhu & Zhang, 2016) and enhancing durability of soil slopes (Borja & White, 

2010), whereas tree species with high transpiration, due to their deeper and denser 

root systems, are found more effective in decreasing soil moisture and increasing soil 

suction (Garg et al., 2015a). As a consequence, the crop species should be used in 

order to minimize the water infiltration into the soil, slowing down the erosion pro-

cess. On the other hand, the tree species with high transpiration efficacy should be 

employed with the purpose of increasing the soil suction, improving the shear 

strength of the soil. 
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However, peculiar crop species may be able to produce both of the effects 

just explained. As a matter of fact, some deep rooted crops are able to impact posi-

tively on the hydrological balance at the ground surface, by means of their aerial part 

(i.e. increasing runoff and decreasing infiltration), and, at the same time, they can en-

sure a deeper water uptake by means of their root system. Hence, such deep-rooted 

vegetation could reduce the pore water pressure even at depth, increasing both the ef-

fective stresses and the shear strength of the deep soils. As a consequence, this in-

crease could help the stabilisation of deep landslides. 

Among the deep-rooted crops, some have higher transpiration potential, if 

compared to common plants. This feature makes these crops the candidates as po-

tential landslide risk mitigation measure, also for deep landslide bodies. Therefore, the 

efficacy of deep-rooted vegetation crops has been explored within a test site, located 

in the Pisciolo hillslope. As widely discussed in Chapter 5, the geo-hydro-mechanical 

context of this slope, together with the instability processes and all the phenomena re-

lated to the SLVA interaction, allow to consider the Pisciolo slope best representative 

of soil slopes whose stability is affected by climate, from small to large depths. 

Therefore, the results obtained from all the activities performed into the test site could 

be considered of general value, for clayey slopes involved in landsliding. 

 

7.1 The test site: objectives and general description 
 

As anticipated, the test site is aimed at determining the efficacy of some pe-

culiar deep-rooted vegetation crops in modifying the hydraulic balance at the ground 

surface, i.e. reducing the amount of water infiltrating in the soil.  
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In turn, this might have an influence on the piezometric heads at depth and 

even reduce them along a possible deep shear band. This would consequently in-

crease the corresponding safety factor.  

 

In this view, a deep-rooted crop cover may be considered to behave similarly 

to a drainage trench system. As recently shown by Cotecchia et al. (2016), deep 

drainage tranches can act as remediation measure also for deep sliding bodies, rather 

than solely for shallow landslide mechanisms, as suggested by most previous litera-

ture (Burghignoli & Desideri, 1986; Desideri et al. 1997; D’Acunto, B. & Urcioli, G., 

2006; Desideri, A. & Rampello, S., 2009). However, the mechanism of reduction of 

the pore water pressure to depth in the case of vegetation is different. Drainage 

trenches put the soil at depth in connection with the atmospheric pressure, thus gen-

erating a change in the groundwater condition. On the contrary, deep-rooted vegeta-

tion may act as water well into the soil through suction gradients, determined by the 

plant transpiration system; the water is then delivered to the atmosphere as water va-

pour. This water up-take activates an upward vertical seepage from the deeper por-

tions of the soil throughout the rooted soil portion. This may evidently result in a bet-

ter way of reducing pore water pressure to higher depths. 

 

Through the test site, all the relevant data, referred to the soil and climate 

there of reference, can be monitored in order to use them in a computation platform 

to derive the actual evaporation and transpiration fluxes induced by the deep-rooted 

crop cover. 
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The test site has been placed in the toe area of the large landslide mechanism 

of Pisciolo (section 5.1). The green quadrangular reported on a Google Earth image in 

Figure 7.1 identifies the test site area, large about 2000 m2. In the same image, the 

red line identifies the buried aqueduct pipeline (4 m b.g.l.) and the blue line detects 

the boundary of C9 landslide body (Figures 7.1 and 5.3). Moreover, the black dot, 

close to the pipeline, represents the location of the piezometric vertical P7.  

 

 

 

Buried acqueduct pipeline 

Body C9 

Vegetated test 
site area 

P7 piezometric 
vertical 
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Figure 7.1 - Aerial view from Google maps of the Pisciolo landslide mechanism toe area. Body C9 

(blue line), the trace of the acqueduct pipeline, the P7 piezometric vertical (black dot), and the vegetat-

ed site area (light green quadrangle) are reported. 

 

Figure 7.2 shows the same area in Figure 7.1 in a 3D view of the slope where 

the test area is located.  

 

 

Figure 7.2 - 3D view of the test site position (green quadrangular) with reference to the trace of the aq-

ueduct pipeline (red) to the main scarp of the C9 body (blue line), and to the position of the piezometric 

vertical P7 (black dot). Looking at the topography, the Pisciolo gorge may be recognized at the left of 

the Body C9. 

  

As discussed in the section 7.2, peculiar deep-rooted vegetation crops (sec-

tion 7.2) were seeded in the test site area while spontaneous seasonal vegetation 

covered the surrounding slopes. The seeding has been carried out in collaboration 
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with the Italian company PratiArmati s.r.l.. Moreover, instruments for monitoring the 

climate and the soil state conditions were installed inside and outside the seeded ar-

ea. 

 

7.2 Setup of the test site  
 

The first setup of the test site dates back to March 2017, when it was delimi-

tated (Figure 7.3) and manually seeded with various vegetation crop species by Pra-

tiArmati operators. 

Before the seeding, the soil was prepared to allow the engraftment of the 

seeds: the spontaneous vegetation cover was removed via chemical treatments and 

the soil was mechanically plowed, resulting as shown in Figure 7.4.  

 

 

 

Figure 7.3 - Perimeter of the test site area (March 2017). 
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Figure 7.4 - Test site: plowed soil made ready for the seeding (March 2017). 

 

The seeds were manually sowed all around the confined area. Since the first 

seeding in March 2017 did not prove to be effective, as few vegetation developed, the 

procedure was repeated. This circumstance was not totally unexpected, given that 

March is not the most proper sowing time of the year for the Pisciolo climate. 

As such, seeding was repeated in November 2017, just before the beginning 

of the rainy period of the hydrologic year, to facilitate the development and growth of 

the seeds. 

 

7.2.1 PratiArmati vegetation 
 

PratiArmati operators chose the seeded crop species among those which 

could best match with the reference environmental and climatic context; indeed, na-

tive vegetation types were preferred (Gray & Leiser, 1982; Schiechtl & Stern, 1996).  
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Ten different deep-rooted vegetation crop types were then seeded, all belong-

ing to two families: the leguminous (Fabacee known as Leguminosae; Figure 7.5) and 

the grass (Poacee known as Gramineae; Figure 7.6). 

 

Among the ten different chosen plant types, both C3 and C4 crops were 

adopted (section 3.5.3). As extensively discussed in Section 3.5, the C3 plants are 

not able to control the amount of water stored inside the body of the plant, and as 

such, in dry and hot period, difficultly maintain their turgidity, so they tend to dry and 

eventually die. 

On the contrary, the C4 plants are able to control the amount of water inside 

the body even in dry and hot periods, closing the stomata.  

This may result in a lower transpiration capacity with respect to the C3 plants, 

which is however counterbalanced by their ability to survive (i.e. up-taking water from 

the soil) longer during the year. In fact, evergreen vegetation mainly belongs to this 

category. 

Hence, the C4 plants cause a yearly transpiration amount on average higher 

than the C3 plants. 

 

  

 

Figure 7.5 - Pictures of Fabacee plants at the Pisciolo test site (November 2017). 
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Figure 7.6 - Pictures of Poacee plants at the Pisciolo test site (November 2017). 

 

7.2.2 Instruments installed to monitor the SVA interaction 
 

As shown in Figure 7.7, five boreholes were drilled into the slope: three as 

continuous coring and two as destructive coring. One electric piezometric cell (type 

OG200R) was installed at the bottom of each continuous coring borehole while water 

potential probes (type MPS-6) were placed at different depths into the destructive 

borehole (Figure 7.7).  

An undisturbed soil sample was taken during each continuous coring. The soil 

forming the three cores appears to be mainly strongly disturbed PD clay, in agree-

ment with the remoulding undergone by the soil in the toe area, subjected to relevant 
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slope movements. However, a detailed analysis of the lithological and meso-structural 

features of the soil cores is still going on.  

 

Based on the piezometric regime of the slope where the test area is located, 

as resulted from the monitoring data (piezometer P7 in Chapter 5), the continuous 

borehole depth was chosen to be around 7 m, in order to ensure the piezometric cells 

to record always positive pore water pressure. Therefore, the piezometric cell was in-

stalled at a depth of 7 m below the ground level. Moreover, as shown in Figure 7.7, 

one piezometric vertical was located at the centre of the test site area (named as 

SCP10), whereas the remaining two were placed outside the test site area, one 

upslope (named as SCP9) and the other downslope (named as SCP11), both about 

20 metres far from the test site area. 
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Figure 7.7 - 3D view of the test site area, together with all the installed instrumentations (a); corre-

sponding planar view of the test site area (b). 

 

The choice of placing the piezometric verticals in such a configuration was 

done to possibly compare the efficacy of the vegetation in reducing the piezometric 

heads at 7 m depth inside and outside the test site area, under the hypothesis that the 

presence of vegetation inside the test site could influence the piezometric heads also 

outside of it. 
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The water potential probes (MPS-6, Decagon device, 2016; Figure 7.8) were 

installed into the destructive boreholes in the soil at shallow depths, as discussed 

thereafter (Figure 7.7) in order to carry out measurements of the soil suction in situ. 

At this aim, the MPS-6 sensor uses two fixed-matrix porous ceramic discs (dielec-

trics) separated by a printed electric circuit board to form a capacitor. The charging 

time of the capacitor is affected by the water content of the ceramic discs. When the 

sensor is brought in contact with soil, the water content of the ceramic disc assembly 

changes; the suction of the soil and the ceramic discs tend to become equal with 

time. The sensor measures the water content of the ceramic discs, which is later 

translated into soil suction based on the predetermined relationship between water 

content and suction of the fixed-matrix ceramic discs. At equilibrium, the suction of 

the ceramic disc and the soil are equal.  

Despite their novelty, the MPS-6 probes have been already used for water po-

tential measurements in unsaturated conditions. Examples are reported in literature 

(Cai et al., 2016; Tripathy et al., 2016), which confirm the efficacy and reliability of 

suction measurements carried out by means of the MPS-6 probes. 

It is worth mentioning that the MPS-6 water potential probe is characterized 

by a suction measurable range from -9 kPa to -100000 kPa. 

Anyway, the installed probes were previously tested in the laboratory on a 

sandy clay (Bottiglieri, 2009), where they proved to be able to deliver suction values 

similar to those obtained by means of both low capacity and Imperial College high 

capacity tensiometers (Ridley & Burland, 1993; Ridley et al., 2003). 
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As shown in Figure 7.7, the two water potential verticals (namely, SDS9 and 

the SDS10) were placed very close to the piezometric verticals (SCP9 and SCP10 re-

spectively7.7). Along the borehole SDS9, upslope and outside the test site area, two 

MPS-6 probes were installed at 1 m and 2.5 m depth. Along the borehole SDS10, in-

side the test site area and very close to the piezometric vertical SCP10, three MSP-6 

probes were installed at 1, 2.5, and 4 m depth (Figure 7.7). 

The choice of placing along the water potential vertical inside the test site area 

a deeper probe was done to account for the possibility that the deep-rooted crops 

may be able to deepen the unsaturated zone, causing also at 4 m depth the suction to 

be higher than zero. 

 

 

 

Figure 7.8 - MPS-6 matrix water potential and thermistor probe (Decagon device, 2016). 

 

The MPS-6 probes also include a thermistor, which was used for monitoring 

the temperature at depth in the soil along SDS9 and SDS10.  
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Besides the piezometers and the suction probes, four plastic tubes were in-

stalled down to 1.6 m depth into the slope (D9, D10, D10a, D11; Figure 7.7). These 

tubes were used for inserting a soil capacitive sensor probing during the monitoring 

survey in order to measure water content profiles with depth. In particular, two tubes 

were realised inside the seeded area (D10 and D10a, Figure 7.7) and two outside the 

seeded area (i.e. D9 upslope and D11 downslope, Figure 7.7). Measurements up to 

1.6 m depth were carried out. 

D9 and D10 were placed close to the water potential verticals, SDS9 and 

SDS10 respectively, so that suction data at 1 m depth (along both SDS9 and SDS10) 

may be coupled with the volumetric water content at the same depth. This allows for 

the measurement of the WRC directly into the soil, rather than in the laboratory (sec-

tion 7.3).  

The capacitive probes for deep installation consist of a pair of electrodes, 

separated by a plastic material (Figure 7.9a), inserted into the access tube (Figure 

7.9b) so that the gap between the sensor and the inner wall of the pipe is minimized. 

The two electrodes form a condenser whose electric field intercepts the ground out-

side the access tube. The capacitor is inserted into an LC (L=inductance, 

C=capacity) circuit, which includes an oscillator for measuring the resonance fre-

quency Fres of the circuit (Dean et al., 1987). It is then possible to directly correlate the 

resonance frequency (Fres) to the water content (Paltineanu and Starr, 1997; Sentek, 

2001).  

 

Hence, the so-called Sentek Diviner 2000 probe (Figure 7.8) was used for 

measuring the volumetric water content with depth. The probe was inserted inside the 

plastic tube, previously installed in the soil, and fast and uniformly moved (down and 
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then up) along the tube, thus obtaining an automatic scan of the water content values 

with depth at intervals of 10 cm.  

 

  

 

Figure 7.9 - Diviner 2000 probe and acquisition unit (a); sliding of the Diviner 2000 probe inside the 

plastic tube previously installed in the soil (b). 

 

Finally, the climatic forcing data were also monitored thank to the installation 

of a meteorological station (i.e. Davis Vantage Pro 2; Figure 7.10; Davis instrument 

manual) placed within the test area (Figure 7.7) at a 2 m height, following the most 

common practice for measuring climatic quantities (Allen et al. 1998; Moene et al., 

2014). 

The station is set up so that climatic data are uploaded every hour to an Inter-

net cloud. Then, the hourly data are elaborated to obtain daily values. Wind velocity, 

net radiation, temperature, rainfall and relative humidity are the measured climatic var-

iables relevant for this research activity.  

 



 382 

 

 

Figure 7.10 - Meteorological monitoring station, including a pyranometer for monitoring the net radia-

tion, an anemometer for the wind velocity and direction, a rain collector cone for the amount of rainfall, 

a thermistor for both the temperature and the relative humidity. Also, a solar panel was installed to en-

sure the functionality of the rechargeable battery in time. 

 

The station measures the net radiation measured by means of a pyranometer, 

the air temperature and the relative humidity measured by means of a thermistor, the 

wind velocity and direction measured by means of an anemometer, and daily rainfall 

measured by means of a rain collector cone (Davis instrument manual). Several 

quantities also the related software is able to compute giving them as output (Derived 

variables in Davis weather products). 
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7.2.3 Undisturbed soil sampling inside the test site 
 

At the time of the first seeding in March 2017, a soil block was sampled from 

the middle of the test site area, at 0.7 m depth. As such, the material was mainly veg-

etated soil, rather than PD remoulded clay.  

The grading curve and the Atterberg’s limits were determined in the laborato-

ry. These data are compared with those obtained for the soil specimens sampled at 

similar depth from the upslope portion of the Pisciolo hillslope (CO1 and CO4, ranging 

from 1 and 1.5 m depth; Pedone, 2014). These data are also matched with those re-

sulted from another sample, taken from 1.5 m b.g.l. in the same area where the test 

site is placed down (i.e. Trenches test carried out by O. Bottiglieri, 2013). 

The grading curves and the Casagrande plasticity chart of all these soil sam-

ples are shown in Figures 7.11 and 7.12 respectively. 

 

 

 

Figure 7.11 - Grading curves of the soil block sample taken in 2017 from the test site (red line), of the 

CO1 and CO4 samples (light blue and green lines; Pedone, 2014) and of the sample from the Trenches 

test (dark blue line; Bottiglieri, 2013).  
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Figure 7.12 - Casagrande plasticity chart with reference to the same samples shown in Figure 7.10. 

 

The grading curve of the soil block sampled inside the test site in 2017 (red 

curve in Figure 7.11) allows to describe the material as a silty clay with sand. The 

sample is characterized by a grading curve similar to those obtained in the past on the 

other samples taken from shallow soil layers, belonging either to upslope areas of the 

Pisciolo hillslope (Pedone, 2014) or to the trenches test area nearby the current test 

site area (Bottiglieri, 2013). 

 

In the Casagrande plasticity chart shown in Figure 7.12, the red dot describes 

the block sampled in 2017. All the samples are high plasticity clays, but the one taken 

in 2017 shows higher liquid limit and plasticity index. 

 

Moreover, along each of the two piezometric verticals, SCP10 and SCP9, one 

undisturbed sample was taken. In particular, the depth of the undisturbed samples 

was the same as that of the deepest MPS-6 probe in the corresponding SDS vertical. 
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As SDS10 and SDS9 are very close to SCP10 and SCP9, the undisturbed soil sam-

ples SCP10_C1 (4 m depth) and SCP9_C1 (2.5 m depth) can in fact be considered 

representative of the soil state corresponding to the suction values recorded at the 

same depths by the MPS-6 probes along the SDS10 (MPS-6 probe at 4 m) and SDS9 

(MPS-6 probe at 2.5 m) verticals.  

The physical properties of the two undisturbed samples are listed in Table 7.1. 

 

 
SCP9_C1 

(2.5 metres b.g.l.) 
SCP10_C1 

(4 metres b.g.l.) 
Unit weight in dry state, ϒd [kN/m3] 15.13 13.23 

Natural water content, wnat [%] 28.03% 35.81% 

Solid grains unit weight, ϒs [kN/m3] 26.84 26.84 

Void ratio, e 0.77 1.03 

Saturation degree, Sr [%] 99.2% 95.2% 
 

Table 7.1 - Physical properties of the undisturbed samples SCP9_C1 and SCP10_C1.  

 

Moreover, for both the undisturbed samples, the retention properties were 

measured in the laboratory by means of both high capacity IC tensiometers (Ridley & 

Burland, 1993; Ridley et al., 2003) and filter paper technique (Chandler & Gutierrez, 

1986; Marinho & Oliveira, 2006), in order to determine a WRC as first along drying 

paths (Figure 7.13). The measured data are compared with the data and correspond-

ing WRC measured by Pedone (2014) (grey dots and black line in Figure 7.13), who 

adopted the same laboratory techniques on shallow soil specimens coming from two 

different locations in the upper part of the Pisciolo hill-slope (i.e. CO1 and CO4).  
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Figure 7.13 - Water retention measurements with reference to both SCP9_C1 and SCP10_C1 from the 

test site (red line), and to the CO1 and CO4 samples (grey dots; Pedone, 2014), together with the cor-

responding WRC (Pedone, 2014). 

 

According to the water retention properties shown in Figure 7.13, the undis-

turbed specimens SCP9_C1 and SCP10_C1 appear more retentive than those of Pe-

done (2014). Furthermore, the AEV appears to be higher than the one implemented in 

the WRC (black line) traced by Pedone (2014). 

As a consequence, a new WRC will be modelled and used for the numerical 

back analysis of the test site, as will be discussed in section 7.4.  

 

7.3 Analysis of the monitoring data 
 

The monitoring of the soil state and the climatic monitoring were started in the 

same period (beginning of January 2018). 
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As first, the climatic monitoring data are shown. Figure 7.14 reports the net 

radiation in red, the air temperature in yellow, the relative humidity in light blue, the 

wind velocity in black, and daily rainfall in blue (Davis instrument manual). All these 

data represent the forcing climatic variable implemented into the numerical computa-

tion that should be carried out with reference to the test site. 

 

 

 

Figure 7.14 - Climatic data measured by means of the meteorological station at the site. The monitor-

ing started on 7th January 2018. 

 

With reference to the soil state monitoring, the piezometric heads recorded by 

each of the three piezometers (SCP9, SCP10 and SCP11), the suction and the tem-

perature values along with the two water potential verticals (SDS9 and SDS10) are 

reported in Figure 7.15, 7.16 and 7.17 respectively. 
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As shown in Figure 7.15, the piezometric head monitored by each piezometric 

cell exhibit a similar trend. The fluctuation of the piezometric head seems to be very 

small; this observation appears even clearer if these piezometric head trends are 

compared with that of the piezometer P7 (i.e. electric cell at 15 m b.g.l.; Figure 7.1). 

Although the latter piezometric cell is deeper than SCP9, SCP10 and SCP11 (all about 

7 m b.g.l.), it shows much higher fluctuation. 

According to a first interpretation, a reason for this may be the soil type in 

which the three piezometers are installed; in fact, despite the material in the toe area 

being mainly very remoulded PD clay, many fractured rock blocks were found during 

the coring of the three boreholes SCP9, SCP10 and SCP11. However, a final diagno-

sis for this circumstance will be formulated only after a detailed analysis of the con-

tinuous corings. 

 

Moreover, as shown in Figure 7.15, the piezometric heads recorded by the pi-

ezometers SCP9 (upslope) and SCP10 (inside the seeded area) are at the ground lev-

el and are very different from the piezometric heads measured by SCP11 

(downslope), which is at about 5.5 metres below ground level. 

The reason for this difference may be due again to the lithological and struc-

tural features of the soil intercepted locally by each borehole, which may be induce 

peculiar local seepage condition in the area. These circumstances will be further ana-

lysed in future. 
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Figure 7.15 - Piezometric heads (z=0 at the ground surface) measured by means of the electric pie-

zometers with reference to SCP9 (black dots), SCP10 (blue dots) and SCP11 (red dots) from January 

2018. The P7 piezometer at 15 m depth is also reported in green; the latter is 35 metres far from the 

piezometer SCP11 (Figure 7.1).  

 

Figure 7.16 reports the variation of suction in time along the water potential 

verticals SDS9 and SDS10.  

As discussed in Section 7.2.2, the MPS-6 water potential probe can measure 

suction in the range 9 kPa to 100000 kPa. Hence, the suction data lower or equal to 

9-10 kPa may be not fully reliable, and rather can indicate the existence of positive 

pore water pressure occurring (i.e. saturated soil state). 

However, it is interesting to notice in Figure 7.16 that at 1 m b.g.l. since the 

end of July, the MPS-6 probes have monitored suction values of about 1100 kPa and 

30 kPa for the SDS10 and SDS9, respectively. Given that the SDS10, which is placed 

at the centre of the seeded area, is showing suction values higher than the SDS9, 
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placed outside the test site upslope. This result may be a first indication of the effect 

on suctions of the seeded crops in the test site area.  

At 2.5 m depth, both the SDS10 and SDS9 probes are showing null suction 

values, as well as at 4 m depth for the SDS10 vertical. 
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Figure 7.16 - Suction values monitored by MPS-6 probes along verticals SDS9 (black symbols at 1 m 

and 2.5 m b.g.l.) and SDS10 (blue symbols at 1 m, 2.5 m and 4 m b.g.l.) since January 2018.  

 

Figure 7.17 shows the temperatures monitored in the soil and compared to 

the mean daily atmospheric temperature. 

The trends of soil temperature appear to be plausible and in agreement with 

the atmospheric temperature. At 1 m b.g.l., both SDS10 and SDS9 probes show a 

trend which follows the atmospheric temperature trend. On the other hand, a differ-

ence in temperature between soil and atmosphere is seen to occur at 2.5 m b.g.l..  
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Noticeably, even if a full year of monitoring has not been reached yet, the av-

erage temperature recorded through the whole monitoring period by the probes and in 

the atmosphere is the same, but the amplitude of the seasonal temperature fluctua-

tions appears to reduce with depth.  

Moreover, a bending point is observed in the 1 m deep probe trend at half 

March, which exactly corresponds to an increase of the atmospheric temperature at 

the beginning of the spring. The response of the 2.5 m deep probe appears to occur 

more slowly, as the increase in temperature starts only by the beginning of May. 
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Figure 7.17 - Temperature values monitored by MPS-6 probes along verticals SDS9 (black symbols at 

1 m and 2.5 m b.g.l.) and SDS10 (blue symbols at 1 m, 2.5 m and 4 m b.g.l.) since January 2018.  
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It is also interesting to notice that the SDS9 probes show higher temperature 

values than those recorded along vertical SDS10, resulting in about 5°C difference at 

1 m b.g.l. and about 3°C difference at 2.5 m.  

The reason for this may be again connected to the different slope position 

where the two verticals are located. As matter of fact, the spontaneous vegetation 

outside the seeded area, where higher soil temperatures are recorded, is quite sparse, 

giving rise to low LAI values (Chapter 3). Inside the seeded area, where soil tempera-

tures are lower, the vegetation is denser and creates a cover on the soil. So, the shal-

low soil layer is possibly less heated up by the net radiation and, as a consequence, 

the soil may be experiencing lower temperatures even at higher depths. In Figure 

7.18, two pictures taken from the site testify the described difference in vegetation 

cover inside and outside the test site area.  

 

   

 

Figure 7.18 - Vegetation (a) inside (close to the SDS10 vertical) and (b) outside (close to the SDS9 

vertical) the test site area; both pictures have been taken in September 2018.  

(a) 

(b) 
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Figure 7.19 shows the profile of the pore water pressures with depth, at dif-

ferent times of the year, recorded by the suction probes (water potential data at depth 

lower than 7 m b.g.l.) and by the piezometric cell (piezometric data at 7 m b.g.l.) 

along the verticals inside (SCP10 and SDS10) and outside (SCP9-SDS9) the test site 

area. The main difference between the two profiles is seen to occur above the water 

table, as a result of the difference in the suction values discussed in Figure 7.16. 
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Figure 7.19 - Pore water pressure profiles with depth in time along (a) the vertical inside the test site 

area (SCP10-SDS10) and (b) the vertical outside the test site area (SCP9-SDS9); in (c) the same data 

of (b) has been zoomed in with respect to the pore pressure axis.  

 

The volumetric water content with depth along the four verticals, both inside 

(D10 and D10a) and outside (D9 and D11) the vegetated area, has been also moni-

tored. The obtained results are shown in Figure 7.20. These data are found to be high-

ly variable with depth along all the four verticals (Figure 7.20), indicating so the high 

variability of the soil porosity with depth. For instance, with reference to the vertical 

D11 (Figure 7.20d), it is seen that at 1.3 m depth the value of the volumetric water 

content becomes 1/5 of that recorded in the immediately upper and lower levels. 

Similarly, for the D9 vertical (Figure7.19c) the change in volumetric water 

content from 1 m to 1.4 m depth, which is repeatedly recorded in all measurements, 

is only explicable with differences in the porosity of the material.  
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Remarkably, the overall variability of water content with time at all depths is 

much more evident along the verticals inside the vegetated area (D10 and D10a; Fig-

ure 7.20 a, b) than outside of it (D9 and D11; Figure7.20c, d).  

 

From the comparison of the profiles inside (Figure 7.20 a, b) and outside 

(Figure 7.20 c, d) the vegetated area, some preliminary indications of the effect of 

vegetation may be outlined. The first three profiles (i.e. from April to May) along verti-

cal D10a (Figure 7.20 b) show a relevant decrease (i.e. 10-15%) of the volumetric 

water content up to 1 m depth. The same circumstance, although less evidently, is 

recognized along vertical D10 (Figure 7.20 a). On the contrary, this is not occurring at 

all along the verticals outside the seeded area (Figure 7.20 c, d). Therefore, the tran-

spiration process induced by the vegetation in the root zone may have caused the rel-

evant decrease of the volumetric water content recorded in the first 1 m deep layer 

within the seeded area.  

Further confirmation of this will be looked for by means of root depth monitor-

ing, which has not been carried out yet. 

 



 396 

  

 

(a) 

(b) 
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Figure 7.20 - Volumetric water content profiles with depth along the D10 (a) and D10a (b), inside the 

seeded area, and along D9 (c) and D11 (d) upslope and downslope, respectively.  

(c) 

(d) 
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In Figure 7.21 the variation in time of the volumetric water content measured 

at 0.2, 0.5 and 1 m b.g.l. is reported and compared with the recorded total daily rain-

fall data. 

These plots do not show a clear correlation with the rainfall, since no continu-

ous monitoring in time is carried out. However only general trends may be recog-

nized.  

 

In fact, only during dry period a clear drop in water content is found (i.e sec-

ond half of June) indicating the occurring of a major desaturation. 

This may be spotted with reference to Figure 7.21b and c, whereas with refer-

ence to 0.2 metres b.g.l. (Figure 7.21a) the variation of the water content appears to 

be smaller in time; this is certainly due to the vicinity to the ground surface, where net 

radiation is always acting in removing water from the very surficial soil layers. Moreo-

ver, in order to monitor an high value of volumetric water content at 0.2 metres b.g.l. 

the monitoring should be done during a rainy day; this has never happened yet. 

As such, a more frequent monitoring of the volumetric water content is con-

sidered necessary, in order to understand and consequently determine the correlation 

with the climatic data. 
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Figure 7.21 - Volumetric water content profiles with time at (a) 0.2 m, (b) 0.5 m and (c) 1 m b.g.l., 

compared to the total daily rainfall. 

 

7.4 Preliminary study of the Soil-PratiArmati®- Atmosphere interac-
tion 

 
As anticipated, the final aim of the setup of the test site is to collect all the in-

put climatic and vegetation data, together with the monitoring data of the soil, and im-

plement them in the back analysis of the evapo-transpiration process involving the 

deep-rooted crops in the climatic and geo-hydro-mechanical context of reference. 

 

The above mentioned back analysis has not been carried out yet, since it re-

quires the achievement of the complete development of vegetation, as regards both 

the outcrop leaf structure and the root system in the soil. Moreover, a larger and con-

sistent database of monitoring data has to be gathered for such a purpose. It is in fact 
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believed that less than one year of monitoring is still not enough to carry out detailed 

numerical analyses of the effect of vegetation on the soil state. 

 

The numerical framework of reference in which all the monitoring data will be 

implemented is the one described in section 3.6.2 (Figure 3.35 and 3.36). The latter 

has been implemented in CodeBright (Olivella et al. 1994, 1996; Gens, 2010) by Sa-

mat (2016).  

The FE code CodeBright will be used in the future to carry out TH numerical 

analyses (Annex 3, section 2.3.3) in which the evaporation and transpiration fluxes 

will be no more input functions computed by means of the FAO Penman-Monteith 

method, as is in the case of either H or HM numerical analyses (Annex 1, section 

2.3.1 and Annex 2, section 2.3.2 respectively). Rather, these fluxes will be computed 

by the code itself by solving the coupled thermo-hydraulic balance, which will benefit 

of all the monitoring data recorded in time. 

 

To start with, a very preliminary TH numerical modelling has been carried out 

on a 1D soil column (grey shaded area in the Table 4.1 reported hereafter), similarly 

to what done by Samat (2016). The climatic condition, as well as the vegetation fea-

tures, have been implemented in the column modelled in CodeBright, solving both the 

hydraulic and thermal balance. 
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Table 4.1 - Scheme of the numerical testing programme. 

 

 

The 1D model is a homogeneous column of Pisciolo PD clay of 50 m depth 

and 5 m width (Figure 7.22).  

In Figure 7.22 the depths at which the output data of the numerical analysis 

will be compared to the monitoring data are indicated. 

In particular, monitoring data from vertical SDS10, both in terms of suction 

values and temperatures, and piezometric data along SCP10 have been accounted for 

(section 7.3). At 15 and 36 m b.g.l., 2-year monitoring data of the piezometer P7 

have been considered. 

 

The hydro-thermal material parameters used in the model are reported in Ta-

ble 7.2. 
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In the lack of a proper thermal characterization of the PD clays, which is 

among the further developments of the research, parameters from the literature have 

been adopted to describe the thermal properties of the soil. 

 

 

 

Figure 7.22 - Scheme of the soil column implemented in CodeBright. The depths at which the output 

data (i.e. suction, temperature or pore water pressure) of the numerical analysis are compared to the 

monitoring data are indicated. The red line represents where the atmospheric boundary condition has 

been applied. The light green rectangle represents where the vegetation boundary condition has been 

applied (root depth of 2 metres). 
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Table 7.2 -PD clays TH properties implemented in CodeBright. 

 

The mesh automatically generated by the GID software, consisting of quad-

rangular unstructured elements, was properly refined throughout the column. 

 

As reported in section 2.3.3, the initial boundary condition in the TH numerical 

modelling must be specified in terms of both the hydraulic and thermal conditions. In 

this case, a steady state analysis has been run with the imposition of a constant value 

of temperature (14 °C) at the bottom of the model. As for the hydraulic boundary 

condition, the lateral vertical boundary has been set as impervious, and a constant 

water pressure at the bottom has been imposed such that the water table results to be 

2 m below the top of the column. 
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With regard to the transient phase, both the atmospheric and vegetation 

boundary condition have been imposed. In particular, the application of the atmos-

pheric boundary in CodeBright requires the assignation of the climatic input quantities 

reported in Table 7.3. This boundary condition has been applied on the top of the soil 

column, as indicated by the red line in Figure 7.22. 

 

 

 

Table 7.3 - All the input data for the Atmospheric boundary to be implemented in CodeBright. 

 

As known, the climatic monitoring was available only for a limited period. 

Hence, maximum and minimum daily temperatures registered at the Melfi meteoro-

logical station (i.e. 3 km far from the site, section 5.2.2) were used to estimate the 

relative humidity and the net radiation from 1st July 2018 to 30th June 2018, according 

to the FAO Penman-Monteith procedure described by Allen et al. (1998). In detail, for 

the computation of net radiation from daily temperatures, the cloud index (Table 7.3) 

has been kept constant such that it does not modify the input net radiation. 

 

Also, the rainfall data recorded at the Melfi meteorological station were used 

for the lacking monitoring period. The complete series of climatic input data (tempera-

ture, relative humidity, net radiation and rainfall) is reported in Figure 7.23. 
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The wind velocity and the atmospheric gas pressure have been kept constant 

and equal to 2 m/s and 0.1 MPa, respectively. 
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Figure - 7.23 - Climatic input data implemented in CodeBright as for the atmospheric boundary condi-

tion on the top of the soil column in Figure 7.21. 

  

On the other hand, differently from the atmospheric boundary condition, in 

CodeBright the vegetation boundary condition has to be applied on a surface rather 

than on a line, in order to take into account the root system depth. It is worth recalling 

that the root system depth is of relevance, since it defines the cluster of the FE mesh 

in which the equation for computing the transpiration flux is applied (Eq. 3.59, section 

3.6.2) 

All the input parameters for the vegetation boundary have been reported in 

Figure 7.24. 

 

Both the atmospheric and the vegetation boundary conditions have been cy-

clically applied for 8 years. 

 

As shown in Figure 7.25, a variation of the hydraulic saturated conductivity 

with depth has been imposed to the soil column based on the field measurements of 

the saturated permeability carried out by Pedone (2014), discussed in section 5.1. 
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Figure - 7.24 - Vegetation boundary input parameters. 

 

 

 

Figure 7.25 - Profile of saturated hydraulic conductivity with depth implemented in the soil column 

model. 
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The results of the transient phase in terms of temperature with time are re-

ported in Figure 7.26, with reference to 1 m, 2.5 m and 4 m below ground level. 

 

 

 

 

 

Figure 7.26 - Numerical temperatures with time (black lines) compared with the temperature values 

monitored during the year, along the SDS10 vertical (red dots) at (a) 1 m, (b) 2.5 m and (c) 4 m b.g.l.. 
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From the plots in Figure 7.26 it appears that the energy balance at the ground 

surface is properly solved and good numerical trends are obtained at all depths. The 

analysis seems to be able to reproduce both the trend and the fluctuations of the 

monitored temperatures even if the exact values of the thermal monitoring are not 

caught. 

 

Correspondingly, the numerical results in terms of pore water pressures are 

shown in Figure 7.27 with regards to 1 m, 2.5 m, 4 m, 7 m, 15 m and 36 m below 

ground level, and compared to the monitoring data. 

The numerical results in this case are not so successful. In fact, higher suc-

tion values are numerically computed with respect to the monitoring data at shallow 

depths (Figure 7.27a, b and c). An exception to this trend is seen at 1 m depth in Fig-

ure 7.27a, where at the end of July the monitored suction rises up to more than 1000 

kPa (see also Figure 7.16), which is higher than the corresponding numerical result. 

At 7 m depth (Figure 7.27d), the numerical computation predicts that portion 

of the soil column to become unsaturated and to experience suction. On the contrary, 

the monitored piezometric data show positive pore water pressures. 

 

Figure 7.27e and f report the monitoring data of the piezometer P7 at 15 and 

36 m below ground surface respectively, compared with the corresponding numerical 

results. 

In this case the figures report the results corresponding to the 8 years of nu-

merical modelling, whereas in the previous cases only the last numerical year was 

compared to the monitoring data. 
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Again, the numerical modelling tends to deepen the unsaturated soil portion, 

in this case of about 15 m. In spite of this, the results appear promising as the pore 

water pressure fluctuation is reproduced, and its amplitude seems comparable to that 

of the monitoring data. 

Remarkably, the occurrence of the peak pore water pressure values in the 

numerical analysis results opposite in phase with respect to the monitoring data.  
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Figure 7.27 - Numerical pore water pressures with time (black lines) compared to the pore water pres-

sures monitored during the year (red dots), along the SDS10 vertical at (a) 1 m, (b) 2.5 m and (c) 4 m, 

along (d) the SCP10 vertical at 7 m and along the P7 at (e) 15 m and (f) 36 m below the ground level. 

 

It is believed that these numerical predictions are significantly influenced by 

the model geometry, as the transient unsaturated seepage problem typical of a slope 

geometry is not properly reproduced by 1D modelling. So, the numerical prediction 

will greatly benefit of the implementation of the 2D and later 3D geometry. 

In fact, the intended back-analysis of the test site will be carried out with ref-

erence to a 3D geometrical model, in order to account also for local hydraulic and 

seepage conditions. 

 

Other than this, an improvement in the definition of the soil parameters, in par-

ticular in terms of both saturated and unsaturated permeability and water retention 

properties (see Section 7.2.3) is needed. 
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Bright will be assessed in more detail, such as the LAI, the veg fraction, the relative 

quantity of the different crops types, the mean crop height and the root system depth. 

 

The availability of a large database of monitoring data is another crucial as-

pect and, to this aim, the monitoring of both the soil state and the climatic variables is 

still on-going. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE PERSPECTIVES 
 

 

Climate-induced landsliding represents a major hazard source all over the 

world and, despite the efforts that the scientific community is making for the progress 

in landslide hazard prediction, this subject requires still further research.  

The diagnosis of the variation of the equilibrium conditions within slopes due 

to SVA interaction still requires an in-depth understanding of the different failure 

mechanisms that may be triggered by this interaction, for a proper design of the cor-

responding landslide-risk mitigation measures. 

 

The variation of the equilibrium conditions of either natural or engineered 

slopes depends on the thermo-hydro-mechanical properties of the materials forming 

the slope and is controlled by the thermo-hydro-mechanical set of processes activat-

ed by the soil-vegetation atmosphere interaction; as such, this thesis has provided a 

review of all these processes. Consistently, different numerical approaches (Elia et al. 

2017) have been adopted in this work in order to investigate the impact of SVA inter-

action on slope-vegetation system. In particular, H, HM and TH numerical analyses 

have been carried out with reference to the Pisciolo slope prototype, a case history 
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representative of several slopes at marginal stability in the geo-hydro-mechanical 

context of the South-eastern Apennines. 

 

As first, two different modelling strategies of the SVA interaction at the plant 

scale have been described in Chapter 3, with particular reference to both the evapora-

tion and transpiration fluxes, which are strongly affecting both the hydraulic and the 

energy balances at the ground surface. Afterwards, the H and the H-M strategies have 

been adopted in the numerical computation of the SLVA interaction at the slope scale. 

In particular, in the H modelling, the transient seepage across the Pisciolo 

slope has been computed and LE numerical analyses have been carried out; the re-

sults in Chapter 5 highlight clearly the differences in the phenomenological relation-

ship existing between the climatic variables and the timing of the reactivation for deep 

sliding, on one hand, and very shallow sliding, on the other. The reliability on the nu-

merical results has been assessed by comparing the numerical outputs with field 

monitoring data. The successful comparison has confirmed that the numerical model 

is able to reproduce the field monitoring data, both with reference to the pore water 

pressure fluctuations in the slope and to the variation of the factor of safety with time 

throughout the year.  

 

Based upon the H modelling, reasonable predictions of the yearly piezometric 

fluctuations recorded at depth in the clayey slopes of the south-eastern Apennines 

has been achieved implementing the hydro-mechanical features of the soils, the char-

acteristics of the vegetation crop layer, and the climatic forcing data. In particular the 

H modelling has shown that both the fissuring of the clays and the inter-bedding of 

more permeable strata increase the size of the deep seasonal piezometric excursions 
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with respect to those occurring in uniform clay slopes (Pedone et al. 2018). As such, 

only the implementation of the abovementioned geo-hydro-mechanical features al-

lowed for the achievement of a successful prediction tool. The H analysis has been 

integrated with LE analyses which have shown a decrease in stability of the deep 

landslide bodies in late winter, circumstance consistent with the what has been ob-

served in situ. The H-LE computation has been then shown to allow for the character-

ization of the differences in climatic precursor for deep versus shallow instabilities. 

The net rainfall cumulated over long periods, 160 to 180-days, has been found to 

control instabilities deeper than 3-5 metres below ground level. At small depths, in-

stead, the predictions suggest that shallow landslides, involving weak clays, can take 

place since late autumn. From then until early spring, the stability at shallow depth is 

marginal and landsliding is strictly related to the sequence of net daily rainfalls over 

short periods.  

 

With reference inly to the deep landsliding also HM numerical modelling has 

been carried out. The transient hydraulic seepage due to SLVA interaction has been 

computed coupling it with the stress-strain response across the slope.  

In particular, implementing the presence of a pre-existing shear band, either 

caused by the initialization procedure (i.e. undrained excavations and subsequent 

consolidation; section 5.3.3), or manually implemented in the slope model (section 

5.3.5), the strain field across the slope has been seen to further numerically testify 

the seasonal reactivation of deep sliding bodies. 

 

The HM numerical modelling at the slope scale has benefited of a new proce-

dure, herein presented to compute the unsaturated coupled flow in a deformable po-
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rous media, in the framework of the single effective stress concept (i.e. Bishop’s ef-

fective stress). In particular, a modification of the Bishop’s effective stress parameter 

(χ) has been applied by modifying the soil WRC given as an input; this modification 

has been found to be beneficial in reproducing an unconfined drying laboratory test, 

at the specimen scale (section 5.3.1), and as such, the whole HM unsaturated behav-

iour. 

In this framework, this finding is expected to be beneficial not only for the HM 

modelling and prediction of the triggering mechanism of shallow unsaturated landslid-

ing, but also in properly compute the hydraulic balance at the slope ground surface, 

when the saturated permeability is set to be dependent on the void ratio. 

It is worth highlighting that this new methodology discussed in section 5.3.1, 

requires the implementation of a constitutive model implementing hardening along the 

isotropic stress path; in this respect in this thesis, the Soft Soil constitutive modelling 

(Brinkgreve et al. 2016) has been adopted. 

 

However, since the HM numerical prediction of the shallow sliding bodies has 

not been carried out herein, the Mohr-Coulomb elasto-plastic model has been adopt-

ed instead, analysing as such, only the coupled reactivation of deep landsliding. 

Moreover, the simplicity of the adopted constitutive model for HM numerical analyses 

at the slope scale (i.e. Mohr-Coulomb constitutive model), together with the success-

ful results in reproducing the activity of deep landsliding, suggest that much complex 

constitutive models (i.e. implementing either softening behaviour or hardening along 

isotropic stress path) are not essential in reproducing the deep seasonal reactivation 

of landslide mechanisms. This is particularly the case with the prediction of re-

activation of sliding.  
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In HM numerical modelling, the numerical initialization phase has been found 

to be a fundamental issue to consider, since different initialization procedures have 

led to different stress-strain response to climate. In particular, different initialization 

strategies have been compared (section 5.3.3), determining also the impact of K0,initial 

parameter for the initial definition of the stress field across the slope. 

A suitable value for the K0,initial to be used for a better computation of the initial 

stress field with reference to highly tectonized natural slopes in chain areas has been 

determined. Moreover, the best procedure for the initialization of the stress field with 

reference to this geo-hydro-mechanical class of landslide mechanism has been de-

scribed; the latter being characterized by the application of the ‘K0 procedure’ on a 

sloping geometry, lately subjected to undrained excavation with total consolidation 

process allowed. 

 

Furthermore, the saturated permeability and the bulk stiffness values of the 

soil have been found to be play a relevant role in affecting the pore water pressure 

fluctuations at depth. As such a detailed sensitive HM numerical analysis has been 

carried out stating that in fact, a good implementation of the variation of both the satu-

rated permeability and the bulk stiffness of the soil with depth helps in a better com-

putation of both the pore water pressure fluctuations as well as the stress-strain con-

dition across the slope. 

However, it has been seen that representative constant values with depth of 

both the saturated permeability and of the bulk stiffness of the soil are still enough in 

order to catch the overall behaviour at the slope scale (section 5.3.5). 
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The aim of this thesis was also to give a contribution on the design of land-

slide mitigation measures. As such, two different strategies have been considered to 

be possibly effective in mitigating the reactivation of the landslide mechanism of ref-

erence herein. 

In particular the implementation of a deterministically designed landslide early 

warning system and the adoption of bio-engineering stabilization measures have been 

analysed herein. 

 

As for the design of an EWS, the H-LE numerical analyses (Chapter 5) have 

been of use in order to give indications on the different either precursors or indicators 

to be of reference with respect to different landslide mechanisms of reference.  

In particular, the variation with depth of the precursors has been linked to the 

triggering of the landsliding, initially recognized based upon field data and now defi-

nitely stated through the slope numerical modelling, must be the base on which an 

EWS (Chapter 6) may be designed, with the aim of mitigating the landslide risk related 

to climate-induced clayey slopes.  

As such, in Chapter 6 an advanced H-LE numerical modelling has been car-

ried out, accounting for the water stress condition in the soil decreasing both the 

transpiration and evaporation fluxes, and for the effect of suction in increasing the 

shear strength of unsaturated soil cover. 

In this advanced numerical modelling, both the deep sliding mechanism and 

the shallower one have been analysed. 

Results of great relevance have been achieved as for the design of an EWS for 

deep and slow seasonal landslide reactivations. In fact, it has been demonstrated that 

the entire H-LE numerical modelling developed in Chapters 6 represents a tool capa-
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ble of predicting the response of the deep landslide bodies in the slope (section 

6.3.1). Therefore, a tool to be used to predict the reactivation of landsliding for the 

pre-existing landslide bodies C9 and C, as well as for any other body, has been de-

veloped and validated. 

The tool which has been built up for the Pisciolo slope should be used making 

it continuously running in order to forecast whether the deep landslide bodies are 

reaching instability in advance with respect to their real activation time. This applica-

tion would represent a mitigation strategy for the risk that the reactivation of the deep 

landslide bodies at Pisciolo, such as bodies C9 and C, causes.  

 

However, with the aim of identifying the general expression of the climatic 

precursor function corresponding to the reactivation of bodies C9 and C, though, a H-

LE numerical sensitivity analysis needs to be run for either bodies, C9 and C. This has 

to characterize the function representing the 180-day net cumulated rainfall over the 

season from the start of September to the March, which brings about the reach of 

SF=1 for the landslide body. This is because the study has shown that it is the whole 

trend of variation of the net 180-day rainfall, from September to March, to control the 

stability of the deep landslide bodies, and not the single maximum value of the cumu-

lated rainfall.  

 

As for the shallow bodies, a transitional response, going towards what has 

been seen with reference to the deep bodies, has been found considering the body 

0.5 metres depth, the body 1 metre depth and the one 3 metres depth. 

In fact, as for the body of 0.5m depth, during the whole hydrological year the 

tight variation of SF with the net rainfall intensity (average daily intensity) identifies this 



 422 

variable as precursor of such shallow landsliding. As it was for the EWS design of 

deep landsliding, a sensitivity analysis may be required to identify the net rainfall func-

tion determining the such landslide activation. In fact, the delay in the drop of SF to 1 

with respect to the rainfall event (i.e. the daily amount of net rainfall) has been found 

to vary throughout the whole hydrologic year (i.e. from September to August).  

This circumstance is less the case for the sliding bodies of 1 metre and 3 me-

tres depth. It appears that for the body of 1 metre depth SF is subject to rather imme-

diate variation due to net rainfall events in the wettest period (i.e. from February to 

April), whereas this is not the case in the rest of the year. Indeed, a unique climatic 

variable may not be suitable to be of reference for the prediction of the triggering of 

shallow landsliding (i.e. for bodies deeper than 0.5 metres b.g.l.) during the whole 

year.  

In particular, for the body of 3 metres depth, the net cumulated rainfall has 

been found to represent a more appropriate threshold variable (i.e. possibly the 120 

day net cumulated rainfall) for predicting the triggering of landsliding.  

 

As for the bio-engineering landslide mitigation measure, an experimental test 

site has been built up to evaluate the hydraulic efficiency of deep-rooted crops. A 

2000 m2 area on the Pisciolo hillslope (in the toe area) has been seeded with selected 

crop types, monitoring the state of the soil both in the shallow soil layer and more in 

depth. The monitoring is on-going both inside and outside the test site, so that it may 

be in future possible to make comparisons between the spontaneous vegetation and 

the peculiar deep-rooted crops seeded. 
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Both the soil state, as well as the climatic input monitoring data, together build 

a database to be of use for future TH numerical analyses, aimed at numerically de-

termining the efficacy of deep-rooted vegetation in decreasing the pore water pres-

sure fluctuation at depth, and in turn, mitigating not only the shallow landsliding, but 

also the deeper one.  

 

In order to characterize the saturated-unsaturated hydro-mechanical behav-

iour of the soil into the test site area, soil samples have been analysed in the laborato-

ry, where up to now, grading curves, Atterberg’s limits and water retention properties 

(i.e. only along drying paths) have been measured. 

All those properties, together with measures of saturated permeability, and of 

water retention properties along wetting paths will be evaluated in the future and will 

be of reference for a 3D TH numerical back-analysis, example of which has been in a 

very preliminary way carried out with reference to a 1D column (section 7.4). 

 

In the future, the monitoring activity with reference to the test site will be car-

ried on, investigating paying attention also to the vegetation state, recording also in-

formation such as the mean height of the crops, the LAI, the depth of the root system, 

and the cycle life stages of the plants.  

All those data, together with the climatic and soil state monitoring data, will be 

then of use for the 3D TH back-analysis at the test site scale, to be carried out with 

CodeBright.  

 

For what concerns the HM numerical approach, a better modelling may be 

carried out implementing a more advanced constitutive model (i.e. for the implemen-
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tation of the yielding along the isotropic stress path, of the stress dependency of the 

soil stiffness, and of the variation with the void ratio of the saturated permeability). 

These improvements are expected to lead to a better prediction also of the deviatoric 

strain increments along the shear bands, resulting in a consequent better prediction of 

displacements and velocities too. 

This circumstance may allow for the design of an EWS based upon displace-

ment criteria, accounting for the serviceability capacity of the infrastructures to pro-

tect, rather than being simply based upon the reach of a safety factor value of 1. 

 

However, the implementation of the weaker material cluster inside the slope 

model (i.e. pre-existent shear band) requires more detailed analyses to understand 

how the plasticity develops and affects the reactivation of the sliding bodies. In par-

ticular, it is worth analysing the transient stress paths with reference to different 

stress points across the slope. This analysis will help in understanding why a con-

stant cycled climatic input at the surface boundary condition, implies different hori-

zontal displacement rate trends in the shear bands, as it has been shown by the HM 

simulations. 

 

With regard to the design of the EWS based upon H-LE numerical simulations, 

the sensitivity analysis on the precursors already mentioned may be easily carried 

out, since the slope numerical model has already been defined and tested; in this 

way, deterministic threshold values may be defined with reference to both shallow 

and deep landsliding. 
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It is believed that three-dimensional numerical simulations, may be extremely 

interesting to be performed because those would allow for a detailed investigation of 

the effects of both the three-dimensional topography and the permeability heterogene-

ities, such as the presence of the Numidian Flysch in the Pisciolo hill-slope.  
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ANNEX 1 

Mathematical framework of the hydraulic numerical strategy 
 

In this annex the mathematical framework of the isothermal hydraulic numerical strat-

egy is given in the most general way. As such, all the possible simplifications and the 

related impacts are described. Finally, the hypothesis and simplifications needed in 

order to obtain the Richards’ equations (1934) are described. 

Hypotheses: 

 the solid grains are rigid; 
 the porosity, 𝜑, is constant; 
 the gaseous phase is a mixture of gas and water vapour; 
 the temperature, T, is constant. 

As regards the liquid phase: 

o liquid density: 𝜌  

(liquid density = liquid mass / liquid volume) 

o mass fraction: 𝜔 𝜔 𝜔 1  

(mass fraction of the liquid phase = water mass fraction + air mass fraction)  

o liquid degree of saturation: 𝑆  

(liquid degree of saturation of the liquid phase = liquid volume / volume of 

voids)  
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As regards the gaseous phase: 

o gas density: 𝜌  

(gas density=(gas pressure*gas molar weight)/(gas constant*temperature) 
o water vapour density: 𝜌 𝜗 𝜌 ∗ 𝜔  

(water vapour density = water mass fraction * gas density)  
o air density: 𝜌 𝜗 𝜌 ∗ 𝜔  

(air density = air mass fraction * gas density)  

o mass fraction: 𝜔 𝜔 𝜔 1   

(mass fraction of the gaseous phase = water mass fraction + air mass frac-

tion)  

o gaseous degree of saturation: 𝑆 1 𝑆 1  

(degree of saturation of the gaseous phase = 1 – liquid degree of saturation)  

Under the abovementioned hypotheses, the isothermal water flux in both liquid and 

gaseous phases in the porous material can be fully described and solved by imposing 

a system of two balance equations, containing the two state variables (unknowns): 

 liquid pressure 𝑃 ; 

 gas pressure 𝑃 ; 

The balance equations to be solved are: 

 the mass conservation of the water;  

 the mass conservation of the air. 

Here the mathematical problem is given in the framework of the general approach 

used in Code Bright (Olivella et al. 1994). In this respect, the balance equations are 

defined based on the compositional approach; which basically imposes a balance be-

tween species rather than phases (Olivella et al. 1994). 

In this way, it is possible to obtain the total species balance equations by adding the 

equation of balance of each species. This leads the phase exchange terms to vanish. 
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In this way, it is possible to obtain the total species balance equations by adding over 

all phases the equation of balance of each species. This would lead the phase ex-

change terms to vanish. 

The macroscopic balance of any thermodynamic property π (per unit mass) in a con-

tinuum can be expressed as follows: 

𝜕
𝜕𝑡

𝜌𝜋 𝛻 𝒋𝝅 𝑓 0 

where 𝜌 is the mass of the species per unit volume containing 𝜋; 𝒋𝝅 is the total flux of 
𝜋 with respect to a fixed reference system; and 𝑓  is the rate of production/removal 

of 𝜋 per unit volume.  

It is important to stress here that 𝒋𝝅is expressed in relation to a fixed reference sys-

tem, because in general, corrections may be required if the solid phase moves signif-

icantly; the latter it is not the case, since the porosity, 𝜑, is constant (i.e. the solid 

skeleton is rigid). 

The total flux 𝒋𝝅, can be decomposed into two components: an advective one (phase 

motion) and a non-advective one (motion of the species inside the phase), as in the 

following: 

𝒋𝝅 𝜌𝜋𝒗 𝒊𝝅 

where 𝒗 is the mass weighted mean velocity and 𝒊𝝅 is the non-advective flux. 
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Figure A1.1 – Scheme of the REV (Representative Elementary Volume) with reference to fluxes of wa-

ter in both gaseous and liquid phase (Gens et al., 2010); the same scheme may apply with reference 

to the spices of air. 

 

WATER MASS BALANCE EQUATION  

The balance equation for the mass conservation of the water in both liquid and gase-

ous phases, with reference to a representative elementary volume (Figure A1.1), has 

to account for the variation of the water mass (in terms of vapour and liquid water 

mass), the water fluxes across the volume (in terms of vapour and water) and the 

possible internal/external sources of water. Basically, this balance equation imposes 

the change in the amount of water inside the REV to be equal to the net in-

flow/outflow, plus any eventual sink or source term, as follows: 

𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑 ∇ 𝒋𝒍
𝒘 𝒋𝒈

𝒘 𝑓  

where, 𝜔  and 𝜔  are the mass fractions of the gaseous and of the liquid phase, re-

spectively; 𝜌  and 𝜌  the gaseous and liquid density, respectively; 𝑆  and 𝑆  are the 

gaseous and liquid degree of saturation, respectively; 𝜑 is the porosity; 𝒋𝒍
𝒘 and 𝒋𝒈

𝒘 are 
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the total fluxes of water in the liquid and gaseous phase, respectively. 𝑓  represents 

the incoming/outcoming flux of water with reference to the REV in Figure A1.1. 

If the total fluxes are divided into the advective and the non-advective terms, the bal-

ance equation can be written as: 

𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑 ∇ 𝒊𝒈
𝒘 ∇ 𝒊𝒍

𝒘 ∇ 𝜔 𝜌 𝒒𝒍 ∇ 𝜔 𝜌 𝒒𝒈

𝑓  

where 𝒊𝒈
𝒘 and 𝒊𝒍

𝒘 are the vectors describing the non-advective (diffusion + mechani-

cal dispersion) fluxes (according to Fick’s equation) of the water in the gas and liquid 

phases, respectively; 𝒒𝒍 and 𝒒𝒈 are the advective fluxes (according to Darcy’s equa-

tion) of liquid and gas water flux into the porous medium, respectively. 

It is worth remembering that the porosity 𝜑 is not varying during the whole analysis. 

This circumstance results in the following form of the balance mass equation: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 ∇ 𝒊𝒈
𝒘 ∇ 𝒊𝒍

𝒘 ∇ 𝜔 𝜌 𝒒𝒍

∇ 𝜔 𝜌 𝒒𝒈 𝑓  

 

 

 

AIR MASS BALANCE EQUATION  

Similarly to what has been described with reference to the balance equation for the 

mass conservation of the water, the air mass balance equation imposes that the 

change in the amount of air inside the REV has to be equal to the net inflow/outflow, 

plus any eventual sink or source term, as follow: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 ∇ 𝒋𝒍
𝒂 𝒋𝒈

𝒂 𝑓  

where 𝜔  and 𝜔  are the mass fractions of the gaseous and of the liquid phase; 𝜌  

and 𝜌  are the gaseous and liquid density; 𝑆  and 𝑆  are the gaseous and liquid de-
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gree of saturation; 𝜑 is the porosity; 𝒋𝒍
𝒂 and 𝒋𝒈

𝒂  are the total fluxes of water in the liq-

uid and gaseous phase, respectively. 𝑓  represents the incoming/outcoming flux of air 

with reference to the REV in Figure A1.1. 

If the total fluxes are divided into the advective and the non-advective terms, the bal-

ance equation can be written as: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝛻 𝒊𝒈
𝒂 𝛻 𝒊𝒍

𝒂 𝛻 𝜔 𝜌 𝒒𝒍 𝛻 𝜔 𝜌 𝒒𝒈

𝑓  

where 𝒊𝒈
𝒂  and 𝒊𝒍

𝒂 are the vectors describing the non-advective (diffusion + mechani-

cal dispersion) fluxes (Fick’s equation) of air in the gas and liquid phases, respective-

ly; 𝒒𝒍 and 𝒒𝒈 are the advective fluxes (Darcy’s equation) of liquid and gas water flux 

into the porous medium. 

In this formulation the non-advective flux of species inside a phase is computed 

summing up two different contributions: the diffusive one ( ̂𝜶𝒊 ) and the one related to 

the mechanical dispersion ( ̌𝜶𝒊 ). As such, those are treated separately as explained in 

the following sections. 

CONSTITUTIVE RELATIONS 

The constitutive equations are the key components of the formulation, as they de-

scribe the way in which a specific material or material component behaves. Moreo-

ver, many of the phenomena incorporated in the formulation are coupled with each 

other and this coupling is reflected in the definition of the constitutive law.  

 

i. Diffusive flux 

 

The diffusive (non-advective) flux of species inside a phase is governed by the Fick’s 

law. The gradients of concentration are the driving thermodynamic force of this kind 

of flow. The general form of the diffusive flux of species in a phase is: 

̂𝜶𝒊  
𝑘𝑔

𝑚 𝑠
𝜏𝜑𝜌 𝑆 𝐷 𝑰 ∇𝜔  
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Where 𝜏 is the tortuosity (see point iii), 𝜑 is the porosity, 𝜌  is the density of the 

phase 𝛼, 𝑆  is the degree of saturation of the phase 𝛼 (for the gaseous phase is 𝑆 ; 

for the liquid phase is 𝑆 ), 𝐷  is the diffusion coefficient of the spices 𝑖, 𝑰 is the iden-

tity matrix and ∇𝜔  is the gradient of the mass fraction of the spices 𝑖 inside the 

phase 𝛼. 

In the particular case of a flux of vapour inside the gas phase: 

̂𝒈𝒘  
𝑘𝑔

𝑚 𝑠
𝜏𝜑𝜌 𝑆 𝐷 𝑰 ∇𝜔  

where 𝐷  is the diffusion coefficient of the vapour in the gaseous phase in 

𝑚 𝑠]. The diffusion coefficient, in this case, is not function of the temperature T (i.e. 

isothermal formulation). Nevertheless, this coefficient can change in an isothermal 

flow, since it is function of the gas pressure 𝑃 : 

𝐷 𝐷
273.15 𝑇

𝑃
 

where 𝑃  is the gas pressure in 𝑃𝑎 , and 𝐷 and 𝑛 are parameters.  

In the same way, it is possible to compute the air diffusive flux in the gas ( ̂𝒈𝒂), the 

dissolved air diffusive flux in the liquid ( ̂𝒍
𝒂), and the dissolved vapour flux in the liquid 

( ̂𝒍
𝒘), by modifying the corresponding diffusion coefficient and taking into account the 

related gradient of concentration. 

 

ii. Mechanical dispersion 

 

The mechanical dispersion (non-advective) flux of species inside a phase is governed 

by the Fick’s law, too. As such, a general equation can be written as follows: 

̌𝜶𝒊  
𝑘𝑔

𝑚 𝑠
𝜌 𝑫′𝜶 ∇𝜔  

where the mechanical dispersion tensor (𝑫′𝜶 ) is defined as: 
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𝑫′𝜶 𝑑 |𝒒𝜶|𝑰 𝑑 𝑑
𝒒𝜶𝒒𝜶

𝒕

|𝒒𝜶|
 

The flux of vapour inside the gas phase is also due to the mechanical dispersion as 

follows: 

̌𝒈𝒘  
𝑘𝑔

𝑚 𝑠
𝜌 𝑫′𝒈

𝒗𝒂𝒑𝒐𝒖𝒓 ∇𝜔  

where 𝑫′𝒈
𝒗𝒂𝒑𝒐𝒖𝒓 is the mechanical dispersion tensor of the vapour in the gaseous 

phase in 𝑚 𝑠 . The mechanical dispersion tensor is computed by means of the fol-

lowing relation: 

𝑫′𝒈
𝒗𝒂𝒑𝒐𝒖𝒓 𝑑 𝒒𝒈 𝑰 𝑑 𝑑

𝒒𝒈𝒒𝒈
𝒕

𝒒𝒈
 

where 𝑑  is the longitudinal dispersibility and 𝑑  is the transversal one.  

Similarly, it is possible to describe the other non-advective fluxes due to the mechani-

cal dispersion, i.e. the air flux in the gas ( ̌𝒈𝒂), the dissolved air flux in liquid ( ̌𝒍
𝒂), and 

the dissolved vapour flux in liquid ( ̌𝒍
𝒘), just modifying the mechanical dispersion ten-

sor and taking into account the corresponding gradient of concentration. 

 

iii. Tortuosity 

 

The tortuosity could be defined as a constant 𝜏 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝜏 , or could be set 

as a function of the gaseous degree of saturation 𝑆 , as following: 

𝜏 𝜏 𝑆  

where 𝜏  and 𝑚 are parameters. 

 

iv. Advective flux 

 

The advective flow of liquid and gas is assumed to be governed by Darcy’s law. Alt-

hough Darcy’s law can be derived from the equation of the linear momentum balance 
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for the liquid phase (neglecting inertial and viscous effects), here it is treated as a 

constitutive law. 

The water flux 𝒒𝒍 and the gas flux 𝒒𝒈 are described using the Darcy’s equation as fol-

lows: 

𝒒𝒍 𝑚/𝑠 𝑲 ∇𝑃 𝜌 𝒈
𝑘 𝒌

𝜇
∇𝑃 𝜌 𝒈  

𝒒𝒈 𝑚/𝑠 𝑲 ∇𝑃 𝜌 𝒈
𝑘 𝒌

𝜇
∇𝑃 𝜌 𝒈  

where 𝑲 is the permeability tensor, often called the hydraulic conductivity. The per-

meability tensor has the following general structure: 

𝑲
𝒌
𝜇

𝑘  

where 𝜇 is the viscosity, 𝑘  is the relative permeability and 𝒌 is the vector of intrinsic 

permeability.  

 

v. Intrinsic permeability 

 

Generally speaking, the intrinsic permeability is not a constant, indeed it depends on 

porosity, pore size and pore structure. The vector 𝒌 could be computed using differ-

ent equations, but the most used one is represented by the Kozeny’s model, which 

has the following formulation: 

𝒌 𝒌𝟎
𝜑

1 𝜑
1 𝜑

𝜑
 

where 𝜑  is the reference porosity, and 𝒌𝟎 is the intrinsic permeability for the matrix 
𝜑 . 

In the isothermal formulation, the intrinsic permeability tensor is constant, and it cor-

responds to the value 𝒌𝟎 computed with reference to 𝜑 , i.e.: 

𝒌 𝒌𝟎 
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vi. Liquid and gas phase relative permeability 

 

The relative permeability depends on suction (or degree of saturation), and may vary 

enormously, depending on the saturation state of the soil. 𝑘  is very often computed 

using the Mualem-Van Genuchten model. The latter provides a description of how the 

relative permeability changes depending on the effective degree of saturation of the 

liquid phase 𝑆 : 

𝑘 𝑆 1 1 𝑆 /  

where 𝜆 represents a fitting parameter. Furthermore, the effective degree of saturation 

of the liquid phase is: 

𝑆
𝑆 𝑆
𝑆 𝑆

 

and 𝑆  is the residual degree of saturation, whereas 𝑆  is the maximum degree of 

saturation. 

The gaseous relative permeability could be taken equal to 1, under the hypothesis of 

gas perfectly mobile. In most cases, the relative permeability of the gas phase is 

computed as: 

𝑘 1 𝑘  

 

vii. Viscosity 

 

In general, the liquid viscosity 𝜇  should be a function of the temperature, but in a iso-

thermal formulation becomes a constant, corresponding to an input value 𝜇 . 

 

viii. Retention curve 

 



 465 

In the balance equation, the degree of saturation of both the liquid and the gaseous 

phase are present. The relationship between suction and degree of saturation (or wa-

ter content) is defined by the retention curve (or soil water retention curve, SWRC). It 

exhibits hysteretic behaviour and is strongly dependent on the pore size distribution of 

the soil. It is also a very important relationship for the flow in unsaturated soils, be-

cause it largely controls the storage capacity of the soil. Many different analytical ex-

pressions have been proposed for this constitutive law (e.g. Fredlund, 2006). One of 

the most used expressions is given by the Van Genuchten (1980) model, which pro-

vides a relationship between 𝑆  and the suction 𝑃 𝑃  as follows: 

𝑆
𝑆 𝑆
𝑆 𝑆

1
𝑃 𝑃

𝑃
 

Where 𝜆 represents a fitting parameter. 

The gaseous degree of saturation is, then, computed as follows: 

𝑆 1 𝑆  

 

ix. Liquid density 

 

The state equation of the liquid has to be still introduced even in the case of isother-

mal problems, since in such formulation the influence of the liquid pressure 𝑃  on the 

liquid density 𝜌  plays an important role. There are two different formulations for de-

scribing the liquid state. Both are reported in the following: 

𝜌  
𝑘𝑔
𝑚

𝜌 ∗ 𝑒𝑥𝑝 𝛽 𝑃 𝑃  

𝜌  
𝑘𝑔
𝑚

𝜌 1 𝛽 𝑃 𝑃  

where 𝛽 is the compressibility of the liquid (which, in the case of pure water, is equal 

to 4.5 10  𝑀𝑃𝑎 ), 𝜌  is the reference density (equal to 1002.6 𝑘𝑔/𝑚 ), and 𝑃  

is the liquid reference pressure (equal to 0.1 𝑀𝑃𝑎).  
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x. Gas density 

 

The gas density can change even in an isothermal problem. Indeed, since the relative 

mass fraction of air (dry air dissolved in the liquid phase controlled by the Henry’s 

law) and of water vapour (water vapour density controlled by the Psychrometric law) 

could change, the law for ideal perfect gases should be adopted (i.e. Dalton’s law), 

once the partial gas pressure of both the air and of the water vapour is known: 

𝑃 𝑉 𝑛𝑅𝑇  

Where 𝑉 is the volume, 𝑛 is the number of moles, and 𝑅 is the universal gas con-

stant. 

By definition, the density of the gas is: 

𝜌
𝑚
𝑉

𝑛𝑀
𝑉

 

Therefore, rearranging the previous two equations, it can be obtained that: 

𝜌
𝑚
𝑉

𝑃 𝑀
𝑅𝑇

 

EQUILIBRIUM RESTRICTIONS 

The equilibrium restrictions apply to the vapour mass fraction 𝜔  (psychrometric 

law), and to the air dissolved mass fraction 𝜔  (Henry’s law). Here it is also assumed 

that evaporation/condensation of water is always in equilibrium. The corresponding 

equilibrium restriction is given by Kelvin’s law.  

 

i. Evaporation / condensation of water 

 

The psychrometric law (i.e. Kelvin’s law), which links suction with vapour concentra-

tion (or partial vapour pressure), imposes that the vapour concentration is in equilibri-

um with the liquid phase, and it can be written as follows: 
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𝜗 𝜌 ∗ 𝜔 𝜌
𝑘𝑔
𝑚

𝜗 𝑒𝑥𝑝
 𝑃 𝑃 𝑀

𝑅 273.15 𝑇 𝜌
 

where 𝑃 𝑃  is the suction in [kPa], 𝑀  is the molecular mass of the water 

(equal to 0.0018 𝑘𝑔/𝑚𝑜𝑙 , 𝑅 is the gas constant (8.314472
∗

 and 𝜗  is 

the vapour density in the gaseous phase in contact with planar surface (i.e. 𝑃

𝑃 0 . The vapour density should depend on the temperature, which in this case 

is constant (equal to a value of 𝑇 ) and on the solute concentration (through 𝑃 ) 

as follows: 

𝜗
𝑀 𝑃

𝑅 273.15 𝑇  
 

where 𝜗  is in 𝑀𝑃𝑎 . 𝑃  is the partial pressure of vapour in 𝑀𝑃𝑎 : 

𝑃 136075𝑎 𝑒𝑥𝑝
5239.7

273.15 𝑇  
 

where 𝑎  is the activity of the water, and it is different from 1 if the solute concentra-

tion of the reactive transport is considered. In this formulation, the activity 𝑎  of the 

water is taken equal to 1. Therefore, the value of 𝑃  in an isothermal process is 

constant, thus implying that 𝜗  remains constant, too. For example, if the value of 

𝑇  is 20 °C, the corresponding value of 𝑃  is 2.35 kPa, which correspond to a val-

ue of 𝜗  equal to 1.7363*10-5 kPa. 

Hence, in the isothermal formulation (𝑇 𝑇 𝑐𝑜𝑛𝑠𝑡  the psychrometric law takes 

into account just the effect of the suction level on the vapour concentration. 

Using the perfect gases law, it is possible to derive from 𝜗  the actual partial pres-

sure of vapour as follows: 

𝑃
𝜌 𝑅𝑇

𝑀
 

Then, given the pressure of the gas 𝑃 , which is coming from the air mass balance 

equilibrium, the Dalton’s law is used to compute the air partial pressure 𝑃 : 
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𝑃 𝑃 𝑃  

Finally, the density of the gas 𝜌 , and in turn the vapour mass fraction 𝜔 , can be 

obtained using the gas density law: 

𝑀
𝑘𝑔

𝑚𝑜𝑙
𝑃 𝑀 𝑃 𝑀

𝑃
 

𝜌
𝑃 𝑀

𝑅𝑇
 

where 𝑀 0.018 𝑘𝑔/𝑚𝑜𝑙 and 𝑀 0.028 𝑘𝑔/𝑚𝑜𝑙. 

The vapour mass fraction 𝜔  is, then, directly computed as follows: 

𝜔 𝜗 /𝜌  

In conclusion, all the quantities in the water mass balance equation can be written 

with respect to the two unknowns of the analysis, i.e. the liquid pressure 𝑃  and the 

gas pressure 𝑃 . 

 

ii. Dissolution of air in water (Henry’s law) 

 

The Henry’s law defines the amount of air dissolved in the liquid phase, according to 

the equation: 

𝜔
𝑃
𝐻

𝑀
𝑀

 

where 𝑃  is the dry air pressure, 𝑀  is the molecular mass of the water 

(0.0018 𝑘𝑔/𝑚𝑜𝑙 , 𝑀  is the molecular mass of air (0.002895 𝑘𝑔/𝑚𝑜𝑙 , and 𝐻 is 

the Henry’s constant, which is taken equal to 10000 MPa. 
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FROM THE ISOTHERMAL NUMERICAL FORMULATION TO THE RICHARDS’ EQUA-
TION 

 

In this paragraph the hypothesis and simplifications needed to obtain the Richards’ 

equation are explicitly described. 

Starting from the equations in the previous paragraph, further simplifications may be 

introduced in the isothermal hydraulic modelling by disregarding the gas balance, e.g. 

by assuming the gas pressure as constant (𝑃 𝑐𝑜𝑛𝑠𝑡 𝑃 , and neglecting 

both the water vapour diffusion within the gas phase and the dissolution of air in wa-

ter (i.e. neglecting both the Psychrometric law and the Henry’s law). As a result, the 

model imposes only the liquid mass balance. If also the liquid density is assumed to 

be constant (𝜌 𝑐𝑜𝑛𝑠𝑡 , the liquid mass balance equation turns into a volume bal-

ance equation of liquid water, which is commonly known as Richards’ equation 

(Richards, 1931). 

The liquid mass balance equation under the abovementioned simplifications assumes 

the following form:  

𝜕
𝜕𝑡

𝜑𝜔 𝜌 𝑆 ∇ 𝜔 𝜌 𝒒𝒍 0 

It is worth highlighting that 𝜔 1 (i.e. the liquid is totally composed of water), thus 

resulting in 𝜌 𝜌 : 

𝜕
𝜕𝑡

𝜑𝜌 𝑆 ∇ 𝜌 𝒒𝒍 0 

The Darcy’s flux can be written as follows: 

𝒒𝒍 𝑚/𝑠 𝑲 ∇𝑃 𝜌 𝒈∇z
𝑘 𝒌

𝜇
∇𝑃 𝜌 𝒈∇z  

Hence, it can be derived that: 

𝜕
𝜕𝑡

𝜑𝑆 ∇
𝑘 𝒌𝒔𝒂𝒕

𝜇
∇𝑃 𝜌 𝒈∇z 0 
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where: 

∇
𝑘 𝒌𝒔𝒂𝒕

𝜇
∇𝑃 𝜌 𝒈∇z

𝜕
𝜕𝑡

𝜑𝑆  

Finally, the Richards’ equation can be obtained: 

𝜕
𝜕𝑥

𝑘 𝒌𝒔𝒂𝒕

𝜇
𝜕

𝜕𝑥
ℎ

𝜕
𝜕𝑦

𝑘 𝒌𝒔𝒂𝒕

𝜇
𝜕

𝜕𝑦
ℎ

𝜕
𝜕𝑧

𝑘 𝒌𝒔𝒂𝒕

𝜇
𝜕

𝜕𝑧
ℎ

𝜕
𝜕𝑡

𝜑𝑆  
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ANNEX 2 

Mathematical framework of the hydro-mechanical numerical strategy 
 
In this annex the mathematical framework of the hydro-mechanical numerical strategy 

is described. As such, all the possible simplifications and the related impacts are de-

scribed. 

 

In a first part the coupled consolidation theory (Biot, 1941) is described; in the follow-

ing part the numerical implementation of the coupled problem is described as it is im-

plemented in the FE code Plaxis, the latter being used to carry out HM numerical anal-

yses in this thesis. 

 

In a coupled hydro-mechanical numerical strategy, both the deformation of the soil 

skeleton and the seepage flow within either saturated or partially saturated soil is 

solved simultaneously.  

In order to describe and predict a full coupling between hydraulic and mechanics, it 

may be possible to starting from the pure hydraulic formulation (Annex 1), adding to 

that formulation the equilibrium equation needs to be introduced in this formulation, 

together with the constitutive mechanical law, which describes the link between the 

stresses and the strains. 

EQUILIBRIUM EQUATION  

The Momentum balance equation look as follow: 
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∇𝝈𝒕 𝒃 0 

where 𝝈𝒕 is the total stress tensor, and 𝒃 is the body force tensor; ∇ is the gradient 

operator. 

The fully coupled consolidation equation can be obtained by solving the continuity 

equation of all the phases involved in the process (air and water), together with the 

equilibrium equation just reported, accounting also for all the constitutive equations 

which are useful in order to describe the problem. 

The reference theory in this field is the Biot’s theory (Biot’s, 1941) which, starting 

from the Terzaghi’s consolidation theory, has accounted for both the three dimen-

sions effect and the unsaturated condition of the soil. 

The hypotheses of the Biot formulation are: 
 isotropy of the material, (even if not essential in the formulation as demon-

strated by the author himself in 1955);  
 reversibility of stress-strain relations under final equilibrium conditions;  
 linearity of stress-strain relations;  
 small strains;  
 the pore water is incompressible, but may contain air bubbles;  
 the water flows through the porous skeleton according to Darcy's law. 

The condition imposed by Biot regarding the material mechanical behaviour (isotropy 

and reversibility of the stress-strain relation), leads this theory to be mechanically 

based on the Hooke’s framework. Indeed, the linear elastic stress-strain relationship 

is considered here.  

Furthermore, the water flow is assumed to be controlled by the Darcy’s law (Bear, 

1972), and the pore water stiffness is assumed to be infinite, meaning that the pore 

water is incompressible, even if the presence of air bubbles in the pore water is ac-

counted for. 

In this framework, the stress-strain relationships taken into account have the follow-

ing form: 

𝜀
𝜎
𝐸

𝜈
𝐸

𝜎 𝜎
𝜎

3𝐻
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𝜀
𝜎
𝐸

𝜈
𝐸

𝜎 𝜎
𝜎

3𝐻
 

𝜀
𝜎
𝐸

𝜈
𝐸

𝜎 𝜎
𝜎

3𝐻
 

𝛾
𝜏
𝐺

 

𝛾
𝜏
𝐺

 

𝛾
𝜏
𝐺

 

where, 𝜀 , 𝜀  and 𝜀  are the incremental strains along the x, y and z direction re-

spectively; the incremental strains are considered to be positive in extension. 
𝜎 , σ  and 𝜎  are the incremental stresses in the x, y and z direction respectively, 

and they are positive when represent tensile stresses; 𝛾 , 𝛾  and 𝛾  are the incre-

mental shear strains induced by the incremental shear stresses 𝜏 , 𝜏  and 𝜏  re-

spectively; 𝜈 is the effective Poisson's ratio; E is the effective Young's modulus; G is 

the shear modulus; 𝜎 is the 

increment of water pressure, and it is positive when represents a tensile stress; H is 

an additional physical constant that relates a change in matric suction to the resulting 

change in soil structure. In saturated conditions, Hooke’s law is satisfied when: 

𝐻 .  

The stress-strain relationships, if solved with respect to the stresses, assume the fol-

lowing form: 

𝜎 2G 𝜀
𝜈𝜖

1 2𝑣
𝐸

3 1 2𝑣 𝐻
σ 

𝜎 2G 𝜀
𝜈𝜖

1 2𝑣
𝐸

3 1 2𝑣 𝐻
σ 

𝜎 2G 𝜀
𝜈𝜖

1 2𝑣
𝐸

3 1 2𝑣 𝐻
σ 
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𝜏 G𝛾  

𝜏 G𝛾  

𝜏 G𝛾  

In terms of bulk volume variation, the constitutive equations can be 

summarised as: 

𝜖 𝜀 𝜀 𝜀
𝜎 σ 𝜎

𝐸
2𝜈
𝐸

𝜎 σ 𝜎
𝜎
𝐻

 

1 2𝜈
𝐸

𝜎 σ 𝜎
𝜎
𝐻

 

Rearranging the above equation: 

𝜎 σ 𝜎
𝐸

1 2𝜈
𝜖

𝐸
1 2𝜈 𝐻

𝜎 3𝛼𝐻 𝜖 3𝛼 𝜎 

where: 

𝛼
𝐸

3 1 2𝜈 𝐻
 

Then, other two parameters were introduced by Biot in order to describe the stress 

induced water content variation, keeping referring to isotropic materials: 

𝜃
1

3𝐻
𝜎 σ 𝜎

𝜎
𝑅

 

where: θ represents the increment of water volume per unit volume of soil, and it is 

positive when the water volume in the soil increases; R is a physical constant that 

links volumetric water content changes to water pressure changes, then being a func-

tion of the gradient of the WRC; 𝐻  is another physical constant that relates volumet-

ric water content variations to stress variations. Moreover, given that stress variations 

govern strain variations too, 𝐻  can be indirectly considered as a parameter that re-

lates also soil structure deformations and volumetric water content variations. 
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Now, substituting the term 𝜎 σ 𝜎  from the bulk volume variation equa-

tion, into the stress induced water content variation, the following equation is ob-

tained: 

𝜃
1

3𝐻
3𝛼𝐻 𝜖 3𝛼 𝜎

𝜎
𝑅

𝛼𝐻
𝐻

𝜖
𝛼𝜎
𝐻

𝜎
𝑅

 

In isotropic stress state case, Biot demonstrated that 𝐻 and 𝐻  are equal (Biot, 

1941). 

𝜃 𝛼𝜖
𝛼𝜎
𝐻

𝜎
𝑅

𝛼𝜖 𝜎
1
𝑅

𝛼
𝐻

 

𝜃 𝛼𝜖
𝜎
𝑄 

where: . 

This coefficient is a measure of the amount of water which can be forced into the soil 

under pressure while the volume of soil is kept constant. It is obvious that the con-

stants 𝛼 and 𝑄 will be of significant for a soil not completely saturated with water 

containing air bubbles. In that case the constants 𝛼 and 𝑄 can take values depending 

on the degree of saturation of the soil.  

In order to establish the differential equations for the transient phenomenon of consol-

idation, the stress-strain relationships (solved in terms of stresses) have to be substi-

tute in the equilibrium equation. 

𝐺∇ 𝑢
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑥

𝛼
𝜕𝜎
𝜕𝑥

0 

𝐺∇ 𝑣
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑦

𝛼
𝜕𝜎
𝜕𝑦

0 

𝐺∇ 𝑤
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑧

𝛼
𝜕𝜎
𝜕𝑧

0 

where, ∇ . 
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There are three equation with four unknows which are: 𝑢, 𝑣, 𝑤 and 𝜎. In order to have 

a complete and determinated system another one equation is required. The Darcy’s 

equation, governing the flow of the water in a porous medium, is then introduced. In 

an elementary cube of soil, the volume of water flowing per second and unit area 

through the face of the cube perpendicular to the x-axis can be named 𝑉 . In the same 

way, 𝑉  and 𝑉  can be defined.  

According to Darcy’s law, the three components of the velocity of the water flow are 

function of the water pressure by the following relations: 

𝑉 𝑘
𝜕𝜎
𝜕𝑥

 

𝑉 𝑘
𝜕𝜎
𝜕𝑦

 

𝑉 𝑘
𝜕𝜎
𝜕𝑧

 

The physical constant 𝑘 is called coefficent of permeability of the soil. 

If the water is assumed to be incompressible, the rate of water content of an element 

of soil must be equal to the volume of water entering per second through the surface 

of the element. Hence: 

𝜕𝜃
𝜕𝑡

𝜕𝑉
𝜕𝑥

𝜕𝑉
𝜕𝑦

𝜕𝑉
𝜕𝑧

 

which with some mathematical manipulations, results in: 

k∇ 𝜎  𝛼
𝜕𝜖
𝜕𝑡

1
𝑄

𝜕𝜎
𝜕𝑡

 

Finally, the coupling between the mechanical and the hydraulic computation is then 

obtained by solving the system describing the consolidation phenomenon in a porous 

media, under the abovementioned hypothesis; the consolidation process may be as 

such solved applying the following system of equations: 
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⎩
⎪
⎪
⎪
⎨

⎪
⎪
⎪
⎧G∇ 𝑢

𝐺
1 2𝜈

𝜕𝜖
𝜕𝑥

𝛼
𝜕𝜎
𝜕𝑥

0

G∇ 𝑣
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑦

𝛼
𝜕𝜎
𝜕𝑦

0

𝐺∇ 𝑤
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑧

𝛼
𝜕𝜎
𝜕𝑧

0

k∇ 𝜎  𝛼
𝜕𝜖
𝜕𝑡

1
𝑄

𝜕𝜎
𝜕𝑡

 

In the simple case of monodimentional column of soil, supporting a load of 𝑝

𝜎  and confined laterally in a rigid membrane (so that no lateral expansion can oc-

cur), the system of differential equations above, reduces into: 

⎩
⎨

⎧𝐺∇ 𝑤
𝐺

1 2𝜈
𝜕𝜖
𝜕𝑧

𝛼
𝜕𝜎
𝜕𝑧

0

k∇ 𝜎  𝛼
𝜕𝜖
𝜕𝑡

1
𝑄

𝜕𝜎
𝜕𝑡

 

 It is assumed that no water can escape laterally or through the bottom, whereas it is 

free to drain at the upper surface, by applying the load through a very porous slab. 

Under these hypotheses, the only component of the displacement different from zero 

is 𝑤. Both the displacement 𝑤 and the water pressure 𝜎 depends only on the coordi-

nate z, and on the time t. 

In such a situation, when all the excess water has been squeezed out the axial strain 

can be computed from the following equation: 

𝜎 2G 𝜀
𝜈𝜖

1 2𝑣
𝐸

3 1 2𝑣 𝐻
σ 

imposing 𝜎 0 and 𝜖 𝜀 : 

𝜎 2G 𝜀
𝜈𝜀

1 2𝑣
 

After some manipulation, and solving the above equation with respect to 𝜀 , and im-

posing 𝜎 𝑝 , it follows: 
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𝜀 𝑝
1 2𝜈

2𝐺 1 𝜈
𝑎𝑝  

where 𝑎 which in the Biot’s formulation is called “final compressibility”. 

The system of differential equations describing the problem in this form, becomes: 

⎩
⎨

⎧
1
𝑎

𝜕 𝑤
𝜕𝑧

𝛼
𝜕𝑤
𝜕𝑧

0

𝑘
𝜕 𝜎
𝜕𝑧

 𝛼
𝜕 𝑤
𝜕𝑧𝜕𝑡

1
𝑄

𝜕𝜎
𝜕𝑡

 

The stress 𝜎  throughout the column is a constant. Hence: 

𝜎 2G 𝜀
𝜈𝜖

1 2𝑣
𝐸

3 1 2𝑣 𝐻
σ 

𝑝 𝜎
1
𝑎

𝜀
𝐸

3 1 2𝑣 𝐻
σ 

𝑝 𝜎
1
𝑎

𝜕𝑤
𝜕𝑧

ασ 

And the relative variation of water content results: 

𝜃 𝛼
𝜕𝑤
𝜕𝑧

𝜎
𝑄

 

1
𝑎

𝜕 𝑤
𝜕𝑧𝜕𝑡

𝛼
𝜕𝜎
𝜕𝑡

 

The latter carried into the second equation of the solving system, gives: 

𝜕 𝜎
𝜕𝑧

 
1
𝑐

𝜕𝜎
𝜕𝑡

 

1
𝑐

𝛼
𝑎
𝑘

1
𝑄𝑘
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The constant 𝑐 is called the consolidation constant. In the latter, 𝛼

, 𝑎 is the so-called “final compressibility” and is 𝑎 , 𝑘 is the hy-

draulic conductivity and finally 𝑄 𝑅 .  

Here also the Terzaghi’s consolidation coefficient (1943) is reported in order to make 

a comparison between the two: 

𝑐
𝐾

𝛾 𝑚
 

In the Terzaghi’s mono-dimentional consolidation theory, which applies only in the 

fully saturated case, the consolidation coefficient is function of the hydraulic conduc-

tivity, of the unit weight of the water and of the soil compressibility 𝑚 . All the three 

variables are not contemplating the partial saturation condition.  

Whereas the Biot’s theory could be applied also in partial saturation condition, and it 

fully works also in the transition to the fully saturated regime; indeed 𝑆 100% im-

plies that the volume change of the soil is equal to the amount of water squeezed out 
𝜃 𝜖 , which according to: 

𝜃 𝛼𝜖
𝜎
𝑄 

Implies that: 

𝑄 ∞, 𝛼 1 

This reduces the number of physical constants of the soil to the two elastic constants 

and the permeability.  

Furthermore, in this circumstance (𝑆 100% : 

𝐻 𝑅
2𝐺 1 𝜈
3 1 2𝜈

 

And finally, the consolidation constant reduces to the simple form: 

𝑐
𝑘
𝑎
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HYDRO-MECHANICAL FULLY COUPLED ANALYSIS IN PLAXIS 2D 2016 

The numerical formulation of the fully coupled hydro-mechanical modelling strategy is 

herein recalled as it is implemented in the FE code Plaxis 2D 2016. 

As first, the both the deformation and the flow problems are recalled as those are im-

plemented and numerically solved in Plaxis. In the following part the fully coupled HM 

analysis is described. 

EQUILIBRIUM EQUATION 

Firstly, it should be noticed that representation of formulations is based on the me-

chanical sign convention, in which compressive stresses and strains are negative, 

pore water pressure pw and pore air pressure pa are considered to be negative in 

compression.  

 

For unsaturated soil, the principle of effective stress is expressed through the Bish-

op’s single variable, which relates net normal stress to matric suction, through the in-

corporation of a single-valued soil property, χ: 

𝜎 𝜎 𝑚 Χ𝑝 1 Χ 𝑝  

where:  

𝜎 𝜎  𝜎  𝜎  𝜎  𝜎  𝜎   

𝑚 1 1 1 0 0 0   

𝜎  is the vector with total stresses, 𝜎′  contains the effective stresses, 𝑝  and 𝑝  

are the pore water pressure and the pore air pressure, respectively, and m is a vector 

containing unity terms for normal stress components and zero terms for the shear 

stress components. 
χ is an effective stress parameter called “matric suction coefficient” and varies from 0 

to 1 covering the range from dry to fully saturated conditions. 
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The equation can be simplified for practical application assuming that the pore air 

pressure is constant and is small enough to be neglected (i.e. 𝑝 0), while χ can 

be approximated to the effective saturation Se. 

Hence, the equation can be written as: 

𝜎 𝜎 𝑚 𝑆 𝑝  

The constitutive equation for an elastic porous medium can be written as follows: 

𝜎′ 𝑀 𝜀  

where:  

𝑀

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡
1 𝑣′ 𝑣′ 𝑣′ 0 0 0

𝑣′ 1 𝑣′ 𝑣′ 0 0 0
𝑣′ 𝑣′ 1 𝑣′ 0 0 0
0 0 0 𝑣′ 0 0

0 0 0 0 𝑣′ 0

0 0 0 0 0 𝑣′⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

  

 

represents the material stiffness matrix. 

Substituting Bishop’s single variable into the constitutive equation: 

𝜎 𝑀 𝜀 𝑚 𝑆 𝑝  

The kinematic relation: 

𝜀 𝐿 𝑢  

where:  

𝑢  is a vector of the three displacement components at the point considered. 

The static equilibrium of a continuum can be formulated as: 

𝐿 𝜎 𝜌 𝑔 0 

where: 
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𝐿

⎣
⎢
⎢
⎢
⎢
⎢
⎡

𝜕
𝜕𝑥

0 0
𝜕

𝜕𝑦
0

𝜕
𝜕𝑧

0
𝜕

𝜕𝑦
0

𝜕
𝜕𝑥

𝜕
𝜕𝑧

0

0 0
𝜕

𝜕𝑧
0

𝜕
𝜕𝑦

𝜕
𝜕𝑥⎦

⎥
⎥
⎥
⎥
⎥
⎤

 

𝑔 0 0 𝑔  

Analogously, boundary conditions can be expressed as: 

U U′ on 𝜕𝛺  

𝑙 𝜎 t′ on 𝜕𝛺  

where U’ and t’ are the displacement and the traction imposed on the portion 𝜕𝛺  

and 𝜕𝛺  of the boundary 𝜕𝛺, respectively, while the matric 𝑙 is related to the outward 

unit normal 𝑛 𝑛  𝑛  𝑛  to 𝜕𝛺  at the point considered by the following equa-

tion: 

𝑙
𝑛 0 0 𝑛 𝑛 0
0 𝑛 0 𝑛 0 𝑛
0 0 𝑛 0 𝑛 𝑛

 

The governing equations for elasticity and field problems in terms of partial differential 

equations along with their boundary and initial conditions describe the continuous 

problem. General solutions to problems formulated in this manner are seldom possi-

ble for situations of interest in science and engineering. The most common approach 

tipically adopted is to recast the problem in an alternate form, called “weak form”, 

from which accurate approximate solutions may be achieved.  

A weak form to a set of differential equations is obtained using the following steps: 

 

• Multiply each equation by an appropriate arbitrary function. 

• Integrate this product over the space domain of the problem. 

• Use integration by parts to reduce the order of derivatives to a minimum. 

• Introduce boundary conditions if possible. 
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Hence, the equilibrium equation can be written in a weak form (Galerkin method):  

𝑤 𝐿 𝜎 𝜌𝑔 𝑑𝑉 0 

where w in an arbitrarily vector, called “weight function”, which have to satisfy the 

boundary conditions for displacements:  

w 0 on 𝜕𝛺  

𝑤 w on 𝜕𝛺  

To reduce the order of differentiation on the stress components, Green’s theorem is 

applied to the first term of equation:  

𝑤 𝐿 𝜎 𝑑𝑉 𝐿𝑤 𝜎 𝑑V 𝑤 𝑡′ 𝑑𝑆 

Hence, the equilibrium equation can be written as:  

𝐿𝑤 𝜎 𝑑V 𝑤 𝜌𝑔 𝑑𝑉 𝑤 𝑡′ 𝑑𝑆 0 

According to the principle of effective stresses and the constitutive relation, the previ-

ous equation can be rewritten as follows:  

𝐿𝑤 𝑀 𝜀 𝑑𝑉 𝐿𝑤 𝑚𝑆 𝑝 𝑑𝑉 𝑤 𝜌𝑔 𝑑𝑉 𝑤 𝑡′ 𝑑𝑆 0 

Assuming as unknowns both soil displacements (related to � by the kinematic equa-

tion) and pore water pressure 𝑝  in terms of nodal values, these parameters could be 

written as: 

w ⟨𝑁⟩∆𝑣 

ε L⟨𝑁⟩𝛿𝑣 𝐵 ∆𝑣 

𝑝 ⟨𝑁⟩𝑝 ,  
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Finally, the finite element equilibrium equation can be derived: 

𝐵 𝑀 𝐵  𝑑𝑉 ∆𝑣 𝐵 𝑚𝑆 ⟨𝑁⟩ 𝑑𝑉 ∆𝑝 ,

⟨𝑁⟩ 𝜌𝑔 𝑑𝑉 ⟨𝑁⟩ 𝑡′ 𝑑𝑆 

where: 

𝐾 𝐵 𝑀 𝐵  𝑑𝑉 

𝑄 𝐵 𝑚𝑆 ⟨𝑁⟩ 𝑑𝑉 

∆𝑓 ⟨𝑁⟩ 𝜌𝑔 𝑑𝑉 ⟨𝑁⟩ 𝑡′ 𝑑𝑆 

 

Respectively, 𝐾 , 𝑄  and ∆𝑓  are the stiffness matric, the coupling matric and the 

increment of the load vector: 

𝐾 ∆𝑣 𝑄 ∆𝑝 ∆𝑓  

FLOW PROBLEM 

For steady state groundwater flow, in which variation of pore water pressure with re-

spect to time is zero, the continuity condition applies: 

∇ 𝜌
𝑘
𝜌 𝑔

𝑘 ∇𝑝 𝜌 𝑔 0 

On the other hand, for a transient analysis the continuity equation has the form: 

∇ 𝜌
𝑘
𝜌 𝑔

𝑘 ∇𝑝 𝜌 𝑔
𝜕
𝜕𝑡

𝜌 𝑛𝑆  

The right hand side of the equation can be decomposed through the chain rule, as: 

𝜕
𝜕𝑡

𝜌 𝑛𝑆 𝑛𝑆
𝜕𝜌
𝜕𝑡

𝜌 𝑛
𝜕𝑆
𝜕𝑡

𝜌 𝑆
𝜕𝑛
𝜕𝑡
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These three terms represent the changes in water density, saturation and soil porosi-

ty, respectively. According to the principle of mass conservation, for different corre-

sponding values of pressure and volume, the mass is constant: 

𝑚 𝜌 𝑉 𝑐 

Thus: 

𝑑𝑚 𝜌 𝑑𝑉 𝑑𝜌 𝑉 0 

and: 

𝑑𝑉
𝑉

𝑑𝜌
𝜌

 

Introducing the definition of water compressibility: 

𝑑𝜌
𝜌

𝛽𝑑𝑝  

The time derivative of the equation is: 

1
𝜌

𝜕𝜌
𝜕𝑡

𝛽
𝜕𝑝
𝜕𝑡

1
𝐾

𝜕𝜌
𝜕𝑡

 

where 𝛽 is the compressibility of water (which could include dissolved air), and its 

inverse, 𝐾  is the compression modulus. 

The term containing the derivative of 𝜌  with respect to time can be expressed as: 

𝑛𝑆
𝜕𝜌
𝜕𝑡

𝑛𝑆
𝜕𝜌
𝜕𝑝

𝜕𝑝
𝜕𝑡

𝑛𝜌
𝐾

𝑆
𝜕𝑝
𝜕𝑡

 

The second term of the right hand side has the form: 

𝜌 𝑛
𝜕𝑆
𝜕𝑡

𝑛𝜌
𝜕𝑆

𝜕𝑝
𝜕𝑝
𝜕𝑡

 

The third term represents the changes in porosity, caused by pore volume variation 

and solid particles volumetric deformation: 
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𝜌 𝑆
𝜕𝑛
𝜕𝑡

𝑚
𝜕𝜀
𝜕𝑡

1 𝑛
𝐾

𝑆
𝜕𝑝
𝜕𝑡

1
3𝐾

𝑚 𝑀
𝜕𝜀
𝜕𝑡

1
3𝐾

𝑆
𝜕𝑝
𝜕𝑡

𝑚  

where: 

𝑚  = the overall compression of the soil skeleton due to effective stresses and 

pore pressure; 

𝑆  = the compression of the solid particles due to changes of the pore 

pressure; 

𝑚 𝑀 𝑆 𝑚  = the compression of the solid particles due to the 

changes in effective stresses. 

 

Neglecting the second order infinitesimal terms and neglecting deformations of the 

solid particles (i.e. 𝐾 ∞ , the continuity equation formulated for a transient flow in 

coupled problems becomes: 

∇ 𝜌
𝑘
𝜌 𝑔

𝑘 ∇𝑝 𝜌 𝑔 𝑛
𝑆

𝐾
𝜕𝑆

𝜕𝑝
𝜕𝑝
𝜕𝑡

𝑆𝑚
𝜕𝜀
𝜕𝑡

0 

 

The Galerkin approach with the same shape functions for pore pressure and for dis-

placements is applied to the continuity equation.  

By using the Green’s theorem, the differential order of the equation is reduced, and 

the discretized mass conservation equation becomes as follow: 

∇ 𝑁
𝑘
𝜌 𝑔

𝑘 ∇ 𝑁 𝑝 𝑑𝑉 ∇ 𝑁 𝑘 𝑘 ∇ 𝑁 𝑑𝑉

𝑁 𝑛
𝑆

𝐾
𝜕𝑆

𝜕𝑝
𝑁

𝑑𝑝
𝑑𝑡

𝑑𝑉 𝑁 𝑆𝑚 𝐿 𝑁
𝑑𝑣
𝑑𝑡

𝑑𝑉 

and in matrix form: 
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𝐻 𝑝 𝑆
𝑑𝑝
𝑑𝑡

𝐶
𝑑𝑣
𝑑𝑡

𝐺 𝑞  

where: 

𝐻 ∇ 𝑁 𝑘 ∇ 𝑁 𝑑𝑉 = permeability matrix 

𝑆 𝑁 𝑛 𝑁 𝑑𝑉 = compressibility matrix 

𝐶 𝑁 𝑆𝑚 𝐿 𝑁 𝑑𝑉 = coupling matrix 

𝐺 ∇ 𝑁 𝑘 𝑘 ∇ 𝑁 𝑑𝑉 = vector in which effect of gravity on flow in ver-

tical direction is considered 

𝑞 𝑁 𝑞 𝑑𝑆 = flux on boundaries. 

COUPLED PROBLEM 

In order to carry out a fully coupled HM computation both the equilibrium equation 

and the continuity equation of the water-soil mixture have to be computed together. 

The displacements of the solid skeleton and the pore water pressure are chosen as 

basic variables of the problem. The following system of equations described the cou-

pled problem, which results non symmetric: 

𝐾 𝑄
0 𝐻

𝑣
𝑝

0 0
𝐶 𝑆

𝑑𝑣
𝑑𝑡

𝑑𝑝
𝑑𝑡

𝑓
𝐺 𝑞  

However, it requires an integration in time, using a first order difference method, 

which leads to the following system: 

𝐾 𝑄
𝐶 𝑆∗

Δ𝑣
Δ𝑝

0 0
0 Δ𝑡 𝐻

𝑣
𝑝

Δ𝑓
Δ𝑡𝐺 Δ𝑡 𝑞 Δ𝑞

 

where: 

Δ𝑡 = time step 
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𝑆∗ 𝑆 Δ𝑡 𝐻   

i = i-esimal time step. 

 

The Fully coupled flow-deformation analysis is conducted when it is necessary to an-

alyse the simultaneous development of deformations and pore pressures both in satu-

rated and partially saturated soils as a result of time-dependent changes of the hy-

draulic boundary conditions.  

The fully coupled numerical computation has been seen in the analyses carried out in 

this thesis to strongly depend on the way in which the undrained behaviour of the ma-

terial is predicted. 

Plaxis offers several slightly different ways to compute the undrained behaviour, basi-

cally applying for different ways for computing the excess pore water pressures. 

 

In Plaxis, the pore water pressure is the sum of two different contributes: the steady 

state pore water pressure, psteady and the excess pore water pressure, pexcess: 

pw = psteady (called also u) + pexcess (called also Δu) 

Steady state pore pressures are considered to be input data, i.e. generated on the ba-

sis of phreatic levels or by means of a groundwater flow calculation. Whereas excess 

pore pressures are generated during ‘plastic’ (i.e. drained) calculations for the un-

drained material behaviour or during a fully coupled HM analysis. Undrained material 

behaviour and the corresponding calculation of excess pore pressures are described 

below. 

Since the time derivative of the steady state component equals zero, it follows: 

𝑝  𝑝excess 

𝑝     = 𝑝excess 

In the case of a simple elastic or elasto-plastic constitutive model, the elastic behav-

iour of the material may be based on the Hooke's law; the latter may be easiliy be in-
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verted to obtain {ℇ} = [K]-1{𝜎}. Considering slightly compressible water, the rater 

of excess pore pressure is written as: 

𝑝  
𝛼𝜀

𝑛𝐶𝑤 𝛼 𝑛 𝐶𝑠
 

in which Cw= 1/Kw and Cs=1/Ks.  

Kw is the bulk modulus of water, Ks is the bulk modulus of the solid material, Cw is the 

compressibility of water, Cs is the compressibility of the solid material and n is the 

soil porosity (i.e. 𝑛 ), where e0 is the initial void ratio of the soil. 

The inverted Hooke’s law may be written in terms of total stress rates and undrained 

parameters Eu and νu: 

⎣
⎢
⎢
⎢
⎢
⎢
⎡
𝜀
𝜀
𝜀
𝛾
𝛾
𝛾 ⎦

⎥
⎥
⎥
⎥
⎥
⎤

 =  

⎣
⎢
⎢
⎢
⎢
⎡

1 𝜈 𝜈 0 0 0
𝜈 1 𝜈 0 0 0
𝜈 𝜈 1 0 0 0
0 0 0 2 2𝜈 0 0
0 0 0 0 2 2𝜈 0
0 0 0 0 0 2 2𝜈 ⎦

⎥
⎥
⎥
⎥
⎤

 

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝜎
𝜎

𝜎
𝜎
𝜎

𝜎 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

where 

E   2G 1 ν  ; νu = 
 

  
 ; 𝐵    

where B is the Skempton’s B parameter. 

 

Hence, the special option for undrained behaviour in Plaxis (namely ‘Undrained (A)’ or 

‘Undrained (B)’) is such that the effective parameters G and ν' are transformed into 

undrained parameters Eu and νu according to equations above. This means that the 

undrained behaviour can be predicted even if effective stiffness parameters are given 

as input.  
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Note that the index ‘u’ is used to indicate auxiliary parameters for undrained soil. 

Hence, Eu and νu should not be confused with Eur and νur as used to denote unload-

ing/reloading.  

Fully incompressible behaviour is obtained for νu = 0.5. However, taking νu = 0.5 

leads to singularity of the stiffness matrix. In fact, water is not fully incompressible, 

but a realistic bulk modulus for water is very large.  

In older version of Plaxis (i.e. before the Plaxis 2016), in order to avoid numerical 

problems caused by an extremely low compressibility, νu was, by default, taken as 

0.495, causing the undrained soil body to be slightly compressible.  

 

Consequently, a bulk modulus for water was automatically added to the stiffness ma-

trix. The bulk modulus of water was obtained in two ways: either automatically from 

equation below or manually as specified by the user. 

If automatic computation for the bulk modulus of water was chosen, the following 

equation was used, so that Kw/n was larger than 30K' (in order to ensure numerical 

convergence). 

𝐾
𝑛

 
3 𝜈 𝜈

1 2𝜈 1 𝜈
𝐾  

0.495  𝜈
1 𝜈

300𝐾 30𝐾 𝑓𝑜𝑟 𝛼 1  

The bulk stiffness of water Kw, computed in this way, represents a numerical value re-

lated to the soil stiffness. This concept was not physically correct, since the comput-

ed bulk modulus of the water very often resulted to be lower than or the real bulk stiff-

ness of pure water, K0w (2 ·106 kN/m2). This issue has been then fixed in newer ver-

sions of Plaxis (from 2016 on), as it is explained later. 

 

For what concerns Skempton’s B paramenter, when the drainage type is set to Un-

drained (A) or Undrained (B), PLAXIS automatically assumes an implicit undrained 

bulk modulus, Ku, for the soil as a whole (soil skeleton + water) and distinguishes 

between total stress rates, effective stress rates and rates of excess pore pressure re-

spectively: 
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𝑝  𝐾 𝜀   ;  𝑝′ 1 𝛼𝐵 𝑝 𝐾′𝜀   ;  𝑝 𝐵𝑝  

The undrained bulk modulus is automatically calculated by PLAXIS using Hooke's law 

of elasticity: 

𝐾   where  𝐺   

As regards Biot’s pore pressure coefficient α, in general, for geotechnical applica-

tions, the compressibility of the soil skeleton is much higher than the compressibility 

of the individual grains, so deformations of the grains themselves can be ignored.  

The Biot’s pore pressure coefficient α coefficient is defined as: 

𝛼 1  = ∙  

where K' is the effective bulk modulus of the soil matrix and Ks is the bulk modulus of 

the solid material.  

Indeed, for incompressible solid material (Ks=1) Terzaghi's original stress definition is 

retained. A lower value of α implies that for a given value of total stress and pore wa-

ter pressure, the resulting effective stress is higher than when considering incom-

pressible solid material (α = 1). 

In the case of undrained soil behaviour (Undrained A or B in PLAXIS), Biot's pore 

pressure coefficient also affects the undrained Poisson's ratio νu that is automatically 

calculated by PLAXIS based on a manual input of Kw parameter.  

The default value of Biot's pore pressure coefficient is 1.0 (incompressible grains), 

but users may change this value in material data sets for soil and interfaces in the 

range [0.001 ÷ 1.0]. 

 

From the Plaxis version of the 2016 and on, a new way of imposing the bulk modulus 

of pure water Kw has been also provided to the user, such that now it is possible to 

input the exact value of the Kw irrespectively to the numerical convergence problems 

older version were suffering. 
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In particular, along with the ‘Standard’ procedure (i.e. the only available for older ver-

sions of Plaxis), now the ‘Manual - Constant Kw’ option may be used; this procedure 

represents the most advanced one, in which the compressibility of the solid material 

is taken into account and the αBiot together with Kw and νu could be given as input pa-

rameters; Skempton’s B and Kw,ref /n are then calculated accordingly. 

Differently from the other strategies available (i.e, ‘Standard’ and ‘Stiffness depend-

ent-Kw’, Plaxis manual, 2016) the input values to be given are representing physical 

quantities, and as such this methods seems to work well; in fact, in the ‘Manual-

Constant Kw’ strategy, the input values to be of used for the computation of the ex-

cess pore water pressure are the followings: 

 Biot’s pore pressure coefficient α; 

 elastic parameters of the material (Young modulus, E’ and Poisson’s ratio, ν’); 

 bulk modulus of pure water Kw; 

 initial void ratio e0; 

Note: the subscript “ref” indicates the initial value of bulk stiffness of the pore fluid (as 

for every other parameter with the same subscript). That value is likely to change ac-

cording to the selected advanced undrained behaviour. 

The output values computed by Plaxis are the undrained Young modulus Eu, un-

drained Poisson ratio νu, undrained bulk modulus Ku, bulk modulus of soil skeleton K’, 

porosity n, shear modulus G, Skempton’s B parameter and the equivalent bulk modu-

lus of pore fluid Kw/n. 

Those quantities are computed as follows: 

𝐺   

𝑛  
1

1 𝑒
 

𝐾 ,

𝑛
 
𝐾
𝑛

  

𝐵
𝛼

𝛼 𝑛 𝐾
𝐾  𝛼 1  
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𝜈  
3𝜈 𝛼𝐵 1 2𝜈
3 𝛼𝐵 1 2𝜈

 

Eu  2G 1  νu  

𝐾
2𝐺 1 𝜈
3 1 2𝜈

 

This new procedure has allowed for the definition of the real bulk modulus of the wa-

ter (≈2 GPa), which in turn may cause in the undrained condition, the 𝜈  to be very 

close to the value of 0.5, value that was not approachable in the older version of Plax-

is where a maximum of 0.495 was available. When 𝜈  was taken equal to 0.495, Kw 

was automatically computed resulting in values even one order of magnitude smaller. 

As such, even if differences may appear to be negligible, the HM coupling has been 

seen to work well now, once the bulk modulus of the pure water is restored to its 

physical value.  
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ANNEX 3 

Mathematical framework of the coupled thermo-hydraulic numerical 
strategy 

 
In this annex the mathematical framework of the thermo-hydraulic numerical strategy 

is given in the most general way. As such, all the possible simplifications and the re-

lated impacts are described. 

Hypotheses: 

 solid grains are rigid; 
 porosity, φ, is constant; 
 gaseous phase is a mixture of gas and water vapour; 

As regards the liquid phase: 

o liquid density: 𝜌  

(liquid density = liquid mass / liquid volume) 

o mass fraction: 𝜔 𝜔 𝜔 1  

(mass fraction of the liquid phase = water mass fraction + air mass fraction)  

o liquid degree of saturation: 𝑆  

(liquid degree of saturation of the liquid phase = liquid volume / volume of 

voids)  

As regards the gaseous phase: 
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o as density: 𝜌  

(gas density=(gas pressure*gas molar weight)/(gas constant*temperature) 
o water vapour density: 𝜌 𝜗 𝜌 ∗ 𝜔  

(water vapour density = water mass fraction * gas density)  
o air density: 𝜌 𝜗 𝜌 ∗ 𝜔  

(air density = air mass fraction * gas density)  

o mass fraction: 𝜔 𝜔 𝜔 1   

(mass fraction of the gaseous phase = water mass fraction + air mass frac-

tion)  

o gaseous degree of saturation: 𝑆 1 𝑆 1  

(degree of saturation of the gaseous phase = 1 – liquid degree of saturation)  

Under the abovementioned hypothesis, the non-isothermal water flux in both liquid 

and gaseous phases in porous media can be fully described and solved by imposing 

a system of three balance equations, containing the three state variable to be consid-

ered (unknowns) which are: 

 liquid pressure 𝑃 ; 

 gas pressure 𝑃 ; 

 temperature 𝑇; 

the balance equations to be solved are: 

 the mass conservation of the water;  

 the mass conservation of the air; 

 the conservation of the energy. 

Here the mathematical problem is given in the framework of the general approach 

used in Code Bright (Olivella et al. 1994). In this respect the balance equations are 

imposed based on the compositional approach; it basically imposes balance between 

species rather than phases. 
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In this way, it is possible to obtain the total species balance equations by adding over 

all phases the equation of balance of each species. This would lead the phase ex-

change terms to vanish. 

The macroscopic balance of any thermodynamic property π (per unit mass) in a con-

tinuum can be expressed as follows: 

𝜕
𝜕𝑡

𝜌𝜋 ∇ 𝒋𝝅 𝑓 0 

where 𝜌 is the mass of the species per unit volume containing 𝜋; 𝒋𝝅 is the total flux of 
𝜋 with respect to a fixed reference system; and 𝑓  is the rate of production/removal 

of 𝜋 per unit volume. It is important to stress here that 𝒋𝝅is expressed in relation to a 

fixed reference system, because in general, corrections may be required if the solid 

phase moves significantly; the latter it is not the case, since the porosity, 𝜑, is con-

stant (i.e. the solid skeleton is rigid). 

The total flux 𝒋𝝅, can be decomposed into two components: an advective one (phase 

motion) and a non-advective one (motion of the species inside the phase), as in the 

following: 

𝒋𝝅 𝜌𝜋𝒗 𝒊𝝅 

where 𝒗 is the mass weighted mean velocity and 𝒊𝝅 is the non-advective flux. 

 



 497 

Figure A3.1 – Scheme of the REV (Representative Elementary Volume) with reference to fluxes of wa-

ter in both gaseous and liquid phase (Gens et al., 2010); the same scheme may apply with reference 

to the spices of air. 

 

WATER MASS BALANCE EQUATION  

The balance equation for the mass conservation of the water in both liquid and gase-

ous phases, with reference to a representative elementary volume (in the figure 

above), has to account for the variation of the water mass (in terms of vapour and 

liquid water mass), the water fluxes across the volume (in terms of vapour and water) 

and finally, for the eventual internal/external source of water. Basically, this balance 

equation must verify that the change in the amount of water inside the REV has to be 

equal to the net inflow/outflow, plus any eventual sink or source term, as follow: 

𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑 ∇ 𝒋𝒍
𝒘 𝒋𝒈

𝒘 𝑓  

where, 𝜔  and 𝜔  are respectively the mass fractions of the gaseous and of the liq-

uid phase; 𝜌  and 𝜌  are respectively the gaseous and liquid density; 𝑆  and 𝑆  are 

respectively the gaseous and liquid degree of saturation; 𝜑 is the porosity; 𝒋𝒍
𝒘 and 𝒋𝒈

𝒘 

are the total fluxes of water in the liquid and gaseous phase respectively; 𝑓  repre-

sents the incoming/outcoming flux of water with reference to the REV in Figure A3.1. 

If the total fluxes is divided into the advective and the non-advective terms, the bal-

ance equation can be written as: 

𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑 ∇ 𝒊𝒈
𝒘 ∇ 𝒊𝒍

𝒘 ∇ 𝜔 𝜌 𝒒𝒍 ∇ 𝜔 𝜌 𝒒𝒈

𝑓  

where 𝒊𝒈
𝒘 and 𝒊𝒍

𝒘 are the vectors describing the non-advective (diffusion + mechani-

cal dispersion) fluxes (according to Fick’s equation) of the water in the gas and liquid 

phases, respectively; 𝒒𝒍 and 𝒒𝒈 are the advective fluxes (according to Darcy’s equa-

tion) of liquid and gas water flux into the porous medium, respectively. 

In this formulation the non-advective flux of species inside a phase is computed 

summing up two different contributions: the diffusive one ( ̂𝜶𝒊 ) and the other one 
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which is related to the mechanical dispersion ( ̌𝜶𝒊 ); as such, those are treated sepa-

rately (i and ii). 

It is worth remembering that the porosity 𝜑 is not varying during the whole analysis. 

This circumstance results in the following form of the balance mass equation: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 ∇ 𝒊𝒈
𝒘 ∇ 𝒊𝒍

𝒘 ∇ 𝜔 𝜌 𝒒𝒍

∇ 𝜔 𝜌 𝒒𝒈 𝑓  

AIR MASS BALANCE EQUATION  

Similarly to what has been described with reference to the balance equation for the 

mass conservation of the water, the air mass balance equation imposes that the 

change in the amount of air inside the REV has to be equal to the net inflow/outflow, 

plus any eventual sink or source term, as follow: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 ∇ 𝒋𝒍
𝒂 𝒋𝒈

𝒂 𝑓  

where 𝜔  and 𝜔  are the mass fractions of the gaseous and of the liquid phase; 𝜌  

and 𝜌  are the gaseous and liquid density; 𝑆  and 𝑆  are the gaseous and liquid de-

gree of saturation; 𝜑 is the porosity; 𝒋𝒍
𝒂 and 𝒋𝒈

𝒂  are the total fluxes of water in the liq-

uid and gaseous phase, respectively. 𝑓  represents the incoming/outcoming flux of air 

with reference to the REV in Figure A1.1. 

If the total fluxes are divided into the advective and the non-advective terms, the bal-

ance equation can be written as: 

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝛻 𝒊𝒈
𝒂 𝛻 𝒊𝒍

𝒂 𝛻 𝜔 𝜌 𝒒𝒍 𝛻 𝜔 𝜌 𝒒𝒈

𝑓  

where 𝒊𝒈
𝒂  and 𝒊𝒍

𝒂 are the vectors describing the non-advective (diffusion + mechani-

cal dispersion) fluxes (Fick’s equation) of air in the gas and liquid phases, respective-
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ly; 𝒒𝒍 and 𝒒𝒈 are the advective fluxes (Darcy’s equation) of liquid and gas water flux 

into the porous medium. 

 

ENERGY BALANCE EQUATION 

In this Annex the coupled T-H formulation is presented, based on the approach adopt-

ed by Olivella et al. (1994). In a non-isothermal formulation, the additional environ-

mental variable is clearly the temperature (Gens, 1997); hence the formulation also 

requires an energy balance equation. If thermal equilibrium between the phases is ac-

cepted, which is a reasonable assumption, a single equation for the whole medium is 

enough. The energy balance equation is established for the general case of an un-

saturated soil with three phases: solid (s), liquid (l) and gas (g). 

  

 
Figure A3.2 – Scheme of the REV (Representative Elementary Volume) with reference to fluxes of en-

ergy in all the possible phases (i.e. mineral, liquid and gas), (Gens et al., 2010). 

 

Neglecting any contribution of mechanical work (normally negligible in non-isothermal 

situations), the balance equation must establish that the change of internal energy of 

the three soil phases is equal to the net inflow/outflow of heat energy plus any contri-

bution of a sink/source term (Figure A3.2). The resulting expression is: 

𝜕
𝜕𝑡

𝐸 𝜌 1 𝜑 𝐸 𝜌 𝑆 𝜑 𝐸 𝜌 𝑆 𝜑 ∇ 𝒊𝒄 𝒋𝑬𝒔 𝒋𝑬𝒍 𝒋𝑬𝒈 𝑓  
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where 𝐸 is the specific internal energy, 𝒊𝒄 is the heat flow by conduction, and 𝒋𝑬 is 

the advective energy fluxes. The first term of the equation is the change of the internal 

energy of the material, the second one is the net inflow/outflow of heat energy (ex-

pressed in terms of a divergence), and 𝑓  is the sink/source term. Strictly speaking, 

the addition of a sink/ source term contradicts the first law of thermodynamics, and it 

indicates that the state parameters adopted do not provide a complete description of 

the system (Houlsby & Puzrin, 2006).  

It is worth remembering that the solid skeleton is rigid, resulting in a porosity which is 

not changing with time. This circumstance leads the terms related to the solid phase 

to remain constant during the non-isothermal flow, allowing for the exclusion of these 

terms from energy balance equation, resulting in: 

𝜕
𝜕𝑡

𝐸 𝜌 𝑆 𝜑 𝐸 𝜌 𝑆 𝜑 ∇ 𝒊𝒄 𝒋𝑬𝒍 𝒋𝑬𝒈 𝑓  

It is accepted that the internal energy for the whole porous medium is the sum of the 

internal energies of each one of the three phases. They can be expressed as: 

Liquid: 

𝐸 𝑐 𝜔 𝑐 𝜔 𝑇 

Gas: 

𝐸 𝑐 𝑇 𝑙 𝜔 𝑐 𝜔 𝑇 

where 𝑐 is the specific heat capacity and 𝑙 is the specific latent heat of evapora-

tion/condensation. The specific heat capacity of liquid water is 4.18 kJ/(kg K) at 15 

°C, the specific heat of vapour is 1.89 kJ/(kg K) at 100 °C, and the specific heat of air 

at 15 °C is 1.01 kJ/(kg K). The variation of these properties over the range of tem-

peratures encountered in most geotechnical problems is small.  

The heat flow has several components. The most important heat transport mecha-

nism, in all the non-isothermal problems, is conduction (𝒊𝒄), but for completeness the 

advective contributions due to the movement of the solid (which is neglected here, 

and are not reported), liquid and gas phases are also reported, as follows: 
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𝒋𝑬𝒍 𝐽/𝑚 𝑠 𝐸 𝒋𝒍
𝒘 𝐸 𝒋𝒍

𝒂

𝐸 ∇ 𝒊𝒍
𝒘 𝐸 ∇ 𝜔 𝜌 𝒒𝒍 𝐸 ∇ 𝒊𝒍

𝒂 𝐸 ∇ 𝜔 𝜌 𝒒𝒍  

𝒋𝑬𝒈 𝐽/𝑚 𝑠 𝐸 𝒋𝒈
𝒘 𝐸 𝒋𝒈

𝒂

𝐸 ∇ 𝒊𝒈
𝒘 𝐸 ∇ 𝜔 𝜌 𝒒𝒈 𝐸 ∇ 𝒊𝒈

𝒂 𝐸 ∇ 𝜔 𝜌 𝒒𝒈  

Contrary to what happens with the movement of a contaminant in a groundwater sys-

tem, the diffusive term for heat transport (conduction of heat, 𝒊𝒄) is much larger than 

the term concerning hydromechanical dispersion (non-advective flux caused by the 

velocity of fluids). For this reason, this term is usually neglected in this formulation, 

and as such it has not been reported in the energy balance. 

CONSTITUTIVE RELATIONS 

Constitutive equations are key components of the formulation, because they describe 

the specific way in which a specific material or material component behaves. They 

are also important for an additional reason. 

Many of the phenomena incorporated in the formulation are coupled with each other; 

the coupling is often reflected in the definition of the constitutive laws.  

 

The effect of temperature is pervasive throughout most physical processes, and con-

sequently temperature enters the definition of constitutive laws when used in a non-

isothermal context. New constitutive laws are also required to address specific ther-

mal phenomena.  

 

i. Diffusive flux 

 

The diffusive (non-advective) flux of species inside a phase is governed by the Fick’s 

law. The gradients of concentration are the driving thermodynamic force of this kind 

of flows. The general form of the diffusive flux of species in a phase is: 

 ̂𝜶𝒊  𝜏𝜑𝜌 𝑆 𝐷 𝑰 ∇𝜔  
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Where 𝜏 is the tortuosity (see point iii), 𝜑 is the porosity, 𝜌  is the density of the 

phase 𝛼, 𝑆  is the degree of saturation of the phase 𝛼 (for the gaseous phase is 𝑆 ; 

for the liquid phase is 𝑆 ), 𝐷  is the diffusion coefficient of the spices 𝑖, 𝑰 is the iden-

tity matrix and ∇𝜔  is the gradient of the mass fraction of the spices 𝑖 inside the 

phase 𝛼. 

In the particular case of flux of vapour inside the gas phase: 

̂𝒈𝒘  
𝑘𝑔

𝑚 𝑠
𝜏𝜑𝜌 𝑆 𝐷 𝑰 ∇𝜔  

where 𝐷  is the diffusion coefficient of the vapour in the gaseous phase in 𝑚 𝑠. 

The diffusion coefficient is usually function of the temperature T, through the following 

equation: 

𝐷 𝐷
273.15 𝑇

𝑃
 

where 𝑃  is the gas pressure in 𝑃𝑎 , and 𝐷 and 𝑛 are parameters.  

It is worth highlighting that both the 𝑃 and 𝑇 play a role in controlling the diffusive 

fluxes. 

In the same way it is possible to compute the air diffusive flux in the gas ( ̂𝒈𝒂), the dis-

solved air diffusive flux in liquid ( ̂𝒍
𝒂), and the dissolved vapour flux in liquid ( ̂𝒍

𝒘), just 

modifying the diffusion coefficient taking into account the related gradient of concen-

tration. 

 

ii. Mechanical dispersion 

 

Also the mechanical dispersion (non-advective) flux of species inside a phase is gov-

erned by the Fick’s law. As such, a general equation is here given as follows: 

̌𝜶𝒊  
𝑘𝑔

𝑚 𝑠
𝜌 𝑫′𝜶 ∇𝜔  

Where the mechanical dispersion tensor is defined as: 
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𝑫′𝜶 𝑑 |𝒒𝜶|𝑰 𝑑 𝑑
𝒒𝜶𝒒𝜶

𝒕

|𝒒𝜶|
 

In the case of the flux of vapour inside the gas phase is also due to the mechanical 

dispersion as follows: 

̌𝒈𝒘  
𝑘𝑔

𝑚 𝑠
𝜌 𝑫′𝒈

𝒗𝒂𝒑𝒐𝒖𝒓 ∇𝜔  

where 𝑫′𝒈
𝒗𝒂𝒑𝒐𝒖𝒓 is the mechanical dispersion tensor of the vapour in the gaseous 

phase in 𝑚 𝑠. The mechanical dispersion tensor is computed by means of the rela-

tion as follows: 

𝑫′𝒈
𝒗𝒂𝒑𝒐𝒖𝒓 𝑑 𝒒𝒈 𝑰 𝑑 𝑑

𝒒𝒈𝒒𝒈
𝒕

𝒒𝒈
 

where is the 𝑑  longitudinal dispersibility and 𝑑  is the transversal one.  

Similarly it is possible to compute all the non-advective fluxes due to the mechanical 

dispersion the air flux in the gas ( ̌𝒈𝒂), the dissolved air flux in liquid ( ̌𝒍
𝒂), and the dis-

solved vapour flux in liquid ( ̌𝒍
𝒘), just modifying the mechanical dispersion tensor tak-

ing into account the related gradient of concentration. 

 

iii. Tortuosity 

 

The tortuosity could be defined as constant value 𝜏 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝜏 , or could be 

set as a function of the gaseous degree of saturation 𝑆 , as following: 

𝜏 𝜏 𝑆  

where 𝜏  and 𝑚 are parameters. 

 

iv. Advective flux 

 

Advective flow of liquid and gas is assumed to be governed by Darcy’s law. Although 

Darcy’s law can be derived from the equation of the linear momentum balance for the 
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liquid phase (neglecting inertial and viscous effects), here it is treated as a constitu-

tive law. 

The water flux 𝒒𝒍 and the gas flux 𝒒𝒈 are described using the Darcy’s equation as fol-

lows: 

𝒒𝒍 𝑚/𝑠 𝑲 ∇𝑃 𝜌 𝒈
𝑘 𝒌

𝜇
∇𝑃 𝜌 𝒈  

𝒒𝒈 𝑚/𝑠 𝑲 ∇𝑃 𝜌 𝒈
𝑘 𝒌

𝜇
∇𝑃 𝜌 𝒈  

where 𝑲 is the permeability tensor, often called the hydraulic conductivity. The per-

meability tensor has the following structure: 

𝑲
𝒌
𝜇

𝑘  

where 𝜇 is the viscosity, 𝑘  is the relative permeability and 𝒌 is the vector of intrinsic 

permeability.  

 

v. Intrinsic permeability 

 

The intrinsic permeability is not a constant, indeed it depends on porosity, pore size 

and pore structure. 𝒌 could be computed using different laws, the most widespread 

model is the Kozeny’s model, which has the following formulation: 

𝒌 𝒌𝟎
𝜑

1 𝜑
1 𝜑

𝜑
 

where 𝜑  is the reference porosity, and 𝒌𝟎 is the intrinsic permeability for the matrix 

𝜑 . 
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vi. Liquid and gas phase relative permeability 

 

Relative permeability depends on suction (or degree of saturation), and may vary 

enormously, depending on the saturation state of the soil. 𝑘  is very often predicted 

using the Mualem-Van Genuchten model. The latter provides a description of how the 

relative permeability change depending on the effective degree of saturation of the liq-

uid phase 𝑆 . 

𝑘 𝑆 1 1 𝑆 /  

where 𝜆 represents a fitting parameter. Furthermore, the effective degree of saturation 

of the liquid phase is: 

𝑆
𝑆 𝑆
𝑆 𝑆

 

𝑆  is the residual degree of saturation, whereas 𝑆  is the maximum degree of satura-

tion. 

The gaseous relative permeability could be taken equal to 1, under the hypothesis of 

gas perfectly mobile; in most cases the relative permeability of the gas phase is com-

puted as: 

𝑘 1 𝑘  

Information on the effects of temperature on hydraulic conductivity for unsaturated 

soils is scarcer (Gens, A. 2010). Romero et al. (1999, 2001) measured the variation 

of relative permeability with degree of saturation of compacted Boom clay at two 

temperatures, 22 °C and 80 °C, concluding that temperature effects appear not to be 

significant in this case. From the same investigation, Romero et al. (1999, 2001) 

shows that the effect of temperature on the retention curve is also slight. Some ther-

mal effects on the retention curve could be expected, at least in the capillary range, as 

surface tension is affected by temperature, but the effect appears to be small. 
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vii. Viscosity 

 

The liquid viscosity 𝜇  could be set as a function of the temperature, or could be even 

kept constant and equal to an input value 𝜇 , similarly to what can be described for 

the liquid tortuosity. Temperature-induced viscosity variations should also result in 

corresponding variations of hydraulic conductivity. It is worth remembering that for 

reference, the viscosity of water at 20 °C is 1 Pa*s, but it drops gradually to 0.28 Pa 

s at 100 °C, which is a significant difference. 

Hence if a non-isothermal flow has to be assessed, in most of the cases, the effect of 

the temperature on the liquid viscosity is not negligible, and it has to be taken into 

consideration, for example using the following relation: 

𝜇 𝐴𝑒𝑥𝑝
𝐵

273.15 𝑇
 

where A and B are set equal to default values; A=2.1*10-12 MPa*s, and B=1808.5 

K. 

The same relationship is used for the gas viscosity 𝜇 ; in this case A is equal to 

1.48*10-12 MPa*s and B=119.4 °C. 

 

viii. Retention curve 

 

In the balance equation, the degree of saturation of both the liquid and the gaseous 

phase are present. The relationship between suction and degree of saturation (or wa-

ter content) is defined by the retention curve (or soil water retention curve, SWRC). It 

exhibits hysteretic behaviour, and is strongly dependent on the pore size distribution 

of the soil. It is also a very important relationship for flow in unsaturated soils, be-

cause it largely controls the storage capacity of the soil. Many different analytical ex-

pressions have been proposed for this constitutive law (Fredlund, 2006). One f the 

most used law is the Van Genuchten model, which provides a relationship between 

𝑆  and the suction 𝑃 𝑃  (Van Genuchten, 1980) as follows: 
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𝑆
𝑆 𝑆
𝑆 𝑆

1
𝑃 𝑃

𝑃
 

Where 𝜆 represents a fitting parameter. 

The gaseous degree of saturation is then computed as follows: 

𝑆 1 𝑆  

 

ix. Liquid density 

 

The state equation of the liquid has to be introduced in order to account for the influ-

ence of the temperature 𝑇, and of the liquid pressure 𝑃 , on the liquid density 𝜌 . 

Mainly there are two different formulation for describing the liquid state; both are re-

ported in the following: 

𝜌  
𝑘𝑔
𝑚

𝜌 ∗ 𝑒𝑥𝑝 𝛽 𝑃 𝑃 𝛼 𝑇 𝑇  

𝜌  
𝑘𝑔
𝑚

𝜌 1 𝛽 𝑃 𝑃 𝛼𝑇  

where 𝛽 is the compressibility of the liquid (which in this case is pure water, 

4.5 10  𝑀𝑃𝑎 ), 𝛼 is the thermic volumetric expansion coefficient (for the pure 

water, 3.4 10  °𝐶 ), 𝜌  is the reference density (1002.6 Kg/𝑚 ), 𝑃  is the liq-

uid reference pressure (0.1 𝑀𝑃𝑎) and 𝑇  is the reference temperature (0 °𝐶). 

 

x. Gas density 

 

The variation of the gas density with temperature can be assumed to be given by the 

ideal gas law: 

𝑃 𝑉 𝑛𝑅𝑇 
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Where 𝑉 is the volume, 𝑛 is the number of moles, and 𝑅 is the universal gas con-

stant. 

The link with the density of the gas is clear since: 

𝜌
𝑚
𝑉

𝑛𝑀
𝑉

 

Rearranging these two equations: 

𝜌
𝑚
𝑉

𝑃 𝑀
𝑅𝑇

 

 

xi. Heat conduction 

 

The heat conduction is assumed to be governed by Fourier’s law: 

𝒊𝒄 𝐽/𝑚 𝑠 𝜆 𝑇 ∇𝑇 

where 𝜆 is the thermal conductivity.  

In a multiphase medium, thermal conductivity will be some kind of average of the 

thermal conductivities of the phases that will depend on the microstructural arrange-

ment of material. If the phase arrangement was in series, the harmonic mean would 

apply; alternatively, if the phase arrangement was in parallel, the arithmetic mean 

would be appropriate (Gens, A. 2010).  

For an intermediate situation, the geometric mean weighed by volumetric fractions of-

ten provides an adequate estimation (Gens, A. 2010; Villar, 2002). 

𝜆 𝜆 𝜆 𝜆 𝜆 𝜆  

 

xii. Thermal conductivity 

 

𝜆 is the thermal conductivity of the porous medium, and it is strongly affected from 

the degree of saturation of the liquid phase 𝑆 .  
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Several models have been developed in order to account for this interaction, but if la-

boratory data in terms of 𝜆  and 𝜆  are available, quite reliable ways to predict 

the actual thermal conductivity is represented by the following relations: 

𝜆 𝜆 𝑆 𝜆 1 𝑆  

𝜆 𝜆 𝜆  

EQUILIBRIUM RESTRICTIONS 

This equilibrium restrictions apply to the vapour mass fraction 𝜔  (psychrometric 

law), and to the air dissolved mass fraction 𝜔  (Henry’s law). Here it is also assumed 

that evaporation/condensation of water is always in equilibrium. The corresponding 

equilibrium restrictions is given by Kelvin’s law. 

 

i. Evaporation / condensation of water 

 

Here it is also assumed that evaporation/condensation of water is always in equilibri-

um. The corresponding equilibrium restrictions is given by Kelvin’s law. This equilibri-

um restrictions apply to the vapour mass fraction 𝜔  (psychrometric law), and to the 

air dissolved mass fraction 𝜔  (Henry’s law).  

The psychrometric law, which links suction with vapour concentration (or partial va-

pour 

pressure), imposes that the vapour concentration is in equilibrium with the liquid 

phase, and it can be written as follows: 

𝜗 𝜌 ∗ 𝜔 𝜌
𝑘𝑔
𝑚

𝜗 𝑒𝑥𝑝
 𝑃 𝑃 𝑀

𝑅 273.15 𝑇 𝜌
 

where 𝑃 𝑃  is the suction in kPa, 𝑀  is the molecular mass of the water 

(0.0018 𝑘𝑔/𝑚𝑜𝑙 , 𝑅 is the universal gas constant (8.314472
∗

 and 𝜗  is 

the vapour density in the gaseous phase in contact with planar surface (i.e., 𝑃
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𝑃 0 ; it depends on the temperature and eventually on the solute concentration 

as follows: 

𝜗
𝑀 𝑃

𝑅 273.15 𝑇
 

where 𝜗  is in 𝑀𝑃𝑎. 𝑃  is the partial pressure of vapour in 𝑀𝑃𝑎: 

𝑃 136075𝑎 𝑒𝑥𝑝
5239.7

273.15 𝑇
 

𝑎  is the activity of the water, and it is different from 1 if the solute concentration of 

the reactive transport is considered (no chemistry herein is invoked). 

Then using the perfect gases law, it is possible to derive from 𝜗 , the actual partial 

pressure of vapour as follows: 

𝑃
𝜌 𝑅𝑇

𝑀
 

Given that the pressure of the gas 𝑃  is always kept constant and equal to 𝑃 , the 

Dalton law is used now to compute the air partial pressure 𝑃 : 

 𝑃 𝑃 𝑃  

Finally, the density of the gas 𝜌 , and in turn the vapour mass fraction 𝜔 , can be 

computed using the gases density law: 

𝑀
𝑘𝑔

𝑚𝑜𝑙
𝑃 𝑀 𝑃 𝑀

𝑃
 

𝜌
𝑃 𝑀

𝑅𝑇
 

where 𝑀 0.018 𝑘𝑔/𝑚𝑜𝑙, and 𝑀 0.028 𝑘𝑔/𝑚𝑜𝑙. 

The vapour mass fraction 𝜔  is directly computed by: 

𝜔 𝜗 /𝜌  
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All the quantities in the water mass balance equation are written with respect to the 

two unknows of the analysis, the liquid pressure 𝑃  and the temperature 𝑇. 

The water mass balance is then set in a system in order to solve the problem, with 

the energy balance equation. 

In conclusion, the effect of temperature on Kelvin’s law is twofold. On the one hand, it 

enters the denominator of the exponential correction term in Kelvin’s law. But the 

equilibrium vapour pressure 𝑃  (and therefore equilibrium vapour concentration) is 

also dependent on temperature.  

 

ii. Dissolution of air in water 

 

The Henry’s law states the amount of air dissolved in the liquid phase, and it follows 

this relation: 

𝜔
𝑃
𝐻

𝑀
𝑀

 

where 𝑃  is the dry air pressure, 𝑀  is the molecular mass of the water 

(0.0018 𝑘𝑔/𝑚𝑜𝑙 , 𝑀  is the molecular mass of air (0.002895 𝑘𝑔/𝑚𝑜𝑙 , and 𝐻 is 

the Henry’s constant, which is taken equal to 10000 MPa. 

 

This mathematical formulation leads to a system of three unknowns (the liquid pres-

sure 𝑃 , the gas pressure 𝑃  and the temperature 𝑇) to be pursued through the three 

balance equations: 

⎩
⎪
⎨

⎪
⎧

𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑 ∇ 𝒊𝒈
𝒘 ∇ 𝒊𝒍

𝒘 ∇ 𝜔 𝜌 𝒒𝒍 ∇ 𝜔 𝜌 𝒒𝒈 𝑓

𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 𝜑
𝜕
𝜕𝑡

𝜔 𝜌 𝑆 ∇ 𝒊𝒈
𝒂 ∇ 𝒊𝒍

𝒂 ∇ 𝜔 𝜌 𝒒𝒍 ∇ 𝜔 𝜌 𝒒𝒈 𝑓

𝜑
𝜕
𝜕𝑡

𝐸 𝜌 𝑆 𝐸 𝜌 𝑆 ∇ 𝜆∇𝑇 𝐸 1𝜌 𝒒𝒍 𝐸 𝒊𝒈
𝒘 𝑓
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