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Abstract. Because of global warming, the frequency and harmfulness of climate 

extreme meteorological events have increased and are expected to increase. 

Events such as droughts, heatwaves, storms, floodings strongly impact the func-

tioning of critical infrastructure, as well as the stability and degradation of man-

made earthworks and natural slopes. The shallower portions of natural soils and 

earthworks are thus exposed to increasingly severe dry and hot seasons and to 

intense rainfalls, which affect the depth of the water table and the hydraulic cir-

culation, triggering material degradation and instabilities. Robust modelling of 

the soil-atmosphere interaction, correctly accounting for unsaturated flow and 

boundary conditions, is a requirement of modern geotechnical engineering. The 

assumptions made when modelling infiltration, in terms of infiltration rate, pore 

and air pressure distribution and evolution, have in fact a relevant impact on 

model predictions. As a fraction of the pore space of unsaturated soils is occupied 

by the gas phase, composed of water vapour and dry air, a complete model of 

infiltration requires accounting for the inflow of the liquid phase and the outflow 

of the gas phase. Contrarily, infiltration is very often modelled accounting only 

for the inflow of liquid water. This work explores the consequences and limita-

tions of such simplification by comparing the predictions obtained by adopting 

both a two-phase and a one-phase model for the simulation of the infiltration 

processes. 
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1 Introduction 

Global warming is pushing the weather towards increasingly extreme conditions, with 

severely dry and hot seasons and intense rainfall events. Such phenomena are expected 

to impact on the hydro-mechanical state of the shallower portions of soil deposits and 

geotechnical earthworks. Strong evaporation due to dry seasons might end up altering 

the integrity of earthworks through the occurrence of drying cracks [1], or reduce the 

effectiveness of cut-off walls [2]. Rainfall and infiltration lead to an increase in the pore 

water pressure and in the degree of saturation of the slopes, which favor the onset of 
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instabilities [3]. In particular, in the vadose zone – i.e., the shallower portion of soil 

deposits resting above the water table – the soil is often unsaturated and the pore water 

pressure is negative (smaller than atmospheric pressure). Its value is controlled by the 

interaction between the soil surface and the atmosphere, through evaporation and infil-

tration, and by the soil hydraulic properties (see, e.g., [4]). 

As for infiltration processes, classical modelling approaches only consider the mass 

transfer of liquid water, whereas no water vapour is accounted for and pore air pressure 

is assumed as atmospheric (e.g., Richards’ equation [5]). However, several studies 

demonstrated that air entrapment affects the infiltration rate, entailing slower variation 

in pore water pressure [6-8]. This delay in the pore water pressure increase can be cru-

cial for rainfall-induced slope stability issues, as it may prevent reaching the critical 

value during the rainfall event. Besides, to the Author’s knowledge, the role of water 

vapour in the infiltration process has not been clearly highlighted yet. This contribution 

proposes a hydraulic model aimed at reproducing infiltration processes in geomaterials, 

including the liquid and gas flow of water and air, in order to investigate the influence 

of water vapour and pore air pressure. Numerical simulations have been performed 

considering distinct scenarios, including (i) the flow of liquid water only, (ii) both liquid 

water and water vapour, and (iii) the combined flow of water and air. Model predictions 

are compared with the transient infiltration problem discussed in Siemens et al. [7]. 

2 Modelling water and air transport in unsaturated soils 

Modelling isothermal hydro-mechanical processes in unsaturated soils requires ac-

counting for the linear momentum balance of the solid skeleton and the mass balance 

of air and water. However, as a first approximation limited to soils whose deformation 

upon wetting is small (e.g., coarse soils and non-active clays), the linear momentum 

balance of the solid skeleton can be neglected when modelling infiltration. While the 

classical description of hydro-mechanical processes is usually performed in terms of 

fluid phases (i.e. liquid and gas), in this study mass balance equations were rather writ-

ten in terms of chemical species [9]. 

The mass balance equation for the species water is written by combining the contribu-

tion of liquid water and water vapour: 

𝜕

𝜕𝑡
[𝜙(𝑆𝑙𝜌𝑙

𝑤 + 𝑆𝑔𝜌𝑔
𝑤)] + ∇ ∙ (𝜌𝑙

𝑤𝐪𝑙 + 𝜌𝑔
𝑤𝐪𝑔) + ∇ ∙ [𝜙(𝑆𝑙𝐉𝑙

𝑤 + 𝑆𝑔𝐉𝑔
𝑤)] = 0 (1) 

where ϕ is porosity, Sl is degree of saturation of the liquid phase, Sg = 1 − Sl is degree 

of saturation of the gas phase, ρl
w is the mass density of the water in the liquid phase, 

ρg
w is the mass density of the water in the gas phase, ql is the advective flux of the liquid 

phase, qg is the advective flux of the gas phase, Jl
w is the diffusive flux of the water in 

the liquid phase, Jg
w is the diffusive flux of the water in the gas phase. 

The mass balance equation for the species air is written according to a similar formula-

tion: 

𝜕

𝜕𝑡
[𝜙(𝑆𝑙𝜌𝑙

𝑎 + 𝑆𝑔𝜌𝑔
𝑎)] + ∇ ∙ (𝜌𝑙

𝑎𝐪𝑙 + 𝜌𝑔
𝑎𝐪𝑔) + ∇ ∙ [𝜙(𝑆𝑙𝐉𝑙

𝑎 + 𝑆𝑔𝐉𝑔
𝑎)] = 0 (2) 



3 

where ρl
a is the mass density of the air dissolved in the liquid phase, ρg

a is the mass 

density of the air in the gas phase, Jl
a is the diffusive flux of the air dissolved in the 

liquid phase, Jg
a is the diffusive flux of the air in the gas phase. 

The water retention curve provides the link between the degree of saturation Sl and 

matric suction s, defined as the difference between the pressure of the gas phase pg and 

the one of the liquid phase pl: 

𝑠 = 𝑝𝑔 − 𝑝𝑙  (3) 

The liquid density ρl
w is assumed to be constant and equal to 1,000 kg/m3, while the 

vapour density ρg
w has been obtained through the psychrometric law, as a function of 

the total suction ψ and the partial pressure of water vapour at saturation pg,
w

sat (e.g., 

[10]): 

𝜌𝑔
𝑤 =

𝑝𝑔,𝑠𝑎𝑡
𝑤

𝑅𝑇
exp (−

Ψ𝑀𝑤

𝜌𝑙
𝑤𝑅𝑇

),   𝑝𝑔,𝑠𝑎𝑡
𝑤 = 0.6108[𝑘𝑃𝑎] × 10

7.5𝑇[°𝐶]

𝑇[°𝐶]+273.3 (4) 

where R = 8.3145 J/(mol×K) is the constant of perfect gases, Mw = 0.018 kg/mol is the 

molar mass of the water, and T is the temperature. For the sake of simplicity, the con-

tribution of the osmotic suction is assumed to be negligible, hence ψ equals s. The gas-

eous air density ρg
a is estimated through the law of perfect gases, as a function of the 

corresponding partial pressure pg
a: 

𝜌𝑔
𝑎 =

𝑀𝑎

𝑅𝑇
𝑝𝑔

𝑎 (5) 

The mass density of the air dissolved in the liquid phase ρl
a is calculated as a function 

of the liquid water pressure, by means of the Henry’s law:  

𝜌𝑙
𝑎 = 𝐻

𝑀𝑎

𝑅𝑇
𝑝𝑙

𝑤 (6) 

where H = 0.031 is the Henry constant for air dissolved in water. 

The advective flux qα (with α = l, g) can be described through the generalized Darcy 

law: 

𝐪𝛼 = −𝐊𝛼∇ (
𝑝𝛼

𝜌𝛼𝑔
+ ℎ𝑧) (7) 

where Kα is the unsaturated hydraulic conductivity tensor, ρα is the mass density of the 

α-phase, and hz is the elevation head. In isotropic, partially saturated soils, Kα is an 

isotropic tensor with magnitude Kα, which can be decomposed into the product between 

a saturated value Kα,sat and a relative permeability coefficient kα,rel, dependent on Sα 

[11]. 

Instead, the diffusive flux Jα
γ (with γ = w, a) can be predicted through the Fick’s law: 

𝐉𝛼
𝛾

= −𝐃𝛼
𝛾

∇𝜌𝛼
𝛾
 (8) 

where Dα
γ is the diffusion tensor of the α-phase of the γ-species in the porous medium. 

This tensor can be written as follows: 
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𝐃𝛼
𝛾

= 𝐷𝛼
𝛾

𝛕𝛼 (9) 

where Dα
γ is the diffusion coefficient of the α-phase of the γ-species in “free” condi-

tions, and τα is the tortuosity tensor, which models the tortuosity of the path described 

by the γ-molecules in the diffusion process. In isotropic, partially saturated soils, τα can 

be described as an isotropic tensor with magnitude τα [12]: 

𝜏𝛼 = (𝜙𝑆𝛼)
2

3 (10) 

For the water species, Jl
w = 0 due to the assumed constant ρl

w, whereas the diffusion 

coefficient of the water vapour in free air Dg
w is [13]: 

𝐷𝑔
𝑤 = 0.229 × 10−4[𝑚2/𝑠] (1 +

𝑇[𝐾]

273
)

1.75

 (11) 

As for the air, Jg
a represents the air self-diffusivity and it is assumed to be negligible, 

whereas the diffusion coefficient of dissolved air in water is Dl
a = 2×10-9 m2/s [14]. In 

this study, the infiltration process is simulated considering three distinct models: 

• Model “Wl”: only liquid water is included, whereas air remains at atmospheric pres-

sure. In this case, only the mass balance of water is used (Eq. 1), with vapour pres-

sure and density set equal to 0.  

• Model “Wlg”: the mass balance of both liquid water and water vapour is considered 

(Eq. 1), whereas the mass balance of air is neglected. 

•  Model “Wlg+Alg”: both water and air species are included, and the full set of equa-

tions is implemented. 

3 Numerical model 

The hydraulic model is used to address the influence of water vapour and dry air on 

infiltration processes, with reference to the physical and numerical study presented in 

Siemens et al. [7], who studied the infiltration of an oil along a vertical column filled 

with a coarse-grained, isotropic transparent soil, with porosity ϕ = 0.5. The water reten-

tion curve of the soil can be described by the Van Genuchten relationship [15]: 

𝑆𝑙 = 𝑆𝑙,𝑟 +
1−𝑆𝑙,𝑟

[1+(𝑠/𝑃)𝑛]𝑚 (12) 

with Sl,r = 0.03, P = 0.17 kPa, n = 6.17, and m = 0.84 [6]. The saturated hydraulic 

conductivity for the liquid and gas phase are kl,sat = 10-3 m/s and kg,sat = 8×10-3 m/s, 

while the corresponding relative permeabilities are shown in Fig. 1 as a function of Sl 

and Sg. The soil column is 1,120 mm long and it can be reproduced as a 1-D domain 

with endpoints A and B, characterized by the spatial coordinate z (Fig. 2). In the con-

sidered infiltration process, the column is initially at atmospheric pressure with a uni-

form suction s = 1.1 kPa. This condition is simulated by setting an initial value of pg = 

0 kPa and pl = −1.1 kPa throughout the whole domain. At time t = 0 s, infiltration is 

triggered through the application of a constant-head reservoir at the endpoint B, which 
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corresponds to pl = 1.2 kPa. No flow is allowed at the endpoint A. As for the air species, 

a Dirichlet boundary condition is applied on B, with a pressure equal to the correspond-

ing pl increased by the soil air-entry value AEV = 0.1 kPa (hence, pg = 1.3 kPa). This 

constraint forces the suction in B to be at least equal to the AEV, thus allowing air to 

escape during the process. On A, a Neumann boundary condition forces the air flux to 

zero. 

The model was integrated with the finite-element software Comsol Multiphysics®. 

 

Fig. 1. a) Water retention curve of the soil; b) Relative permeability for the liquid and the gas 

phase, as a function of the liquid and the gas saturation degree (modified from [7]). 

 

Fig. 2. Geometry of the modeled soil column, including boundary conditions. The vector g de-

notes the gravity acceleration. 

4 Results and discussion 

Fig. 3a-c show the simulated Sl profiles along column length at different times, for the 

three models. Wl and Wlg models provide rather similar profiles, with a sharp wetting 

front for Sl increasing from the residual to the full saturated state. For comparison pur-

poses, the wetting front was identified at any time by the point zf, corresponding to the 

position where the derivative 
𝜕𝑆𝑙

𝜕𝑧
 is maximum. Fig. 3d reports the time evolution of zf, 

which exhibits a linear trend over time and reaches endpoint A at about 400 s. At this 

time instant, the soil column achieves complete saturation. The strong agreement 
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between Wl and Wlg models is a consequence of the rather small variation of pg
w 

throughout the process (almost equal to pg,
w

sat for all the time steps). As for the Wlg+Alg 

model, the shape and the evolution over time of the Sl profiles significantly changes 

compared with the models involving the water species only. On the one hand, the wet-

ting front advances more slowly, and the time needed to reach endpoint A (900 s) is 

double with respect to the other cases. Besides, the region above the wetting front is 

still partially saturated, with Sl ≈ 0.8. After t = 900 s, a saturation front gradually rises 

along the column, and the portion below it achieves Sl = 1. The saturation front pro-

ceeding from bottom to top is faster than the wetting front from top to bottom, and 

saturation completes at 1100 s. 

The introduction in the model of the air species thus dramatically modifies the shape 

and the location of saturation isochrones. Indeed, the liquid water advancement is par-

tially counterbalanced by an increase in the air pressure. Specifically, at each time in-

stant, pg
a profiles exhibit a linear increase in the region above the wetting front, and it 

remains uniform below (Fig. 4). Indeed, the progressive saturation from one end of the 

model creates entrapped air, which reacts with an overpressure to the gradual confine-

ment exerted by the advancing wetting front. The air pressure is maximum when the 

wetting front reaches the bottom of the column. When the wetting front reaches end-

point A, the air pressure gradually reduces from its maximum due a counterflow of air, 

thus allowing complete saturation of the column. 

5 Conclusions 

This contribution addressed the influence of accounting for the gas phase when model-

ling infiltration. A hydraulic model combining the mass transport of pore water and air 

was formulated, including both the liquid phase and the gas phase. The model was used 

to simulate infiltration along an initially dry soil column, considering the flow of liquid 

water only, the flux of liquid and water vapour, and the flow of both water and air. 

Accounting for the presence of air significantly impacts the simulation results. Com-

pared with the cases including only water mass balance, a relevant reduction in the 

infiltration rate is observed. Pore air partially hinders the water flow, resulting in a 

longer infiltration process and a slower build-up of pore water pressure. Instead, simu-

lations accounting for water vapour do not substantially differ from those of the liquid-

based model. This specific aspect may depend on the small suction range encompassed 

in the simulations (around 1 kPa), which entails an almost negligible variation of the 

vapour pressure. 

These conclusions apply to the specific material and boundary conditions explored 

in the present work. Although the main features of the process might be expected to be 

the same also for fine soils, their relevance might be different depending on the water 

retention properties of the material. It shall be observed that, at in-situ conditions, infil-

tration is more realistically triggered by a precipitation rate rather than by an imposed 

water pressure at the ground surface. This different boundary condition might be ex-

pected to have a different impact of the air pressure build up, and therefore on infiltra-

tion and pressure isochrones. 
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Fig. 3. a-c) Profiles of liquid-phase saturation degree Sl for different time instants, for a) “Wl” 

model, b) “Wlg” model and c) “Wlg+Alg” model; d) Temporal evolution of the location of the 

wetting/saturation front, labeled as zf. 

 

Fig. 4. Profiles of air gas pressure pg
a for different time instants. The dashed lines correspond to 

the final saturation stage, characterized by the ascent of the saturation front. 
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