
RIVISTA ITALIANA DI GEOTECNICA 4/2019 dx.doi.org/10.19199/2019.4.0557-1405.005

Mechanics of unsaturated soils: simple approaches 
for routine engineering practice

Alessandro Tarantino,* Alice Di Donna**

Summary
A number of geotechnical structures involve the unsaturated upper portion of the soil profile, i.e. the zone above the phreatic 

surface where the pore-water pressure is negative and the degree of saturation is generally lower than unity. This zone is characterised 
by soil strength and stiffness higher than the saturated soil below the phreatic surface. In addition, its mechanical response is affected 
by the interaction with the atmosphere (rainfall and evapotranspiration). Engineers recognise more and more the importance of 
understanding and predicting the response of soils in the unsaturated portion of the soil profile. However, a gap still exists between 
research and engineering practice in unsaturated soil mechanics. This paper makes an attempt to serve fundamental concepts of 
unsaturated soil mechanics using a language as simple as possible. In particular, quantitative prediction tools are presented within 
the familiar framework of saturated soil mechanics. These include conventional ‘saturated/dry’ slope stability analysis and traditional 
1-D consolidation analysis.
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1. Introduction

Soil profile can be divided into two zones, one 
above and one below the phreatic surface respecti-
vely. The zone below the phreatic surface is referred 
to as saturated zone and is characterised by positive 
pore-water pressures and full saturation. The zone 
above the phreatic surface is named vadose zone and 
is characterised by negative pore-water pressures and 
degrees of saturation generally lower than unity. The 
phreatic surface is rarely located at the ground surfa-
ce and, hence, geotechnical structures often interact 
with the unsaturated portion of the soil profile. For 
example, failure surfaces of unstable slopes almost 
always partially or fully develop in the vadose (unsa-
turated) zone.

There are two distinct features characterising the 
unsaturated upper portion of the soil profile. Pore-wa-
ter pressures are negative resulting into soil stiffness 
and shear strength higher than the soil below the ph-
reatic surface. At the same time, the unsaturated up-
per portion of the soil profile interacts with the atmo-

sphere. Climatic conditions (rainfall and evapotran-
spiration) generate fluctuations in pore-water pressu-
re and degree of saturation. In turn, these affect the 
mechanical response of the geostructure.

In engineering design, it is common practice to 
neglect the unsaturated nature of the portion of the 
soil profile above the phreatic surface. This is achie-
ved by setting the pore-pressure above the phreatic 
surface equal to zero. For the sake of simplicity, this 
assumption is often referred to as the ‘dry soil’ as-
sumption, because zero pore-pressures are those en-
countered in an ideally dry soil. However, it is worth 
emphasising that it is not the soil assumed to be dry, 
it is the pore-water pressure that is assumed to be 
equal to zero (rather than negative as occurs in the 
real world).

The ‘dry’ assumption is widely accepted in engi-
neering practice because it is assumed to be conser-
vative. Assuming pore-water pressure equal to zero 
(rather than negative) leads to lower effective nor-
mal stresses and, hence, lower strength and stiffness. 
However, the ‘dry’ assumption may not always accep-
table in engineering practice. It can lead to either 
excessively conservative or falsely conservative de-
sign as discussed later in this paper.

The importance of understanding and predic-
ting the response of soils in the unsaturated portion 
of the ground is more and more recognised in en-
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gineering practice. Climate effects on geostructures 
are difficult to understand and predict if the unsa-
turated nature of the soil is not taken into account. 
These include the effect of rainfall on the stability 
of man-made and natural slopes and the effect of 
drought on foundation subsidence (resulting in dif-
fuse damage to buildings). On the other hand, there 
is an increasing financial and environmental pressu-
re to reduce overdesign by taking into consideration 
the ‘natural’ soil reinforcement associated with the 
negative pore-water pressure in the ground.

A gap still exists between research and engine-
ering practice in unsaturated soil mechanics. This 
paper makes an attempt to serve fundamental con-
cepts of unsaturated soil mechanics using a langua-
ge as simple as possible. In particular, basic quanti-
tative prediction tools are presented within the fra-
mework of traditional saturated soil mechanics. The-
se include conventional ‘saturated/dry’ slope stabili-
ty analysis and traditional 1-D consolidation analysis.

Needless to say, the approaches presented in 
this report are not meant to replace more rigorous 
analyses based on proper experimental testing, con-
stitutive modelling, and numerical modelling of un-
saturated soils. These simple approaches can be re-

garded as a preliminary assessment of the effects of 
partial saturation.

The report first introduces basic concepts of 
hydraulic and mechanical behaviour of unsaturated 
soils based on elementary physical mechanisms. Sur-
face tension and capillarity are used to introduce the 
concept of water retention and to elucidate the diffe-
rent behaviour of saturated and unsaturated soils in 
terms of hydraulic conductivity and shear strength.

The second part of the report focuses on the 
hydraulic and mechanical characterisation of soils 
in the unsaturated state. In routine engineering 
practice, preliminary geotechnical analyses are of-
ten carried out by ‘borrowing’ hydraulic and me-
chanical parameters from soils found in the litera-
ture with similar index properties (grain size distri-
bution, liquid and plastic limits). In this respect, a 
mini-database encompassing clayey to sandy unsatu-
rated soils is presented to allow for a first estimation 
of hydraulic and mechanical properties in the unsa-
turated state.

Finally, the report presents simple approaches to 
quantify the effect of partial saturation and (negati-
ve) pore-water pressure on the stability of geotech-
nical structures including the effect of rainfall on 

Fig. 1 – Flow chart for preliminary analysis of stability conditions taking into account the effect of partial saturation and (ne-
gative) pore-water pressure.
Fig. 1 – Diagramma di flusso per l’analisi preliminare delle condizioni di stabilità tenendo conto dell’effetto della parziale saturazione e 
della pressione (negativa) dell’acqua interstiziale.
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shear strength loss. These approaches are designed 
to allow for i) the stability analysis to be performed 
using routine geotechnical engineering tools and ii) 
the water flow analysis to be carried out using fami-
liar textbook tools, i.e. the classical solution of Terza-
ghi’s one-dimensional consolidation equation.

The approach adopted in this report is illustra-
ted in figure 1 showing the flow chart for prelimi-
nary analysis of stability conditions taking into ac-
count the effect of partial saturation and (negati-
ve) pore-water pressure. The ‘white’ blocks show 
the rigorous approach whereas the ‘grey’ blocks hi-
ghlight the simplified approach put forward in this 
report.

The scope of this report is limited to ultimate 
limit state design and no consideration is given to 
unsaturated soil deformations (serviceability limit 
state design). However, suction-induced deforma-
tions associated with drying and wetting, including 
wetting-induced volumetric compression (volume-
tric ‘collapse’), are equally important and should be 
taken into consideration in the design of geotech-
nical structures such as embankments and shallow 
foundations.

2. Limitations of the ‘dry’ assumption

Figure 2a shows a layer of dry sand (6 cm hi-
gh, 20 cm wide and 100 cm long) placed on a slide. 
Sandpaper was placed at the bottom of the slide to 
prevent sliding at the interface between the sand lay-
er and the bottom of the slide once the slide is tilted.

As is well known, the maximum slope angle αmax 
that can be sustained by a dry cohesionless sand layer 
is equal to the friction angle φ’ (αmax=φ’). In the ex-
periments shown in figure 2, sliding was observed at 
a slope angle of 32°, which compares favourably with 
the friction angle of the sand tested.

For the case of a layer of wet (unsaturated) sand, 
the ‘dry’ assumption would still indicate a maximum 
‘design’ slope angle of 32°. However, this value is 
much lower than the slope angle that the unsatura-
ted slope can sustain. As shown in figure 2b, the slide 
was tilted up to 90° without observing any failure of 
the sand layer. The limiting slope angle returned by 
the ‘dry’ assumption therefore appears to be excessi-
vely conservative (32° against 90°).

Geotechnical engineers are not always faced 
with design of new geotechnical structures. They 
are also faced with design of mitigation measures 
for existing ones. In this case, a critical step is the 
back-analysis of the response of the geotechnical 
structure observed at the field scale. Let us then 
back-analyse the response of the unsaturated slope 
observed in figure 2b. Within the ‘dry’ approach, 
the shear strength criterion would be written as fol-
lows:

  

   (1)

where c’ is the effective cohesion, which leads to the 
following Factor of Safety (FoS) for the ‘infinite’ slope:

  (2)

where  is the soil unit weight and d is the height 
of the soil layer perpendicular to the sliding surface 
(Fig. 3) Since FoS>1 (stable slope) for α=90°, equa-
tion (2) indicates that the effective cohesion derived 
from back-analysis is c' > d ∼ 1kPa.

This would be the effective cohesion that one 
would assume for the sand under the ‘dry’ as-
sumption. However, this cohesion is not real as 
shown by figure 2a and should be interpreted as 
an apparent cohesion stemming from the partial 
saturation of the sand. Thus, if the practising en-
gineer fails to recognise the nature of this cohesi-
ve term, the sand will be credited with an effective 
cohesion c’ that does not exist. Any stability analysis 
will rely on an effective cohesion that will actual-
ly vanish if the sand is saturated with water. In this 
sense, the ‘dry’ assumption is falsely conservative 
because it can misleadingly generate a false effec-
tive cohesion.

To clarify the reason why the slope in figure 2b re-
mains stable at a slope angle α=90°, it is worth consi-
dering the shear strength criterion for the sand in un-
saturated state [TARANTINO and EL MOUNTASSIR, 2013]:

  (3)

where  is the shear streght,  is the normal total 
stress, uw is the (negative) pore-water pressure and 

Fig. 2 – Maximum slope angle sustained by a) dry sand and 
b) partially saturated sand (h=6 cm, w=20 cm, l=100 cm, 
γ~18 kN/m3).
Fig. 2 – Massima inclinazione sostenibile da uno strato di a) sab-
bia asciutta e b) sabbia parzialmente satura (h=6 cm, w=20 cm, 
l=100 cm, γ~18 kN/m3).

a) b)
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Sr is the degree of saturation. The term in the round 
brackets can be referred to as the ‘shear strength’ ef-
fective stress for unsaturated soils:

  (4)

Equation (3) reduces to the traditional equation 
for saturated soils for the case where Sr=1. When the 
soil is unsaturated, the contribution of the pore-water 
pressure to the effective stress is ‘weighed’ by the de-
gree of saturation Sr (lower than unity). It is convenient 
to rewrite equation (3) in a slightly different form:

  (5)

Since pore-water pressure is negative, the term 
in the square brackets is positive and provides the 
additional contribution to shear strength that ma-
kes the sand layer in figure 2b stable at 90°. The 
term in the square bracket can be interpreted as an 
apparent cohesion cunsat generated by the negative 
pore-water pressures in the unsaturated sand. It is 
apparent in the sense that it vanishes if the pore-
water pressure becomes zero or positive upon sa-
turation.

A second interesting case worth examining is 
the stability of vertical cuts in granular material abo-
ve the phreatic surface as shown in figure 4. Under 
the dry assumption, pore-fluid pressure is set equal 
to zero above the phreatic surface. As a result, ef-
fective stresses coincide with total stresses and the 
Mohr’s circle of stresses intersects the failure en-
velope whatever the height of the vertical cut. In 
other words, the ‘dry’ assumption returns a zero cri-
tical height in granular materials (Hc,max=0).

This is clearly in contrast with field observation. 
Figure 5 shows a vertical cut in pyroclastic ‘cohe-
sionless’ silty sand of 10-12 m as typically observed in 
the area of Naples (Italy). These cuts have remained 
stable for decades thanks to the partial saturation 
and negative pore-water pressures that establish in 
the geomaterial [DE VITA et al., 2008; STANIER and TA-
RANTINO, 2013]. Stability is ensured by the pore-water 
pressures that are negative, which causes a rightward 
shift of the effective stress Mohr’s circle as shown in 
figure 6.

It is again worth noticing that the back-analysis 
of the stability of the vertical cut under the ‘dry’ as-
sumption would return an effective cohesion c’ diffe-
rent from zero. Shifting the failure envelope upward 
as shown in figure 6 is only option available to ensu-

Fig. 3 – Stability of infinite slope (W is the soil weight, 
N and T the normal and tangential components of the 
weight respectively, Tf is the mobilised shear force resistan-
ce, and α is the slope inclination).
Fig. 3 – Stabilità di un pendio indefinito (W è la forza peso del 
terreno, N e T le componenti normali e tangenziali della forza pe-
so, Tf è la forza resistente a taglio mobilitata e  è l’inclinazione 
del pendio).

Fig. 4 – Conventional analysis of the stability of vertical cut (‘dry’ assumption).
Fig. 4 – Analisi convenzionale della stabilità di una parete verticale (ipotesi di terreno ‘asciutto’).



9

OTTOBRE - DICEMBRE 2019

MECHANICS OF UNSATURATED SOILS: SIMPLE APPROACHES FOR ROUTINE ENGINEERING PRACTICE

re that the Mohr’s circle does not violate the failure 
criterion. Again, the ‘dry’ assumption turns out to be 
falsely conservative since it misleadingly ‘creates’ an 
effective cohesion. 

3. Basic elementary mechanisms behind 
hydraulic and mechanical behaviour of unsatu-
rated soils

3.1. Idealised water retention behaviour

3.1.1. SURFACE TENSION, CONTACT ANGLE AND WATER TEN-
SION

The interface between air and water behaves as a 
membrane in tension and the uniform tension gene-
rated within the interface is named surface tension. 
This interface curves in proximity of a solid surface 
to form a meniscus. If adhesive forces between solid 
and water prevail on cohesive forces in the water, the 
interface is concave towards the air and forms a con-
tact angle lower than 90° with the solid surface (Fig. 
7). Contact angles lower than 90° are typical of soil 
water on soil minerals.

Menisci concave on the air side generate wa-
ter pressures lower than the air pressure. The water 
pressure at the back of the meniscus in the capillary 
tube of diameter d shown in figure 7 can be derived 
from the equilibrium of the meniscus as follows:

  (6)

Fig. 5 – Vertical cut in pyroclastic cohesionless silty sand 
in Giugliano near Naples, Italy [DE VITA et al. 2008] – 
Courtesy of Prof. De Vita, University of Naples Federi-
co II.
Fig. 5 – Parete verticale in terreni piroclastici incoerenti limo-
sabbiosi a Giugliano vicino Napoli, Italia [DE VITA et al. 2008] 
– Cortesia del Prof. De Vita, Università di Napoli Federico II.

Fig. 6 – Back-analysis of the stability of a vertical cut in pyroclastic cohesionless silty sand.
Fig. 6 – Analisi a ritroso della stabilità di una parete verticale in terreni piroclastici incoerenti limo-sabbiosi.
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where uw is the water pressure at the back of the me-
niscus, ua is the air pressure, T is the surface tension, 
and Θ is the contact angle. If the contact angle is lo-
wer than 90°, the gauge water pressure uw-ua is the-
refore negative.

It is instructive to quantify the minimum gauge 
and absolute water pressures that can be sustained in 
capillary tubes having diameters of the same order of 
magnitude as the size of pores in clay, silt, and sand 
respectively. For sake of simplicity, let us assume that 
pore size is about 1/10 of the grain size and contact 
angle is Θ=0. According to equation (6), absolute wa-
ter pressure may be negative if pore size is sufficien-
tly small as is the case of clays (Tab. I).

Water can therefore be held in tension (i.e. it is 
being stretched) in unsaturated geomaterials.

3.1.2. HYSTERESIS OF CONTACT ANGLE

Different stable contact angles exist for a given 
system, i.e. the contact angle exhibits hysteresis [MA-
RINHO et al., 2008]. This can be illustrated by conside-
ring a drop of water placed on a surface. The water 
drop contact angle attains an equilibrium value Θc 
when the surface is horizontal (Fig. 8a). If the sur-
face is progressively tilted, the contact angles will in-
crease and decrease at the leading and trailing ed-
ge of the drop respectively to prevent the drop pe-
riphery from moving. This will continue until a limit 
condition is attained when these angles become the 
advancing and receding angles, Θa and Θr respecti-
vely, at which point the drop will roll off the plate 
(Fig. 8a). Thus, a number of macroscopic stable con-
tact angles exist for a given system in the range from 
Θr to Θa. The contact angle hysteresis plays a key ro-
le in the mechanisms by which suction is generated 
by evaporation as discussed in the following section.

3.1.3. EVAPORATION FROM CAPILLARY SYSTEMS AND GEOMA-
TERIALS

Desaturation generally occurs in the upper zo-
ne of the ground above the phreatic surface becau-
se of i) evaporation from the ground surface and ii) 
lowering of the water table. These mechanisms can 
be conveniently illustrated by considering systems of 
capillary tubes, which mimic the network of capilla-
ries across the pore space in geomaterials [TARANTI-
NO, 2010]. Water evaporation from a capillary tube 
is shown in figure 9. Let us assume that the air-water 
interface is initially flat, which results in zero gauge 
water pressure (Stage 1). If evaporation occurs, wa-
ter is initially removed without displacement of the 
gas-liquid-solid junction (as occurs to the drop on 
the tilting plate in figure 8b). The meniscus curva-
ture then increases and water pressure in the tube 
drops to values lower than atmospheric air pressure 
(Stage 2).

Fig. 7 – Negative water pressure generated by meniscus 
concave towards the air side.
Fig. 7 – Pressione negativa dell’acqua generata dal menisco con-
cavo verso l’aria.

Fig. 8 – Hysteresis of the contact angle. a) Water drop on tilted surface; b) capillary tube.
Fig. 8 – Isteresi dell’angolo di contatto. a) Goccia d’acqua su superficie inclinata; b) tubo capillare.

a) b)
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When the contact angle is equal to the receding 
angle Θr and the pressure in the liquid is equal to 
the minimum pressure sustainable by the meniscus, 
any further evaporation causes the lowering of the 
meniscus into the capillary tube with the contact 
angle remaining equal to the receding angle and 
the negative water pressure remaining equal to 
the minimum sustainable pressure as governed by 
equation (6) (Stage 3). The minimum gauge water 
pressure is referred as to as ‘air-entry’ pressure be-
cause it is the water pressure at which the air enters 
the capillary tube.

The relationship between the degree of satura-
tion of the tube (the ratio between the water volume 
and the volume of the tube) and the water pressure 
is shown in figure 9. Initially, water pressure decrea-
ses with very small decrease in the water volume. As 
the air-entry pressure is reached, water volume de-
creases at constant water pressure.

Let us now consider a system formed by three 
capillary tubes, A, B, and C respectively (Fig. 10) ha-
ving the same length (LA=LB=LC). Let us also assume 
that the diameters of the tubes are dA>dB>dC, and 
Θr=0.

Initially, pressure is zero in the system and the 
contact angle is 90° (Stage 1). As evaporation occurs, 
menisci will initially curve without any displacement 
of the meniscus junctions. Since water pressure uw 
must be the same at the back of all menisci, equa-
tion (6) gives:

  (7)

Since dA>dB>dC, the contact angle will be lower 
in the larger tube (tube A) and the limit receding 
angle Θr will be therefore reached in the larger tube 
first (Stage 2). At this stage, the larger tube will emp-
ty at constant pressure, which is the minimum pres-

sure sustainable by the larger tube (Stage 3). As eva-
poration proceeds, the curvature of the menisci in 
the remaining water-filled tubes will further incre-
ase until the limit contact angle will be reached in 
tube B (Stage 4). This tube will then empty at con-
stant pressure (Stage 5). Further evaporation will 
eventually empty the smaller tube. The relationship 
between the degree of saturation and water pressu-
re in this capillary system is shown in figure 10. If we 
imagine an infinite number of capillary tubes of dif-
ferent size, we might expect the relationship betwe-
en the degree of saturation of the capillary system 
and water pressure to be given by the dashed curve 
in figure 10.

3.1.4. WATER RETENTION BEHAVIOUR OF GEOMATERIALS

The relationship between degree of satura-
tion and (negative) water pressure for the capil-
lary system shown in figure 10 is essentially the 
same as observed experimentally in unsaturated 
geomaterials and is referred to as water retention 
function or water retention curve. This is general-
ly represented in terms of suction s rather than 
pore-water pressure as shown in figure 11, with 
the suction given by the opposite of the gauge wa-
ter pressure

  (8)

This curve reveals the different states of satura-
tion in a soil. If a saturated soil is exposed to eva-
poration, menisci at the surface will initially curve 
without any displacement of the meniscus junction 
(Fig. 11).

Suction will be generated in the pore wa-
ter with the degree of saturation still remaining 
equal to unity (‘Saturated state’ in Fig. 11). As 

Fig. 9 – Evaporation from a single capillary tube (after TA-
RANTINO 2010).
Fig. 9 – Evaporazione da un singolo tubo capillare (da TARANTI-
NO 2010).

Fig. 10 – Evaporation from a capillary system (after TARAN-
TINO, 2010).
Fig. 10 – Evaporazione da un sistema di tubi capillari 
(da TARANTINO, 2010).
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evaporation proceeds, meniscus curvature at the 
interface will increase and suction will further in-
crease. The suction will cause the expansion of 
air-cavities in the larger pores within the soil and 
the degree of saturation will therefore decrea-
se. However, the air phase is still discontinuous 
and not in direct contact with the surrounding 
air (‘Quasi-saturated’ state in Fig. 11). At the sta-
ge where water menisci at the interface reach the 
limit curvature, menisci will recede into the soil 
and air will enter the soil. Water and air will both 
be continuous in the pore space and this state 

can be referred to as ‘Partially saturated’ state 
(Fig. 11). A conventional value for the suction 
corresponding to the entry of air into the pore 
space, sAE, is obtained by intersecting the hori-
zontal line at degree of saturation equal to unity 
with the line tangent to the curve at the inflec-
tion point (Fig. 11).

Finally, a state is reached where water remains 
isolated at the particle contacts and is no longer 
continuous in the pore space (‘Residual state’ in 
figure 11). Equilibrium is then established through 
the vapour phase.

Fig. 11 – States of saturation.
Fig. 11 – Stati di saturazione.

Fig. 12 – Flow in capillary tube. a) Saturated flow and b) unsaturated flow (after TARANTINO, 2010).
Fig. 12 – Flusso in un tubo capillare. a) Flusso saturo e b) flusso non saturo (da TARANTINO, 2010).

a) b)
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3.2. Idealised hydraulic conductivity behaviour

Figure 12a shows water flow in a saturated capil-
lary tube having diameter d. Under the assumption 
of laminar flow, the relationship between the flow ac-
tual velocity vact and the hydraulic gradient i can be 
determined by solving the Navier–Stokes equations 
(Poiseuille’s law):

  (9)

where g is the acceleration of gravity, η is the kine-
matic viscosity, and RH is the hydraulic radius, i.e the 
ratio between the wetted area, Aw, and the wetted pe-
rimeter, Pw.

Let us assume that the capillary tube represents 
a pore channel in a soil. Since the Darcy’s flow velo-
city v is assessed per unit total area A, the following 
relationship holds between the Darcy’s flow velocity, 
v, and the actual velocity:

  (10)

where Sr is the degree of saturation and n is the poro-
sity. By combining equation (9) and equation (10), 
considering that RH=d/4 for the tube in figure 12a, 
and Sr=1 under saturated conditions, we can write:

  (11)

Equation (11) points out that the relationship 
between flow velocity v and hydraulic gradient i is li-
near and this is exactly what occurs in saturated geo-
materials. Equation (11) also appears to well captu-
re the hydraulic response of saturated geomaterials 
from a quantitative standpoint. The term in square 
brackets represents the hydraulic conductivity ksat, 
which depends on the fluid characteristics and tube 
geometry. The order of magnitude of the hydraulic 
conductivity in sands, silts, and clays can be calcula-
ted by considering characteristic pore sizes for the-
se geomaterials. As a first approximation, the size of 
the pore can be assumed to be equal to 1/10 of the 
size of the grain (d=dpore∼dgrain/10). As shown in ta-
ble I, the order of magnitude of hydraulic conduc-
tivity is well captured by equation (11) proving that 
the capillary tube may adequately serve as a basis to 
discuss water flow in unsaturated geomaterials.

Let us consider the case of water flow in an un-
saturated capillary tube (Fig. 12b). According to 
MITCHELL [1993], the wetted area Aw and the wetted 
perimeter Pw can be expressed in terms of void ratio 
e, degree of saturation Sr, and particle specific sur-
face S0 (surface area per unit mass) as follows (assu-
ming that areal and volumetric porosities are equal):

  (12)

By combining equations (10), (11) and (12) the 
following equation is obtained for unsaturated flow:

  (13)

This equation is known as the Kozeny-Carman 
equation [MITCHELL, 1993]. The unsaturated hydrau-
lic conductivity can therefore be written as:

  (14)

The unsaturated hydraulic conductivity there-
fore depends on the degree of saturation through 
a power law in the simple model shown in figure 
12. In geomaterials, it is also found that the hydrau-
lic conductivity essentially depends on degree of sa-
turation even though the function k=k(Sr) may dif-
fer from a power law. It is also generally observed 
that the relationship k=k(Sr) does not exhibit hy-
steresis in contrast to the relationship Sr=Sr(s). It is 
instructive to compare the hydraulic conductivity 
function of sand and silt calculated using equation 
(14) assuming a saturated hydraulic conductivity of 
10-3 m/s and 10-6 m/s for the sand and silt respecti-
vely, and air-entry suctions of 1 kPa and 40 kPa for 
the sand and silt respectively. As shown in figure 13, 
the hydraulic conductivity of the silt is clearly lower 
than that of sand at saturation and in the low suc-

Fig. 13 – Comparison of unsaturated hydraulic conductivi-
ty for sandy and silty soil.
Fig. 13 – Confronto tra conducibilità idraulica non satura di un 
terreno sabbioso e di uno limoso.
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tion range. However, the hydraulic conductivity may 
become greater than that of sand as suction increa-
ses, i.e. the sand can be found to be less permeable 
than silt under unsaturated conditions. This is the 
basis of the coarse-grained capillary barrier concept 
used in agriculture.

3.3. Idealised shear strength behaviour

3.3.1. MECHANICAL INTERACTIONS AT THE MICRO-SCALE

Water in unsaturated geomaterials exists at the 
inter-particle contacts around air-filled voids (me-
niscus water) and in saturated sub-regions of the 
pore space (bulk water) (Fig. 11c). Particle con-
tacts can therefore be divided in ‘saturated’ con-
tacts (bulk water) and ‘meniscus’ contacts (meni-
scus water).

Consider the meniscus forming at the contact 
between two rigid spherical particles (Fig. 14a). The 
pressure difference across the liquid interface, ua-uw, 
is given by the Young-Laplace equation:

  (15)

where T is the surface tension, and b and c are the 
principal radii of curvature of the liquid-gas inter-
face.

If the contact angle is Θ=0, the meniscus sur-
face derived by solving equation (15) is a Plateau 
nodoide. However, little error is introduced if the 
meridian curve is assumed to be circular with ra-
dius c [FISHER, 1926]. The radii b and c of the me-
niscus depend on the angle β, defining the posi-
tion of the meniscus junction, and the particle ra-
dius r:

  (16)

It is worth noticing that ua-uw=0 for β=53° and 
is greater than zero for β<53°. Force equilibrium 
across the horizontal plane passing through the in-
ter-particle contact leads to (Fig. 14b):

  (17)

where N is the inter-particle normal force, A is the 
total area, Ν/Α is the inter-particle normal stress, σ 
is the total stress, and Aw and Pw are the wetted area 
and wetted perimeter respectively (the area and the 
perimeter of the circle of radius b in figure 14). Sin-
ce the term in square brackets on the right-hand si-
de of equation (17) is a function of β through equa-
tion (16) and suction ua-uw is also a function of β 
through equations (15) and (16), the inter-particle 
stress generated by the meniscus (second term on 
the right-hand side of equation (17)) can be plot-
ted against suction for different values of the parti-
cle radius r as shown in figure 15 (it is assumed ua=0 
and σ=0). It is observed that the compressive inter-
particle stress generated by the meniscus, (N/A)m, 
mainly depends on particle size and remains nearly 
constant for a given particle size. In other words, the 
value of suction within a meniscus water lens has very 
little effect on the stability of that contact. To a first 
approximation, the additional stabilising inter-parti-
cle stress between two spherical particles of given ra-
dius r can therefore be assumed to be constant whe-
never the meniscus water lens is present, but it di-
sappears when the surrounding voids are water-filled 
[WHEELER et al., 2003].

For the case of a saturated contact (Fig. 16) in a 
saturated ‘bulk water’ sub-region, the inter-particle 
stress is given by

  (18)

The compressive inter-particle stresses genera-
ted by suction at a saturated contact, (N/A)b, and 
at the meniscus contact, (N/A)m, are compared in 
figure 15. It can be observed that the suction has 

Fig. 14 – Meniscus contact. a) Geometry of the meniscus. b) Equilibrium at the contact (after TARANTINO, 2010).
Fig. 14 – Menisco al contatto interparticellare. a) Geometria del menisco. b) Equilibrio al contatto (da TARANTINO, 2010).

a) b)
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negligible effects on ‘meniscus’ inter-particle com-
pressive stress as compared with the ‘saturated’ 
compressive inter-particle stress. This confirms on-
ce again that the stabilising effect of a single me-
niscus may be regarded as an on-off effect. A me-
niscus ‘bonds’ two particles together almost inde-
pendently of the level of suction and its effect va-
nishes as air-filled void surrounding the meniscus 
is flooded. It is also interesting to observe that the 
inter-particle stress at zero suction is nil for the ca-
se of saturated contact whereas it is greater than 
zero for the meniscus contact. Even if suction is 
zero (b=c for β=53°), the surface tension still acts 
as a compressive force along the wetted perimeter 
(Fig. 16), which results in a compressive inter-par-
ticle stress.

Although the inter-particle stress at the single 
meniscus contact is virtually independent of suction, 
the contribution of menisci to the stability of the soil 
skeleton depends on the number of menisci, which is 
roughly proportional to 1-Sr [GALLIPOLI et al., 2003]. 
As a result, one would expect the shear strength to 
be controlled by the degree of saturation Sr.

At the same time, the inter-particle stress at the 
single saturated contact does depend on suction 
and, as a result, one would expect the shear strength 
to be also controlled by the suction s.

3.3.2. SHEAR STRENGTH

Inter-particle stresses at the saturated and me-
niscus contacts can also explain the contribution of 
suction and degree of saturation to shear strength 
as observed experimentally. Figure 17 shows typi-
cal evolution of ∆τ, the difference between the she-
ar strength τ and the shear strength at zero suction, 
σ⋅tanφ’, as suction increases and degree of saturation 
decreases [FREDLUND and RAHARDJO, 1993; LU and 

Fig. 15 – Intergranular stress generated by suction at meni-
scus and saturated contact.
Fig. 15 – Tensione intergranulare generata dalla suzione al con-
tatto interparticellare in presenza di menisco e saturo.

Fig. 16 – Equilibrium at the saturated contact (after TARAN-
TINO, 2010).
Fig. 16 – Equilibrio al contatto interparticellare saturo (da TA-
RANTINO, 2010).

Fig. 17 – Contribution of suction to shear strength (after 
TARANTINO, 2010).
Fig. 17 – Contributo della suzione alla resistenza al taglio 
(da TARANTINO, 2010).

a)

b)

LIKOS, 2004; BOSO et al., 2004; TARANTINO and TOMBO-
LATO, 2005].

A geomaterial initially remains saturated (Sr∼1) 
as suction increases from zero. As the Terzaghi’s 
principle of effective stress holds in this range, the 
increase in shear strength is proportional to tanφ’, φ’ 
being the effective angle of shearing resistance (con-
tinuous curve in figure 17b). As suction increases 
beyond the air-entry suction sAE, the soil desatura-
tes and the shear strength ∆τ is generally lower than 
the shear strength the specimen would have exhibi-
ted if it had remained saturated under any suction. 
In some cases, it is observed that, at suctions close to 
the air-entry suction, the shear strength of the unsa-
turated geomaterial is slightly higher than the she-
ar strength under saturated conditions [BOSO et al. 
2004] (dash-dot line in Fig. 17b).

To provide a microscopic interpretation of this 
response, let us compare the same ideal packing un-
der saturated and unsaturated conditions (Fig. 18). 
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Let us also assume that the contribution of suction to 
shear strength, ∆τ, is proportional to the intergranu-
lar stress σi generated by the suction s:

  (19)

The intergranular stress under saturated and un-
saturated condition can be written as follows (by ta-
king into account equations (17) and (18)] and as-
suming σ=ua=0):

 (20)

where am and ab are the areas occupied by the me-
niscus and bulk water respectively, a is the total 
area, and (N/A)m and (N/A)b are the inter-parti-
cle stresses at meniscus and saturated contacts re-
spectively.

Equation (20) shows that the difference betwe-
en the intergranular stress under saturated and un-
saturated is therefore associated with the difference 
in the saturated and meniscus intergranular stress 
across the area am. As shown in figure 15, the meni-
scus intergranular stress can be higher than satura-
ted intergranular stress at low suction, and is lower 
at high suction. This qualitatively explains why the 
contribution of suction to shear strength, ∆τ, may be 
higher than saturated shear strength at low suction 
and becomes lower than saturated shear strength 
as suction increases (dash-dot line in Fig. 17). The 
increase in unsaturated shear strength around the 
air-entry suction may not be always observed experi-
mentally whereas the decrease of the rate of change 
d(∆τ)/ds to a zero value is almost always observed 
in unsaturated geomaterials.

Finally, since

  (21)

Equation (20) can be re-written as follows:

 
s

 (22)

The integranular stress under unsaturated con-
ditions and, hence, the shear strength, therefore de-
pends on both suction and degree of saturation as 
discussed more in detail in Section 5.

4. Hydraulic behaviour of unsaturated soils 
observed experimentally

4.1. Water retention

Water retention behaviour of unsaturated soils 
can be characterised by measuring the (negative) 
pore-water pressure and the degree of saturation / 
gravimetric water content / volumetric water con-
tent on either undisturbed samples in the laborato-
ry or directly in the field with sensors installed in the 
ground.

Experimental characterisation of water reten-
tion behaviour is often too time-consuming for pre-
liminary design. It may then be convenient to ‘bor-
row’ water retention behaviour from the literature 
by considering soils that are similar in terms of in-
dex properties (grain size distribution, Atterberg li-
mits). Prior to illustrating a few examples of water 
retention behaviour of different classes of soils, it is 
convenient to illustrate the phase variables typically 
used in the literature to describe water retention be-
haviour.

Water retention behaviour is generally represen-
ted via a number of phase variables:

  (23)

where Mwater and Msolids are the mass of water and 
mass of solids respectively, Vwater and Vvoids are the 
volumes of water and voids respectively, and V is the 
total volumes. The gravimetric water content and 
the water ratio only require the determination of the 

Fig. 18 – Particle-scale interpretation of shear strength 
(after TARANTINO, 2010).
Fig. 18 – Interpretazione della resistenza al taglio alla scala 
della particella.
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wet and dry mass of the sample, whereas volumetric 
water content and degree of saturation also require 
additional measurement of sample volume.

The most relevant phase relationships between 
these variables are summarised below [FREDLUND and 
RAHARDJO, 1993]:

  (24)

where e is the void ratio, n the porosity, and Gs the 
specific gravity.

To illustrate the evolution of the different volu-
metric variables upon a drying path, it is instructi-
ve to consider the following example. Let us consi-
der the case of a clay deposit normally consolidated 
with the groundwater table initially at the ground 
surface. Let us assume that the groundwater table 
lowers down in steps (levels 1 to 4 in Fig. 19a) and 
hydrostatic profiles are imposed upon each step. 
The soil element A shown in figure 19a is initially 
subjected to positive pore-water pressure (level 1), 
then zero pore-water pressure (level 2), and finally 
negative pore-water pressures (levels 3 and 4). The 
profile of the degree of saturation is shown in figu-
re 19c. It is worth noticing that the degree of satu-
ration of the soil element A when the groundwater 
table is at level 3 is till equal to unity. This is because 
the pore-water pressure imposed to the soil element 
A is higher than the air-entry pore-water pressure 
(or equivalently the suction imposed to the soil ele-
ment A is lower than the air-entry suction). In other 
words, the degree of saturation can remain equal to 
unity in a range of negative pore-water pressures.

This concept is better illustrated in figure 20. The 
degree of saturation remains equal to unity upon the 
steps 1 to 3 (Fig. 20). Because the soil remains satura-
ted, the void ratio e moves along the normal conso-
lidation line upon the steps 1 to 3 as shown in figure 
20b (please note that the clay deposit was assumed to 
be normally consolidated in this exercise).

The water ratio ew equals the void ratio e in the 
saturated range (see equation (24)). When the clay 
desaturates, the void ratio e generally tends to le-
vel off whereas the water ratio ew keeps decreasing 
(Fig. 20b) because water is removed from the clay.

Figure 20c shows the evolution of the porosity n 
and the volumetric water content θ. Again, n= θ in 
the saturated range whereas θ becomes lower than n 
when the soil desaturates.

In the saturated range, the response of the soil 
element A is controlled by the effective stress. Figure 
21 shows the evolution of volumetric variables e, ew, 
and θ in terms of both effective stress and suction. 
Upon the steps 1 to 3, the void ratio moves along the 
‘saturated’ compression line. If the same behaviour 
is represented in terms of suction only, the first part 
of the water retention curve reflects the changes in 
water ratio and porosity occurring in the saturated 
range as shown in figure 21.

Two examples of water retention behaviour for 
clay and silt samples are given in figure 22. The 
clay and the silt are initially saturated and they are 
subjected to air-drying at zero total stress. The air-
entry suction can be clearly detected when the water 
retention behaviour is represented in terms of de-
gree of saturation and in terms of void ratio/water 
ratio. On the other hand, this is more difficult to de-
tect when the water retention behaviour is represen-

Fig. 19 – Evolution of pore-water pressure and degree of saturation for the case of water table lowering.
Fig. 19 – Evoluzione della pressione dell’acqua interstiziale e del grado di saturazione nel caso di un abbassamento della falda freatica.

a) b) c)
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ted in terms of volumetric water content or water ra-
tio alone.

To familiarise with the water retention behaviour 
observed experimentally for different classes of soils, 
figure 23 presents the water retention data from un-
disturbed samples ranging from sand to clay. This re-
presents a mini-database that may help estimate wa-
ter retention behaviour for preliminary calculations. 
It is clearly not a comprehensive database and the rea-
der can refer to the literature to chase for soils having 
grain-size distribution closer to the soil of interest.

The experimental data in figure 23 were fitted 
using the van Genuchten function [VAN GENUCHTEN, 
1980]

 (25)

where α, n, and m are fitting parameters and Sr,res 
is the residual degree of saturation. The values of 
these parameters for the curves shown in figure 23 
are reported in table II. It is worth observing the 
correlation between the parameter n of the van Ge-
nuchten function and the uniformity of the grain 
size distribution. The Pentre silt has a relatively uni-
form grain-size distribution and this is reflected in 
a relatively steep water retention function beyond 
the air-entry suction (and relatively high values of 
n). On the other hand, all the other soils have a 
more well graded grain-size distribution and this 
is generally reflected in a degree of saturation that 

Fig. 20 – Different representation of water retention beha-
viour for the case of water table lowering.
Fig. 20 – Differenti rappresentazioni del comportamento di riten-
zione idrica nel caso di un abbassamento della falda freatica.

Fig. 21 – Typical water retention behaviour for the case where suction increases (pore-water pressure becoming more negative).
Fig. 21 – Tipico comportamento di ritenzione idrica nel caso di incremento di suzione (pressione dell’acqua intersiziale che diventa più negativa).

a)

c)

b)
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decreases more smoothly beyond the air-entry suc-
tion.

It is also worth noticing that the air-entry suc-
tion is associated with the overall grain size, being 
lower for coarser materials. This is not unexpected 
as coarse materials are characterised by larger pore-

size and, hence, lower air-entry suction according to 
equation (6).

The air-entry suction is controlled by the largest 
pores in a soil matrix, which can be in turn related 
to the larger grain size as a very first approximation. 
Figure 24 shows the relationship between the air-

Fig. 22 – Examples of water retention behaviour. a) London clay. b) Pentre silt (after MARINHO, 1994).
Fig. 22 – Esempi di comportamento di ritenzione idrica a) Argilla di Londra. b) Limo di Pentre (da MARINHO, 1994).

Sand Silt Clay

Grain size dgrain (mm) 2 0.075 0.002

Pore size dpore (mm) 0.2 0.0075 0.0002

Gauge water pressure uw-ua (kPa) -1.4 -38 -1440

Absolute water pressure uw (kPa) +98.6 +62 -1340

Poiseuille hydraulic conductivity (n=0.5) ksat (m/s) 3·10-3 1·10-6 3·10-9

Tab. I – Minimum sustainable gauge and absolute water pressure and hydraulic conductivity in capillary tubes having diame-
ters representative of typical geomaterial pore size (Θ=0°, T=0.072 N/m, ua=100 kPa, η=10-6 m2/s) (after TARANTINO, 2010).
Tab. I – Minima pressione assoluta e relativa sostenibile e conducibilità idraulica in tubi capillari di diametro rappresentativo della 
dimensione dei pori di differenti classi di geomateriali (=0°, T=0.072 N/m, ua=100 kPa, =10-6 m2/s) (da TARANTINO, 2010).

a) b)
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entry suction and the grain size corresponding to 
80% finer, d80. The air-entry suction, sAE, was derived 
analytically from the parameters of the water reten-
tion function according to:

 (26)

There appears to be a good correlation betwe-
en the air-entry suction and the grain size d80 as 

shown in figure 24. This correlation can provide 
the order of magnitude of the air-entry suction if 
information about the grain size distribution is ma-
de available.

4.2. Hydraulic conductivity

The hydraulic conductivity of a soil depends on 
its degree of saturation as discussed in Section 3.2. 
The hydraulic conductivity is generally expressed by 

Fig. 23 – Grain size distribution and water retention behaviour of undisturbed soils. a) Pyroclastic soils after NICOTERA et al., 
[2010]. b) River estate loam after ARYA and PARIS [1981]. c) Pentre silt and London clay after MARINHO [1994].
Fig. 23 – Curva granulometrica e comportamento di ritenzione idrica da campioni indistrubati. a) Terreni piroclastici da NICOTERA et al., 
[2010]. b) Terreno agricolo fluviale da ARYA e PARIS [1981]. c) Argilla di Londra e limo di Pentre da MARINHO [1994].

a)

b)

c)
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the combination of the saturated hydraulic conduc-
tivity, ksat, and the relative hydraulic conductivity, kr,

  (27)

The relative hydraulic conductivity characterises 
the unsaturated soil and depends on the effective de-
gree of saturation Sr,e:

  (28)

where Sr,res is the degree of saturation at the re-
sidual state (Fig. 25). The effective degree of sa-
turation is equal to 1 at saturation and equal to 0 
at the residual state. Water is essentially immobile 
at the residual state and the hydraulic conducti-
vity is therefore virtually equal to zero in this sta-
te. This is the reason why the relative hydraulic 
conductivity is expressed as a function of effecti-
ve degree of saturation rather than the degree of 
saturation.

The measurement of the hydraulic conducti-
vity in the unsaturated range is relatively complex 
and relationships have been developed to derive 
the relative hydraulic conductivity from the water 
retention function. A popular relationship has be-
en proposed by VAN GENUCHTEN [1980]:

  (29)

where m is the water retention parameter in equa-
tion (25). This relationship, together with other re-
lationships for the indirect estimation of the relative 
hydraulic conductivity proposed in the literature, is 
not always accurate to reproduce actual experimen-
tal data. However, it can be conveniently used for 
preliminary analysis of water flow. Examples of the 

performance of the function given by equation(29) 
are shown in figure 26.

For comparison, figure 26 also shows the relative 
hydraulic conductivity according to the Kozeny-Car-
man (see Eq. (14) in section 3.2):

  (30)

It can be observed that equation (30) tends to 
overestimate the hydraulic conductivity in the un-
saturated range. When assessing the loss of suction 
due to infiltration of rainwater, the Kozeny-Carman 
equation therefore represents a conservative estima-
tion of the relative hydraulic conductivity because it 
allows faster ingress of water into the ground and, 
hence, gives rise to more rapid loss in suction.

5. Shear strength behaviour of unsaturated soils 
as observed experimentally

The shear strength criterion for saturated soils, 
which include soils with suction lower than the air-
entry value (s<sAE), can be written in terms of ‘satu-
rated’ effective stress. Shear strength can be expres-
sed via the normal and tangential stresses (Mohr-
Coulomb variables) or isotropic and deviator stres-
ses (stress invariants):

  (31)

Fig. 24 – Relationship between suction at air-entry, sAE and 
grain size d80.
Fig. 24 – Relazione tra suzione al valore di ingress sAE e 
dimensione dei grani d80.

Fig. 25 – Effective and residual degree of saturation.
Fig. 25 – Grado di saturazione efficace e residuo.
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where σ is the normal total stress, σ’ is the normal ef-
fective stress, τ is the tangential stress, p is the isotro-
pic total stress, p’ is the isotropic effective stress, q is 
the deviator stress, and φ’ and M are shear strength 
parameters.

Let us re-write the shear strength criteria for sa-
turated soils as follows:

  (32)

The first term on the right hand-side accounts for 
the effect of total stress whereas the second term on 
the right hand-side accounts for the effect of the pore-
fluid.

For the case of unsaturated soils (s>sAE), the po-
re-fluid affects the shear strength via its suction but 
also its degree of saturation. As discussed in Section 
3.3, same suction but different degrees of saturation 
lead to different values of shear strength. As a result, 
the failure criterion for an unsaturated soil can be 
written generically as follows:

Fig. 26 – Performance of the van Genuchten function for the indirect estimation of the relative hydraulic conductivity.
Fig. 26 – Funzione di van Genuchten per la stima indiretta della conducibilità idraulica relativa.

c)

a)

b)
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  (33)

where f(s,Sr) is a function of suction and degree of 
saturation.

The simplest assumption for this function is 
f(s,Sr) = s ⋅Sr and experimental data presented in this 
section are therefore interpreted in terms of normal 
stress σ + s ⋅Sr or, equivalently, in terms of isotropic 
stress p + s ⋅Sr.

Figure 27a presents a collection of triaxial da-
ta on silty and sandy samples [TARANTINO and EL 
MOUNTASSIR, 2013]. The horizontal axis reports the 
deviator stress qfailure measured at failure whereas 
the vertical axis reports the deviator stress that would 
be predicted if the failure criterion is modelled as 
follows:

  (34)

where M is the critical state parameter measured for 
saturated states. It can be observed that data from 
silty and sandy samples fairly align along the 1:1 li-
ne showing that f(s,Sr)=s ⋅Sr for silty and sandy soils. 
Equation (34) can therefore be used to represent 
the shear strength for unsaturated silty and sandy 
soils.

On the other hand, figure 27b presents a col-
lection of triaxial data on clayey samples [TARANTINO 
and EL MOUNTASSIR, 2013]. It can be observed that 
equation (34) significantly over predicts the devia-
tor stress at failure. As discussed by TARANTINO and 
EL MOUNTASSIR [2013], the failure criterion for clay-
ey soils should be written by considering a different 
function for f(s,Sr) as suggested by VANAPALLI et al. 
[1996]:

  (35)

Since k >1 and hence equation (35) indicates 
that only a fraction of the degree of saturation con-
tributes to shear strength, i.e. only a fraction of the 

pore-water is involved in the shearing mechanism 
[TARANTINO, 2007].

The shear strength criterion given by equation 
(35) is difficult to use in engineering practice becau-
se the parameter k is soil-specific and requires tests 
on unsaturated samples to be carried out [TARANTI-
NO and EL MOUNTASSIR, 2013]. However, a different 
approach can be devised to characterise the shear 
strength of unsaturated clayey soils. As discussed la-
ter in the paper (Section 7.1), the term in equation 
(33) can be replaced conservatively by an apparent 
cohesion cunsat equal to:

  (36)

where sAE is the suction at the air-entry and φ’ is the 
angle of shearing resistance measured on saturated 
samples. Values of apparent cohesion for the three 
clayey soils examined in figure 27b are reported in 
table III. These values are relatively high and are of-
ten sufficient to ‘stabilise’ geotechnical structures.

6. Water flow analysis

The water flux imposed at the ground surfa-
ce by evaporation or rainwater infiltration genera-
tes pore-water pressure gradients in the ground. 
In turn, changes in pore-water pressure cause me-
chanical deformation of the soil skeleton, which 
affects soil water storage capacity. In other words, 
water flow is a hydro-mechanical coupled process 
that requires in principle water mass balance and 
momentum balance equations to be solved simul-
taneously.

The water flow equations are here discussed with 
reference to 1-D conditions. The water mass balance 
can be written as follows:

  (37)

where vz is the flow velocity, θ is the volumetric wa-
ter content (volume of water per total volume), and 
t is the time. Considering equation (24), the term on 

Source Soil α [kPa-1] n m=1-1/n Sr,res sAE [kPa]

NICOTERA et al. (2010)

Pyroclastic soil – Soil 1 1.238 1.716 0.417 0.239 3.6

Pyroclastic soil – Soil 4 1.075 1.495 0.331 0.249 4.0

Pyroclastic soil – Soil 8 0.820 1.39 0.281 0.236 5.3

ARYA and PARIS (1981)
Loam (40-50 cm) 0.0228 1.422 0.297 0.30 19.1

Loam (20-30 cm) 0.0797 1.319 0.242 0 5.6

MARINHO 1994
Pentre silt 0.00931 2.219 0.549 0.084 53.1

London clay 0.000120 1.888 0.470 0 3831.0

Tab. II – Parameters of the van Genuchten water retention functions in figure 23.
Tab. II – Parametri delle funzioni di ritenzione idrica di van Genuchten illustrate in figura 23.



RIVISTA ITALIANA DI GEOTECNICA

24 TARANTINO - DI DONNA

the right-hand side of equation (37) can be re-writ-
ten as follows:

  (38)

In equation (37), the flow velocity is given by 
the Darcy-Buckingam law [FREDLUND and RAHARDJO, 
1993; LU and LIKOS, 2006]:

Fig. 27 – Shear strength under unsaturated conditions. a) 
Silty/sandy soils. b) Clayey soils.
Fig. 27 – Resistenza al taglio in condizioni non sature. a) Terreni 
limosi e sabbiosi. b) Terreni argillosi.

  Tab. III – Grain-size composition of the soils examined for shear strength and apparent cohesion of clayey soils.
Tab. III – Distribuzione granulometrica dei terreni argillosi esaminati per la resistenza al taglio e la coesione apparente.

Soil Source clay
fraction

silt
fraction

sand
fraction

sAE⋅tan φ’
[kPa]

Si
lt

y 
/ 

sa
n

dy
 

so
ils

Pyroclastic sand PAPA et al., (2008) 0.04 0.31 0.65

Sion silt GEISER et al., (2006) 0.08 0.72 0.20

Locone silt CAPOTOSTO and RUSSO (2011) 0.10 0.45 0.55

Coarse kaolin THU et al., (2006) 0.15 0.85 -

C
la

ye
y 

so
ils

Jurong TOLL and ONG, (2003) 0.40 0.28 0.32 108

Diyarbakır clay KAYADELEN et al., (2007) 0.67 0.30 0.03 23 

Kaolin UCHAIPICHAT, (2010) 0.80 0.20 - 33

  (39)

where uw is the pore-water pressure (the opposi-
te of the pore-water tension), z is the vertical coor-
dinate increasing upward, γw is the specific weight 
of water, and k is the hydraulic conductivity, which 
depends on void ratio e and degree of saturation Sr 
[MITCHELL, 1993]. Equation (39) neglects diffusive 
and advective transport of water vapour and this as-
sumption is corroborated by numerical simulation 
of isothermal drying in low-permeability materials 
[BAROGHEL-BOUNY, et al., 2001; COUSSY, 2004]. By com-
bining equations (37), (38), (39), we can derive the 
water flow equation under 1-D conditions

  (40)

This equation is discussed separately for the case 
of saturated and unsaturated soils.

6.1. Saturated soil

As is well known, the following assumptions can 
be made for the case where the soil is saturated (Sr=1):

  (41)

where εv is the volumetric strain. The water flow 
equation can then be written as follows

  (42)

If the soil is assumed to behave as a linear elastic 
material, the volumetric strain depends on the effec-
tive vertical stress σz’

  (43)

where mv is the volumetric compressibility. By repla-
cing equation (43) into equation (42) and by assu-

a)

b)
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ming that the total vertical stress σz is constant with 
time, the well-known Terzaghi’s 1-D consolidation 
equation is obtained:

  (44)

The water flow process is then controlled by the 
consolidation coefficient cv given by:

  (45)

6.2. Unsaturated soil

For the case of unsaturated soils, the hydrau-
lic conductivity and the degree of saturation de-
pend on the (negative) pore-water pressure and 
are therefore no longer constant in contrast to 
saturated soils. On the other hand, the porosity 
n can generally be assumed constant. This is be-
cause the variation Sr⋅∂n/∂t given by the second 
term on the right-hand side of equation (38) is 
negligible compared to the variation given by the 
first term, n⋅∂Sr/∂t. In summary, the following as-
sumptions hold:

  (46)

the water flow equation therefore becomes

  (47)

This equation is highly non-linear and can ge-
nerally be solved only via numerical methods (fini-
te difference method or finite element method). 
Analytical solutions are available for the case where 
the hydraulic conductivity and water retention fun-
ctions are represented by exponential functions as 
follows [YUAN and LU, 2005]:

  (48)

where ksat is the hydraulic conductivity at zero pore 
water pressure, sat and res are the volumetric water 
contents at zero pore water pressure and at the resi-
dual state respectively, and α is a soil parameter. The-
se two functions capture qualitatively but not quan-
titatively the hydraulic conductivity and the water re-
tention behaviour of unsaturated soils observed ex-

perimentally. As a result, this solution can be used 
for preliminary studies or to benchmark solutions 
obtained numerically.

Transient solution from bare soil with constant 
surface flux q1 (positive upward) and initial hydro-
static condition derived from YUAN and LU [2005] is 
as follows:

  (49)

where z is the depth from the ground surface, Hw is 
the depth of the ground water table, t is the time, D 
is the water diffusivity, and n is the nth positive root 
of the characteristic equation,

  (50)

The water diffusivity D is in turn given by:

  (51)

6.3. Unsaturated soil – Simplified approach (using Ter-
zaghi’s consolidation 1-D equation)

A critical aspect in the stability of geotechni-
cal structures in unsaturated state is the effect of 
rainwater infiltration that partially or totally relie-
ves the negative pore-water pressures and, hence, 
their beneficial effects on shear strength. A sim-
ple method for preliminary assessment of the ef-
fects of infiltration rainwater on (negative) pore-
water pressure can be developed based upon solu-
tions available in classical geotechnical textbooks 
focusing on saturated soils [STANIER and TARANTINO, 
2013].

The water flow governing equation can be linea-
rised by assuming that i) the hydraulic conductivity is 
constant and equal to the saturated value and ii) the 
water retention curve is linear.

  (52)

The simplified hydraulic model is illustrated in fi-
gure 28. The hydraulic conductivity is assumed to be 
equal to the saturated value for conservatism as it re-
turns the maximum possible infiltration and, hence, 
the highest loss of negative pore-water pressure (suc-
tion) and thus shear strength. The water retention 
curve cannot be linearised based on conservativism 
because the most conservative assumption is given by 
∆θ/∆uw=0, which returns an instantaneous propaga-
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tion of any pore-water pressure change at the bounda-
ry. Figure 28 shows two possible linearisations in the 
range where the pore-water pressure is expected to va-
ry (shaded area in Fig. 28), a secant linearisation and 
a tangent linearisation respectively. When an infiltra-
tion problem is analysed, the initial pore-water pressu-
re at the boundary is the minimum of the range of va-
riation of pore-water pressure and the tangent to the 
water retention curve associated with the (minimum) 
pore-water pressure at the boundary generally returns 
a lower value of ∆θ/∆uw as shown in figure 28.

Under these assumptions, the one-dimensional 
water flow equation becomes:

  (53)

where ∆θ/∆uw is the slope of the linearised water 
retention curve. The term in parenthesis on the 
left-hand side of equation (53) is the equivalent of 
the consolidation coefficient cv appearing in Terza-
ghi’s consolidation equation for saturated soils (see 
Eq. 44):

  (54)

It is interesting to look at the similarities betwe-
en the water flow under saturated and unsaturated 
conditions by inspecting the relative consolidation 

coefficients given by Eqs. [45] and [54] respectively. 
Under saturated conditions, the ‘storage’ capacity of 
the soil, i.e. the capacity to retain or release water, 
derives from the change in volume of the pores, in 
turn controlled by the volumetric compressibility mv 
in equation (45). Under unsaturated conditions, the 
storage capacity mainly derives from the change in 
degree of saturation controlled by the slope of the 
water retention curve, ∆θ/∆uw, in equation (54).

Let us assume that the initial condition for po-
re-water pressure is hydrostatic and controlled by the 
groundwater table located at a depth Hw from the 
ground surface. This assumption is conservative as 
evaporation would significantly increase suction close 
to the ground surface. To simulate infiltrating rainwa-
ter, it can be assumed for conservatism that ponded 
infiltration occurs, and therefore the hydraulic con-
dition at the upper boundary is represented by zero 
pore-water pressure at the ground surface. Let us also 
assume a groundwater table at the bottom of the flow 
domain. Initial and boundary conditions for the sim-
plified analysis are schematically shown in figure 29.

With these initial and boundary conditions, the 
problem reduces to the classical Terzaghi’s consolida-
tion problem with triangular excess pore-water pressu-
re and double-drainage. The solution of this problem 
is widely found in classical geotechnical textbooks:

  (55)

where uw is the pore water pressure, z is the vertical co-
ordinate (positive upward), t is the time, uw0 is the ini-
tial excess pore-water pressure at the ground surface, 
Hw is the water table depth, and T is the time factor:

  (56)

Equation (55) makes it possible to predict con-
servatively, the evolution of the pore-water pressure 
profile with time and, hence, the calculation of the 
factor of safety over time of a geotechnical structure.

To derive the pore-water pressure at given ti-
me and depth using equation (55), it is also possi-
ble to make use of non-dimensional solutions pre-
sented in graphical form, similarly to the graphical 
solutions of the Terzaghi’s consolidation equation 
available in classical textbooks. This is presented in 
figure 30.

For sake of clarity, an example is provided about 
the use of the graphical solution to quantify the 
change in (negative) pore-water pressure associated 
with ponded infiltration. Let us consider the verti-
cal cut 4 m high shown in figure 31 and let us assu-
me that the groundwater table is at a depth Hw=10m. 
The negative pore-water pressure under hydrostatic 

Fig. 28 – Water retention and hydraulic conductivity fun-
ctions adopted for the simplified analysis.
Fig. 28 – Funzioni di ritenzione idrica e conducibilità idraulica 
adottate nell’analisi semplificata.
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conditions is sufficient to stabilise the vertical cut but 
rainwater infiltration may cause a loss in the ‘stabili-
sing’ negative pressure. Let us assume that the mate-
rial is characterised by silty sand having the water re-
tention behaviour shown in figure 32 and a saturated 
hydraulic conductivity ksat=10−7 m/s. Let us also con-
sider a linearised water retention curve via the tan-
gent to the water retention curve at value of negative 
pore-water pressure associated with the ground sur-
face (Fig. 32b) The consolidation coefficient is then 
given by:

  (57)

For a ponded infiltration lasting 1 day, the time 
factor becomes:

 (58)

The pore-water pressure profile can be derived 
from the non-dimensional solution by considering 
the isochrone having T=0.05. The values of non-di-
mensional pore-water pressure uw/uw0 at various non-
dimensional depths, z/H, can be read and then con-
verted into actual depth z and actual pore-water  pres-
sure uw as shown in table IV and then in figure 33.

7. Stability analysis

7.1. Rigorous and simplified shear strength criterion

Shear strength criteria for soils subjected to suc-
tion can be written as follows for sandy/silty soils and 
clayey soils respectively (see Section 5)

Fig. 29 – Initial and boundary conditions adopted for the 
simplified analysis.
Fig. 29 – Condizioni iniziali e al contorno adottate nell’analisi 
semplificata.

Fig. 30 – Analytical solution in non-dimensional form of ponded infiltration (‘linearised’ problem). Isochrones are given for 
different values of the time factor T.
Fig. 30 – Soluzione analitica in forma adimensionale dell’infiltrazione generata da una lama d’acqua alla superficie del terreno (problema 
‘linearizzato’). Isocrone a differenti valori del fattore di tempo T.
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Sandy/silty soils

 (59)

Clayey soils (k>1)

 (60)

It is convenient to consider separately the contri-
bution of total stress and suction to shear strength. 
In particular, the term ∆tsuction represents the con-
tribution of suction to shear strength as shown in 
figure 34

Sandy/silty soils

  (61)

Clayey soils (k>1)

  (62)

As shown by equations (61) and (62), informa-
tion is required about the water retention beha-
viour (i.e. the relationship between suction and de-
gree of saturation) and the value of the parameter 
k for the case of clayey soils to quantify the contri-
bution ∆tsuction. This information is not always avai-
lable in practice and it is also not easy to make an 
educated guess of the function Sr=Sr (s) and the 
parameter k. This would make it difficult to quan-
tify the contribution of partial saturation to shear 
strength.

However, a simplified shear strength criterion 
can be developed making use of information more 
readily available or easier to estimate. This is repre-
sented by the dashed line in figure 34 and the equa-
tions as follows:

Tab. IV – Data-points from pore-water pressure profile 
from non-dimensional graphical solution (T=0.05, H=5m 
and uw0=100 kPa)
Tab. IV – Punti derivati dai profili di pressione dell’acqua in-
terstiziale associati alla soluzione grafica (T=0.05, H=5m and 
uw0=100 kPa).

Fig. 32 – Water retention curve for a silty soil. a) Traditional representation in terms of suction on log-scale. b) Representa-
tion in terms of pore-water pressure on linear scale.
Fig. 32 – Curva di ritenzione idrica di un terreno limoso. a) Rappresentazione tradizionale in termini di suzione in scala logaritmica. 
b) Rappresentazione in termini di pressione dell’acqua interstiziale in scala lineare.

Fig. 31 – Vertical cut subjected to rainwater infiltration.
Fig. 31 – Parete verticale soggetta a infiltrazione di acqua 
piovana.

z/H uw/uw0 z [m] uw [kPa]

0 0 0 0

0.2 0.37 1.0 37

0.4 0.59 2.0 59

0.6 0.64 3.0 64

0.8 0.59 4.0 59

1.0 0.5 5.0 50

1.2 0.4 6.0 40

a) b)
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  (63)

This criterion only requires information about 
of the air-entry suction sAE (or its estimation via 
figure 24 for example) without the need of carrying 
out a full characterisation of the water retention be-
haviour and shear strength in the unsaturated range. 
This criterion is clearly conservative with respect to 
the actual shear strength but allows taking into ac-
count the effect of partial saturation in contrast to 
the ‘dry’ approach represented by the dotted line in 
figure 34.

As shown in table III, the term ∆τsuction = sAE · 
tanφ', which characterises the contribution of suction 
to shear strength in the unsaturated range, can be of 
several tens of kPa in clayey soils and this ‘cohesion’ 
term is therefore more than sufficient to ‘stabilise’ a 
large number of geotechnical structures.

7.2. Simplified approach for stability analysis with rigo-
rous and simplified shear strength criteria

Stability analysis involving partially saturated 
soils requires in principle the implementation of 
unsaturated shear strength criteria (Eq. (59)) into 
numerical codes. This option is available in some 
specialist software but not in the majority of stability 
analysis software used in engineering practice, whe-
re the shear strength criterion is generally given in 
the form of a frictional term plus a cohesive term.

However, the shear strength ∆τsuction can be in-
terpreted as a cohesion term due to partial satura-
tion and the failure criterion for unsaturated soils 
can be formulated as follows:

  (64)

The ‘rigorous’ shear strength criterion given by 
Eq. (59) can then be reformulated in terms of unsa-
turated cohesion:

  (65)

The same applies for the ‘simplified’ shear 
strength criterion given by Eq. (63):

  (66)

It is then sufficient to design the geotechnical 
structures with fictitious layers characterised by dif-
ferent suction values and, hence, unsaturated cohe-
sion values as shown in figure 35.

8. Applications

The approach put forward in this paper to 
analyse the stability of geotechnical structures is ap-
plied to the three cases, i.e. an ideal slope, a real 
vertical cut, and a real cave. The approach will be 
illustrated fully for the first case, presenting both 
the rigorous and the simplified solutions and com-
paring them to the standard ‘dry’ solution. This is 
aimed to demonstrate how consideration of unsatu-

Fig. 33 – Pore-water pressure profile derived from non-
dimensional graphical solution.
Fig. 33 – Profili di pressione dell’acqua interstiziale derivati dalla 
soluzione adimensionale in forma grafica.

Fig. 34 – Simplified criterion for estimating the contribu-
tion of suction to shear strength ∆tsuction.
Fig. 34 – Criterio semplificato per stimare il contributo della suzio-
ne alla resistenza al taglio ∆tsuction.
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rated soil mechanics can overturn stability analysis 
compared to the ‘dry’ approach. The second and 
third applications illustrate two real cases where 
only the simplified method is implemented.

8.1. Slope stability analysis

8.1.1. HYDROSTATIC PORE-WATER PRESSURE DISTRIBUTION

The first case study is represented by a 40° in-
clined slope having the geometry illustrated in fi-
gure 36. The water table is assumed to be located 
2 m below the slope toe, giving rise to the hydro-
static distribution of suction shown in the same 
figure.

Two scenarios are studied by considering two dif-
ferent soil types, clay and pyroclastic soil. The main 
properties of the two materials are summarised in 
table V. A standard stability analysis under the “dry 
assumption”, thus ignoring the presence of negative 
pore water pressure, leads to the conclusion that the 
slope is unstable in both scenarios, returning a factor 
of safety equal to 0.4 for the clay and 0.9 for the pyro-
clastic soil respectively.

However, as the water table is 2 m below the slo-
pe toe, pore-water pressure is negative in the slope 
and may therefore contribute significantly to stabi-
lity. This contribution can be quantified by applying 
the concepts discussed so far.

The water retention curves for the two materials 
are plotted in figure 37. The suction within the slo-
pe ranges from 0 to 70 kPa (shadowed area in figu-
re 37a). Clay has very high air-entry suction and this 
causes the slope to remain fully saturated up to its 
crest. On the other hand, the pyroclastic soil is cha-
racterised by degrees of saturation significantly lo-
wer than unity, i.e. the soil is characterised by par-
tially saturated conditions (Fig. 37). The contribu-
tion of suction to shear strength ∆τ for the two ma-
terials in the range 0-70 kPa is plotted in figure 38 
(Eqs. (61) and (62) for sand and clay respectively).

In the absence of rainfall phenomena, a rigorous 
slope stability analysis performed with specialised sof-
tware returns a safety factor of 1.4 and 2.8 for the clay 
and pyroclastic soil, respectively. In such analysis, the 
water retention curve is introduced as an input, and 
the software compute the shear strength according to 
Eqs. (61) and (62) for clay and pyroclastic soil respec-
tively.

Fig. 35 – Simplified stability analysis using variably cohesive layers a) rigorous shear strength criterion and (b) simplified she-
ar strength criterion.
Fig. 35 – Analisi di stabilità semplificata attraverso l’uso di strati a coesione variabile a) criterio di resistenza al taglio rigoroso e (b) criterio 
di resistenza al taglio semplificato .

a)

b)
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In lack of specialist software, the stability analysis 
can be carried of using conventional slope stability 
software via the ‘cohesive layers’ method. The slo-
pe was divided into seven horizontal layers 1 m thick 
having constant suction equal to the value in the 
middle of the layer as illustrated in figure 39.

For each layer, the correspondent degree of 
saturation was determined entering the water re-
tention curve (example for layer L2 is given in fi-
gure 37a) and the additional suction-induced ap-
parent cohesion cunsat was computed according to 
equation (61) for pyroclastic soil and equation (62) 
for clay respectively. The obtained results in terms 
of apparent cohesion for each layer are summari-
sed in table VI. Introducing the apparent cohesion 
cunsat as a layer property and performing a standard 
“dry” stability analysis, the safety factor was found 
to be equal 1.5 for the clay slope (compared to 1.4 
derived from the rigorous stability analysis) and be 
equal to 2.9 for pyroclastic soil (compared to 2.8 
derived from the rigorous stability analysis). The 
simplified method based on ‘cohesive layers’ there-
fore returns values of factor of safety that are con-
sistent with the values obtained from the rigorous 
method.

8.1.2. RAINFALL EFFECTS

To consider the effects of a rainfall, a water flow 
analysis is needed. The clay remains saturated upon 
rainwater infiltration and equation [41] hold. As a re-
sult, the volumetric water content of the clay is associa-
ted with the variation of its porosity (at degree of satura-
tion equal to unity) as shown in figure 40a and b. On the 
other hand, the pyroclastic soil desaturates at very low 
suction and equations (46) and (47) hold. As a result, 
the variation of the volumetric water content of the pyro-
clastic soil is associated with the variation of the degree of 
saturation at nearly constant porosity (Figs. 40a and b).

The values of the saturated hydraulic conduc-
tivities for the two soils are summarised in table V 
and their evolution with suction is plotted in figure 
41. For the pyroclastic material, which is in partially 
saturated conditions, the hydraulic conductivity was 
determined assuming the Kozeny-Carman solution 
(Eq. 30). A 10 mm/h rainfall for a one-day period 
was assumed.

The simplified approach based on the 1-D Ter-
zaghi solution was considered to solve the water flow 
problem. A different constant slope of the retention 
curve, ∆θ/∆uw, was assumed for the profiles 1-4, cor-

  Tab. V – Materials properties.
Tab. V – Proprietà dei materiali.

Fig. 36 – Geometry of the slope and hydrostatic suction distribution.
Fig. 36 – Geometria del pendio e distribuzione idrostatica della suzione.

Property Clayey soil Pyroclastic soil

Shear strength angle, φ’ 20 º 37 º

Effective cohesion, c’ 0 kPa 0 kPa

Unit weight, γ 19 kN/m3 12 kN/m3

Saturated hydraulic conductivity, ksat 1·10-9 m/s 7·10-7 m/s
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responding to the value of hydrostatic suction at the 
top of the profile. Figure 42a and b show how these 
values were evaluated for the clay and the pyroclastic 
soil respectively.

For the case of clay, the suction profiles do 
not show a significant variation with respect to the 
hydrostatic condition (Fig. 43). Consequently, the 
problem can be reasonably assimilated to the one di-
scussed in the absence of rainfall.

The suction distributions with depth determi-
ned for the pyroclastic soil are shown in figure 44. In 
the same figure, the hydrostatic distribution is also 
represented, together with the suction profiles de-
termined through a rigours approach. In the rigo-
rous water flow approach, the water retention and 
the hydraulic conductivity functions are introduced 
as input in a specialised software and the flow pro-
blem is solved accounting for the 2-D condition. It 
appears that the simplified solution is always conser-
vative as it overestimates the loss in suction with re-
spect to the rigorous solution.

The suction distribution in the slope obtai-
ned through the rigorous water flow analysis car-
ried out via specialised software is shown in figure 
45. This highlights the problem is two-dimensio-
nal, which is neglected in the simplified approach. 
The factor of safety computed with the rigorous 
approach (including both water flow analysis and 
stability analysis) after a one-day rainfall was found 
equal to 2.2.

In order to perform a simplified slope stability 
analysis, the slope was divided into four vertical sli-
ces built around the four suction profiles (Fig. 46). 
For the sake of simplicity, the failure surface derived 
from the hydrostatic analysis was assumed. Vertical 
slices were chosen in this case due to the 2D suction 
distribution. This allows considering suction values 
along the sliding surface which are closer to the re-
al condition. The value of suction to be assigned for 
each slice was determined at the middle point on 
the failure surface, intersecting the suction profiles 
as shown in figure 46.

Fig. 37 – Water retention curves for the clay and the pyro-
clastic soil respectively.
Fig. 37 – Curve di ritenzione rispettivamente per il terreno 
argilloso e piroclastico.

  Tab. VI – Simplified approach with rigorous shear strength criterion (Fig. 35): computed apparent cohesion (no rainfall).
Tab. VI – Approccio semplificato con criterio rigoroso di resistenza (Fig. 35): coesione apparante calcolata (assenza di pioggia).

Fig. 38 – Shear strength increment due to suction using ‘ri-
gorous’ shear strength criteria.
Fig. 38 – Incremento di resistenza al taglio dovuto alla suzione 
secondo il criterio di resistenza al taglio ‘rigoroso’.

Clay Pyroclastic soil
LAYER s [kPa] Sr [-] ∆τ [kPa] Sr [-] ∆τ [kPa]

1 5 1 1.82 0.95 3.58

2 15 1 5.46 0.75 8.48

3 25 1 9.10 0.65 12.25

4 35 1 12.74 0.55 14.51

5 45 1 16.38 0.5 16.95

6 55 1 20.02 0.42 17.41

7 65 1 23.66 0.38 18.61



33

OTTOBRE - DICEMBRE 2019

MECHANICS OF UNSATURATED SOILS: SIMPLE APPROACHES FOR ROUTINE ENGINEERING PRACTICE

An example of the application of the graphical 
method to the same problem is reported in figure 
47a for a point at z=3.5 m depth along Profile 4. Assu-
ming t=1day (raining period), k=7‧10-7 m/s (Tab. V), 
and ⁄u=0.002 kPa-1 (Fig. 44b, Profile 4), the con-
solidation coefficient becomes , 
which returns a non-dimensional time factor T equal 
to 0.2. Entering the graphical solution with the ratio 
z/H=1.0 (H=3.5 m is the drainage height), a non-di-
mensional pore water pressure uw(t)/uw0 of 0.37 is 
obtained. Since the initial pore water pressure at the 
ground surface is uw0=-70 kPa, this results in a pore-
water pressure of -25.9 kPa (s=25.9 kPa). If the same 
procedure is repeated for different points along the 
vertical profile, the suction data points shown in figu-
re 47b are obtained. The slight discrepancy between 
the data points and the simplified solution in figure 
47b is due to the lower resolution that can be achiev-
ed with the graphical solution.

The increment of shear strength due to suction 
was computed as for the hydrostatic case and this is 
presented in table VI in terms of apparent cohesion 
csuction. The factor of safety obtained by assigning dif-

Fig. 39 – Simplified approach for hydrostatic conditions (no rainfall).
Fig. 39 – Approccio semplificato per il caso di condizioni idrostatiche (assenza di pioggia).

Fig. 40 – Effect of suction on a) porosity and b) volumetric 
water content for clay and pyroclastic soil.
Fig. 40 – Effetto della suzione a) sulla porosità e b) sul contenuto 
d’acqua volumetrico per l’argilla e il terreno piroclastico.

 Tab. VII – Simplified approach: computed apparent cohe-
sion (rainfall).
Tab. VII – Approccio semplificato: coesione apparante calcolata 
(caso con pioggia).

a)

b)

Pyroclastic

LAYER s [kPa] Sr [-] ∆τ [kPa]

1 0 1 0.00

2 8 0.9 5.43

3 15 0.75 8.48

4 20 0.7 10.55
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ferent values of apparent cohesion to the vertical sli-
ces and performing a standard stability analysis was 
found to be equal to 2.2, essentially the same value 
derived from the rigorous analysis.

The factors of safety obtained via the various ap-
proaches considered are summarised in table VIII. 
It clearly shows that the ‘dry’ approach is excessively 

conservative returning a factor of safety that is signi-
ficantly lower that the values inferred by including 
the effect of suction. The rainfall clearly reduced the 
factor of safety because of the loss in suction but still 
remains significantly higher than the value derived 
from the ‘dry’ approach.

8.2. Vertical cut stability analysis

This section focuses on the stability of vertical 
cutting in silty clay. The simplified shear strength 
criterion will be considered here and benchmarked 
against the rigorous shear strength criterion. The soil 
from the Jurong Sedimentary Formation RAHARDJO et 
al. [2001] is used in this example. The water retention 
curve determined experimentally is shown in figure 
48a, together with the correspondent van Genuchten 
fitting curve (α=0.0096, n=1.16, m=0.14). The air-ent-
ry suction for this material is sAE=40 kPa. The silty clay 

Fig. 41 – Hydraulic conductivity of a) clay and b) pyroclastic soil.
Fig. 41 – Conducibilità idraulica a) dell’argilla e b) del terreno piroclastico.

Fig. 42 – Slope of the retention curve, ∆θ/∆uw along Profiles 1 to 4 for a) pyroclastic soil and b) clay.
Fig. 42 – Pendenza della curva di ritenzione ∆θ/∆uw lungo i profili 1-4 per a) terreno piroclastico e b) argilla.

a) b)

b)a)

Method
Hydraulic 
condition

FoS (clay)
FoS (pyro-

clastic)

1 Standard dry 0.4 0.9

5 Simplified no rainfall 1.5 2.9

8 Rigorous no rainfall 1.4 2.8

9 Simplified rainfall 1.5 2.2

14 Rigorous rainfall 1.4 2.2

  Tab. VIII - Results: comparison between simplified and 
rigorous approaches.
Tab. VIII – Confronto tra approccio rigoroso e semplificato.
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has friction angle φ’=26°, unit weight of the solid par-
ticles γs=26.4 kN/m3, and porosity equal to 0.39.

Since the material is silty clay, the rigorous shear 
strength criterion will take the form given by equa-
tion (60):

  (67)

with the value of k estimated according to TARAN-
TINO and EL MOUNTASSIR [2013] for the Jurong silty 
clay. This failure criterion is represented in figu-
re 49.

The simplified shear strength criterion presen-
ted in equation (63) is also considered here, i.e. the 
shear strength is assumed to be constant beyond the 
air-entry suction

  (68)

The simplified failure criterion is represented in 
figure 50. The ground water table is considered to 
be at 15 m depth, so that the hydrostatic distribution 
of suction is the one presented in figure 51a (unit 
weight of water γw is assumed to be equal to 10 kN/
m3). Figure 51b shows the correspondent profile of 
degree of saturation and figure 51c shows the profile 
of suction-induced shear strength obtained with the 
two above mentioned criteria. The lower and upper 
bound theorems are applied to analyse the stabili-
ty of the vertical cut [STANIER and TARANTINO, 2013].

Fig. 43 – Suction distribution with depth for the clay slope in the absence of rainfall (hydrostatic) and with rainfall along 
a) Profile 1, b) Profile 2, c) Profile 3, and d) Profile 4.
Fig. 43 – Distribuzione della suzione con la profondità per il pendio di argilla in assenza di precipitazione (caso idrostatico) e con precipita-
zione, lungo a) Profilo 1, b) Profilo 2, c) Profilo 3 e d) Profilo 4.

a)

c)

b)

d)

  Tab. IX – Verification of vertical cut using lower bound theorem of plasticity and the rigorous shear strength criterion.
Tab. IX – Verifica della parete verticale con il teorema inferiore dell’analisi limite e il criterio rigoroso di resistenza.
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k
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26.4 20.0 0.39 26.0 6.8 0.39 2.0 130.0 0.89 0.46 -21.1
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8.2.1. VERIFICATION OF VERTICAL CUT– LOWER BOUND THE-
OREM OF PLASTICITY

Let us consider the vertical cut 2m high shown 
in figure 52 and let us consider the lower bound the-
orem of plasticity to verify the stability of the vertical 
cut. Assuming that the vertical and horizontal direc-
tions are principal directions, the equilibrium total 
vertical stress σv and total horizontal stress σh at any 
depth z are given by:

  (69)

For the sake of simplicity and conservativeness, 
the saturated unit weight for the soils is considered 
in the computation (γ=γsat).

The lower bound solution based on the rigorous 
shear strength is derived by imposing that the Mohr 
circle in the plane does not violate the failure crite-
rion. The minimum allowable horizontal total stress 
is given by:

  (70)

where ka is the active earth coefficient.

 –  (71)

Fig. 44 – Suction distribution with depth for the pyroclastic slope in the absence of rainfall (hydrostatic) and with rainfall, 
computed though the rigorous and simplified methods along: a) Profile 1, b) Profile 2, c) Profile 3, and d) Profile 4.
Fig. 44 – Distribuzione della suzione con la profondità per il pendio di terreno piroclastico in assenza di precipitazione (caso idrostatico) e 
con precipitazione, lungo a) Profilo 1, b) Profilo 2, c) Profilo 3 e d) Profilo 4.

 Tab. X – Verification of vertical cut using lower bound theorem of plasticity and the simplified shear strength criterion
Tab. X – Verifica della parete verticale con il teorema inferiore dell’analisi limite e il criterio semplificato di resistenza.

a)

c)

b)

d)

γs

[kN/m3]
γ

[kN/m3]
n
[-]

φ’
[°]
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[-]
z

[m]
s

[kPa]
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[kPa]
csuction[kPa]

(σh)min 
[kPa]

26.4 20.0 0.39 26.0 0.39 2.0 130.0 40.0 19.5 -8.8
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For the equilibrium it must be (σh)min ≤ 
(σh)actual = 0. As shown in table IX, the value of 
(σh)min is lower than zero and the vertical cut is 
therefore stable.

The lower bound solution based on the simpli-
fied shear strength is derived as before considering 
that the suction-induced cohesion becomes:

  (72)

since suction at the 2 m depth is greater than the air-
entry suction The minimum allowable horizontal to-
tal stress is then given by:

 (73)

For the equilibrium it must be (σh)min ≤ 
(σh)actual = 0. As shown in table X, the value of 
(σh)min is lower than zero and the vertical cut is sta-
ble also according to the simplified shear strength 
criterion.

8.2.2. VERIFICATION OF VERTICAL CUT– UPPER BOUND THE-
OREM OF PLASTICITY

An upper bound solution can be found by consi-
dering a simple kinematic mechanism which consists 
of a single block with a planar slip surface inclined by 
an angle α=π/4-φ’/2 [STANIER and TARANTINO, 2013]. 
The work done by the external forces We can be com-
puted as:

Fig. 45 – Suction distribution obtained with the rigorous analysis considering 10mm/h rainfall for one day.
Fig. 45 – Distribuzione della suzione derivata con il metodo rigoroso considerando una pioggia di 10mm/h per un giorno.

Fig. 46 – Simplified approach in case of rainfall.
Fig. 46 – Approccio semplificato nel caso di precipitazione.
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  (74)

where α is the aperture angle the block, W is the 
weight of the block, and δv is the vertical component 
of the block displacement . The internal energy dissi-
pation Wi can be computed as follows by implemen-
ting the rigorous shear strength criterion:

 (75)

where δt is the component of the block displace-
ment tangential to the failure surface. As shown 
in table XI, the external work is lower than the in-
ternal dissipation work and, as a result, the vertical 
cut is stable according to the upper bound theo-
rem.

For the case where the ‘simplified’ shear strength 
criterion is considered, the internal energy dissipa-
tion Wi can be computed as follows:

  76)

where L is the length of the failure surface. As 
shown in table XII, the external work is lower than 
the internal dissipation work and, as a result, the 

Fig. 47 – Application of the graphical method.
Fig. 47 – Applicazione del metodo grafico.

Fig. 48 – a) Water retention curve [RAHARDJO et al., 2001] and b) shear strength criterion adopted for the Jurong sedimenta-
ry formation silty clay.
Fig. 48 – a) Curva di ritenzione idrica [RAHARDJO et al., 2001] e b) criterio di resistenza al taglio adottato per il limo argilloso della 
formazione sedimentaria di Jurong.

a) b)

a) b)
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vertical cut is stable according to the upper bound 
theorem even for the case where the simplified she-
ar strength criterion is considered.

8.2.3. ASSESSMENT OF CRITICAL HEIGHT

It is instructive the explore the critical height of 
a vertical cut by comparing i) upper bound and lo-
wer bound solution and ii) rigorous and simplified 
shear strength criterion.

Let us consider the lower bound theorem of pla-
sticity first using Eqs. (70) and (73) for the rigorous 
and simplified shear strength criteria respectively. 
For a depth z varying between 0 and 9 m, suction is 
greater than the air-entry suction and suction-indu-
ced cohesion is therefore constant in the simplified 
criterions (Eq. 72).

The minimum total horizontal stress versus 
depth is shown in figure 53 for the rigorous and sim-
plified shear strength criteria respectively.

  Tab. XI – Verification of vertical cut using upper bound theorem of plasticity and the rigorous shear strength criterion.
Tab. XI – Verifica della parete verticale con il teorema superiore dell’analisi limite e il criterio rigoroso di resistenza.

  Tab. XII -Verification of vertical cut using upper bound theorem of plasticity and the simplified shear strength criterion
Tab. XII – Verifica della parete verticale con il teorema superiore dell’analisi limite e il criterio semplificato di resistenza.

Fig. 49 – ‘Rigorous’ failure criterion.
Fig. 49 – Criterio di resistenza al taglio ‘rigoroso’.

Fig. 50 – ‘Simplified’ failure criterion.
Fig. 50 – Criterio di resistenza al taglio ‘semplificato’.
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The critical height returned by the rigorous she-
ar strength criterion is found to be equal to 4.3 m, 
which is the depth where (h)min = 0. The ‘conser-
vative’ simplified shear strength criterion returns a 
lower critical height of 3.1 m, which is however hi-
gher that the critical height of zero derived under 
the ‘dry’ assumption. The solution for the simplified 
shear strength criterion is the one derived for a mate-
rial having constant cohesion and friction angle dif-
ferent form zero:

  (77)

For the upper bound solution, the work done by 
the external forces (Eq. 74) can be compared with the 
work dissipated by the internal stresses, given by equa-
tions (75) and (76) for the rigorous and simplified she-
ar strength criteria respectively. The variation of We and 
Wi for z varying between 0 and 9 m is plotted in figure 
54. The critical height returned by the rigorous shear 
strength criterion is found to be equal to 8.3 m, which 
is the depth where We=Wi. The ‘conservative’ simplified 
shear strength criterion clearly returns a lower critical 
height of 6.2 m, which is however higher that the criti-
cal height of zero derived under the ‘dry’ assumption. 
The solution for the simplified shear strength criterion 

Fig. 51 – Profiles of a) suction, b) degree of saturation, and c) shear strength.
Fig. 51 – Profili di a) suzione, b) grado di saturazione e c) resistenza al taglio.

Fig. 52 – Verification of the vertical cut stability. a) Lower bound approach. b) Upper bound approach.
Fig. 52 – Verifica della stabilità della parete verticale. a) Approccio del limite inferiore. b) Approccio del limite superiore.

a) b) c)

a) b)
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is the one derived materials having constant cohesion 
and friction angle different form zero:

  (78)

Finally, it is interesting to show the effect of water 
table depth on the critical height determined via the 
upper and lower bound solutions (for the rigorous 
shear strength criterion). Figure 55 shows the varia-
tion of the critical height, determined according to 
figure 53 and figure 54, for ground water level va-
rying between 0 and 40 m. It can be observed that 
suction can stabilise cuttings considerably for the ca-
se where the ground water table becomes very deep.

8.3. Soil suction reinforcement: the case of Ficulle exca-
vated cave

Suction can be regarded as natural soil reinfor-
cement and the stabilising effect of suction can be 
amazing. This section presents the case of a cave 
excavated in uncemented silty sand that is hold by 
capillary suction.

The cave is located in Podere Fainello (Ficulle, 
Italy) and is 6.3 m deep, 4.2-5.5 m wide and 2.7 m 
high (Fig. 56). A masonry portal was leant against 
the cave after the cave was excavated. The masonry 

Fig. 53 – Solution obtained through the lower bound approach.
Fig. 53 – Soluzione derivata dall’approccio del limite inferiore.

Fig. 54 – Solution obtained through the upper bound 
approach.
Fig. 54 – Soluzione derivata dall’approccio del limite superiore.

Fig. 55 – Evolution of the critical depth as a function of the 
ground water table.
Fig. 55 – Evoluzione della profondità critica in funzione della 
posizione della falda freatica.
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portal does not receive any lateral thrust and does 
not therefore have any structural function. Any col-
lapse of the geotechnical structure would involve a 
collapse (downward movement) of the roof rather 
than a lateral movement of the roof against the ma-
sonry portal.

The material in which the cave was excavated is sil-
ty sand as shown in figure 57. The silty sand can be ea-
sily removed if scratched from the inner walls of the ca-
ve and small lumps of this material rapidly ‘dissolve’ if 
placed in water. The silty sand is therefore uncemented 
and the cave roof with a span of several meters is just 
hold by suction. The stabilising effect of suction can al-
so be observed via the very high nearly-vertical slopes 
forming narrow ditches nearby the excavated cave.

To quantify the effect of suction on the stabi-
lity of the cave roof, a stability analysis was carri-
ed out using the ‘engineering approach’ discus-
sed in this paper. The water retention function was 
derived from the grain-size distribution using the 
ARYA and PARIS [1981] ‘pedo-transfer’ approach. 
The water retention data derived using this appro-
ach are shown in figure 58 together with van Ge-
nuchten fitting of the ‘pedo-transfer’ water reten-
tion data. The degree of saturation of the silty sand 
in the field (measured by determining the gravi-
metric water content and porosity of silty sand sam-
ple taken from behind the cave inner walls) ranges 
between 0.65 and 0.8, as shown by the shaded area 
in figure 58.

The product s⋅Sr ranges between 70 and 80 kPa 
and a value s⋅Sr=75 kPa was chosen for the calcu-
lations. Considering that an ultimate friction angle 
of φ’=36° was measured for this sand, the ‘unsatura-
ted’ cohesion cunsat (see Eq. (5)) was estimated as 
follows:

 (79)

B L H φ’

[m] [m] [m] [°]

4.8 6.3 2.8 36

Tab. XIII – Geometry of single block failure mechanism.
Tab. XIII – Geometria del meccanismo a blocco singolo.

Fig. 56 – Ficulle excavated cave a) vertical cross section, b) front view, and c) horizontal cross section.
Fig. 56 – Caverna scavata di Ficulle a) sezione trasversale verticale, b) vista frontale e c) sezione trasversale orizzontale.

a)

c)

b)
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This suction-generated cohesion was used to as-
sess the stability of the cave roof. To analyse the stabi-
lity of the cave roof, a 3-D stability analysis should be 
carried out. Software for 3-D stability analysis is not 
always available and a simple approach based on the 
upper bound theorem of plasticity was developed.

The shear strength criterion for silty sand was 
written as follows:

  (80)

and a single-block mechanism was considered as 
shown in figure 59. The faces of the block were 
designed to be inclined with respect to the verti-
cal plane of an angle equal to the friction angle. 
In this way, the displacement of the block relative 
to the failure planes is kinematically admissible if 
the absolute displacement of the block is directed 
vertically as shown in figure 59. The geometry of 
the single-block kinematic mechanism is reported 
in table XIII.

With this kinematic mechanism, the (destabili-
sing) work done by the external forces, We, can be 
written as follows:

  (81)

where W is the weight of the block and δ is the di-
splacement of the block directed vertically. The (sta-
bilising) work done by the internal stresses, Wi, can 
then be written as

  (82)

where A is the area of the surface of the block whe-
re shear stresses are transmitted through the failure 
planes.

Stability occurs if Wi ≥ We. For the case shown in 
figure 59 the work done by the internal stresses Wi is 
greater than the work done by the external forces We 
(Tab. XIV) and the cave is therefore stable within the 
assumptions of the upper bound theorem of plasticity.

The partial safety factor for the frictional 
strength, γφ’, defined as the ratio between ultimate 
shear strength τ and the mobilised shear strength, 
τmob, 

  (83)

  Tab. XIV – Factor of safety of the cave roof under hydrostatic conditions and following intense rainfall (40 mm/day) lasting 
for 1 or 2 days.
Tab. XIV – Fattore di sicurezza per il tetto della caverna in condizione idrostatiche e per piogge intense di 40 mm/giorni per rispettivamente 
1 o 2 giorni.

Fig. 57 – Particle size distribution of Ficulle silty sand.
Fig. 57 – Distribuzione granulometrica della sabbia limosa di 
Ficulle.

Fig. 58 – Water retention curve of Ficulle silty sand from 
ARYA and PARIS [1981] pedo-transfer function (α=1.5).
Fig. 58 – Curva di ritenzione della sabbia limosa di Ficulle deri-
vata dalla funzione di poedo-transfer di ARYA and PARIS [1981] 
(α=1.5).

saverage Sr γ We Wi γφ’

[kPa] - [kN/m3] [kN m] [kN m] −

Hydrostatic 100 0.75 19

887

2376 1.87

1-day rainfall 
duration

96 0.78 19 2341 1.85

2-day rainfall 
duration

93 0.79 19 2297 1.83
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is found to be equal to γφ’=1.87 for the case shown in 
figure 59, much higher than the value of 1.25 pre-
scribed by the Eurocode EC7.

The long-standing stability of the cave and its ro-
of is therefore substantiated by this simple calcula-
tion. Suction can therefore be a powerful soil ‘rein-
forcement’ capable of maintaining stable a cave with 
flat roof.

It is then interesting to explore the effect of 
rainfall on the stability of the cave roof. Infiltrating 
rainwater tends to reduce suction and, hence, shear 
strength. In turn, this leads to a reduction of the fac-
tor of safety.

A rain of 40 mm/day was considered to fall on 
the cave roof for a maximum of 2 consecutive days. 
This ‘design’ rainfall is quite conservative conside-
ring that, for example, the maximum daily rainfall 
and the maximum monthly rainfall in Ficulle have 
been 23.6 mm and 134.2 mm in 2018 respectively, 
27.6 mm and 93.2 mm in 2017 respectively, and 33.0 
mm and 115.2 mm in 2016 respectively [REGIONE 
UMBRIA, 2019]. The water retention curve of the sil-
ty sand was assumed to be represented by a van Ge-
nuchten function as shown in figure 58. The hydrau-
lic conductivity was assumed to be represented by the 
function given by equation (14), with the saturated 
hydraulic conductivity assumed to be equal to ks=10-

7 m/s (as measured in the laboratory on an intact 
sample).

The water flow partial differential equation 
(Eq. 40) was solved via a numerical code based on 
the Finite Element Method. The pore-water pressu-
re profiles within the cave roof after 1 and 2 days of 
constant rainfall of 40 mm/day are shown in figure 
60. Pore-water pressure becomes less negative (suc-
tion decrease) in the upper part of the cave roof. 
However, the average suction decreases only slightly 
as shown in table XIV and so does the partial safe-
ty factor gφ’, which remains essentially unaffected by 
the rainfall.

Although the calculations presented in table XIV 
should be regarded as an approximate analysis of 
the stability of the cave roof, the relatively high par-
tial safety factor essentially supports the assumption 
that suction generated in the silty sand is sufficient to 
ensure long-term stability of the cave.

9. Conclusions

The paper has presented an approach for pre-
liminary assessment of the effect of suction/partial 
saturation on the stability of geotechnical structures 
to be used into routine engineering design. The ap-
proach was limited to ultimate limit state design and 
no consideration was given to serviceability limit sta-
te design. However, it is worth highlighting that suc-
tion-induced soil deformation may be an important 
aspect in the design of geotechnical structures such 
as embankments and shallow foundations.

The shear strength criterion to be adopted in 
stability analyses has been extensively discussed. She-
ar strength depends on both suction and degree of 
saturation and a simple micro-mechanical model 
has been presented to elucidate the main features 
of shear strength behaviour in unsaturated states as 
observed experimentally.

‘Rigorous’ models for quantitative estimation 
of shear strength have been presented for two clas-
ses of soils, granular sandy/silty soils and clayey 
soils respectively. Rigorous characterisation of shear 
strength in the unsaturated state requires the use of 

Fig. 59 – Single-block collapse mechanism for the Ficulle 
excavated cave.
Fig. 59 – Meccanismo di collasso a blocco singolo per la caverna 
scavata di Ficulle.

Fig. 60 – Effect of a rainfall of 40 mm/day for 1 day on the 
pore-water pressure profile throughout the cave roof.
Fig. 60 – Effetto di una pioggia di 40 mm/giorno per 1 giorno sul-
la distribuzione della pressione dell’acqua interstiziale attraverso 
il tetto della caverna.
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experimental apparatuses with the facility to measu-
re or control suction and degree of saturation. This 
type of equipment is generally not available in com-
mercial laboratories and full characterisation of un-
saturated shear strength may therefore be difficult to 
pursue in routine design.

For this reason, a simplified shear strength cri-
terion has been introduced, which only requires in-
formation about the air-entry suction. This can be 
more easily estimated and allows formulating a she-
ar strength criterion that is generally sufficient to 
‘stabilise’ geotechnical structures. An empirical cor-
relation has been presented for a first estimation 
of the air-entry suction based on the grain size d80. 
This correlation is meant to be used for prelimina-
ry analysis and one can refer to the literature [FRED-
LUND and RAHARDJO, 1993; LU and LIKOS, 2004] for a 
more accurate determination of the air-entry suction 
via the experimental characterisation of the full wa-
ter retention behaviour.

Stability analysis of geotechnical structures in-
volving unsaturated soils also requires specialist sof-
tware where shear strength is modelled as a function 
of suction and degree of saturation. As specialist sof-
tware is not always available to geotechnical engine-
ers, the paper has then presented a simple method 
based on ‘cohesive layers’ that can be easily imple-
mented in conventional slope stability software.

Finally, the problem of estimating the loss of 
suction due to rainfall was addressed. Water flow 
equation for unsaturated soils generally needs to 
be solved numerically, i.e. via specialist software ba-
sed on finite difference or finite element methods. 
The paper has then introduced a simplified appro-
ach based on the linearisation of the unsaturated 
water flow equation, which formally reduces to the 
Terzaghi’s consolidation equation. One-dimensio-
nal graphical solution for the water infiltration pro-
blem, similar to the one found in textbook for the 
consolidation theory, has been put forward in the 
paper. A mini-database has been presented for a 
first estimation of the slope of the linearised water 
retention curve. Again, this database is meant to be 
used for preliminary analysis and one can refer to 
the literature [FREDLUND and RAHARDJO, 1993; LU And 
LIKOS, 2004] for the methods to fully characterise 
water retention behaviour experimentally and, hen-
ce, the slope of the linearised water retention curve.

As a final remark, it is hoped that the concepts 
and methods laid down in this paper will help the 
engineer to recognise and appreciate quantita-
tively the effects of partial saturation and suction 
on the stability of geotechnical structures. There 
is a lack of case studies from engineering practi-
ce mainly due to the difficulty in assessing these ef-
fects. Feedback from the engineering community 
is essential to bridge the gap between ‘unsaturated 
soil’ research and practice.
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Meccanica dei terreni non saturi: 
semplici approcci per applicazioni di 
ingegneria geotecnica 

Sommario

Numerose strutture geotecniche coinvolgono la parte superiore 
non satura del suolo, vale a dire la zona sopra la falda freatica 
dove la pressione dell’acqua interstiziale è negativa e il grado di 
saturazione è generalmente inferiore all'unità. Questa zona è 
caratterizzata da resistenza al taglio e rigidezza superiori al terrento 
saturo al di sotto della superficie freatica. Inoltre, la sua risposta 
meccanica è influenzata dall'interazione con l'atmosfera (pioggia 
ed evapotraspirazione). Gli ingegneri riconoscono sempre più 
l'importanza di comprendere e prevedere la risposta dei terreni nella 
porzione non satura del suolo. Tuttavia, esiste ancora un divario tra 
la ricerca e la pratica ingegneristica nella meccanica dei terreni non 
saturi. Questo articolo ha lo scopo di descrivere i concetti fondamentali 
della meccanica dei terreni non saturi usando un linguaggio il più 
semplice possibile. In particolare, vengono presentati degli strumenti 
di previsione quantitativa inserendoli nel quadro più familiare della 
meccanica dei terreni saturi. Questi includono strumenti per l'analisi 
convenzionale della stabilità dei pendii "saturi/asciutti" e l'analisi 
tradizionale dei processi di consolidazione 1-D.




