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Introduction

The aim of this thesis is to investigate the behaviour of the Roman made ground layer
under fluctuations of the groundwater table. This layer forms the shallowest part of the
Roman subsoil and is composedagjravelly sand to sandy silty soil. Its average thickness
ranges from 5 to 15 metres in central Rome (Ventriglia, 18id)most of the foundatien
of the historical buildingrelying on it. The material is highly heterogeneous, both spatially
and with depth, as confirmed by Masetial (2021) and Maini and Rampello (2021). In
these studies, the authors observed that the relative density profile, derived from tip
resistance measurements obtained through CPT tests, exhibited significant scatter. The
relative density was found to decrease with deptim fapproximately 70% at the top of the
layer to around 30% at a depth of 15 metres. Consequently, the friction angle also decreases
with depth, from 36° at the surface to 33° at the bottom of the layer.

Furthermore, the made ground layer is loose and contains small archaeological remains,
with an average Hsitu void ratio of approximately 1.5.

In central Rome, the groundwater regime is regularly monitored by various
measurement stations, such as the Ripetta Hydrometer. Data from this hydrometer indicate
that the average depth of the water table is about 7 to 8 metres below ground level. However,
seasonal changes in the level of the Tiber River cause the groundwater table to fluctuate.
These fluctuations occur entirely within the made ground layer, subjecting it to repeated
drying and wetting cycles throughout the yeHBnus, b assess the behauioof this soil
under such conditions, it is necessary to apply soil mechanics principles extended to partially
saturated soils.

For decades, partially saturated soils have been regarded as "problematic soils", without
recognising that partial saturation is not a property of a specific soil type but rather a
condition that can affect all soil types. In this state, the intergrapotas are partially filled
with water and partially with air.



After years of relative disregard, interest in the study of partially saturated soils began
to grow again in the 1980s. Researchers have focused on how this condition affects soil
strength and stiffness (Fredlund and Rahardjo, 1987).

It is generally recognized that partially saturated soils have greater strength and stiffness
than fully saturated soils (Alons al, 1990; Fredlund and Rahardjo, 1993, Cattdral,

2004, Pineda and Colmenares, 2005). However, despite these apparent advantages, they are
also susceptible to undesirable phenomena such as collapse upon saturation. This
phenomenon leads to the accumulation of compressive plastic deformations ad the soi
becomes increasingly saturated.

To describe this peculiar behaviour, the development of constitutive models for partially
saturated soils began in the 199@ging to capture the distinctive aspects of their
mechanical response. The first and still widely used model is the Barcelona Basic Model
(BBM) proposed by Alonset al. (1990) an extension of th®lodified CamClay Model
(MCCM) to partially saturated soils

A key principle in developing constitutive models for partially saturated soils is that a
single stress variable is insufficient to describe their behaviour, unlike in saturated soils,
where Terzaghi's effective stress was used. Since partially satuodtedrs thregohase
materials, their behaviour must be described using two stress variables (Jennings & Burland,
1962, Jommi, 2000). These variables are chosen as combination of total stress, pore water
pressure and pore air pressure. In the BBM, netstaiad suction ardopted ashe stress
variablesand two additional yield surfaces are defined in the net stresstion plane: the
Loading Collapse (LC) surface and the Suction Increase (Sl) surface

Although the BBMcandescribe the behaviour of partially saturated soils, it presents
certain limitations. These arise mainly from the choice of net stress as the mechanical stress
variable. Firstly, the transition between saturated and unsaturated stress states is not
straightforward when net stress and suction are used as stress variables. Net stress
corresponds to Terzaghi 6s effective stress
situations where the degree of saturation is close to one everhtBoagon remains nen
zer o; i n such cases, net str esSecoddiygtleuseot r e
of net stress complicates the coupling between mechanical and hydraulic behaviour, as the
influence of the water retention curve is not directly incorporated into the mechanical

responseFurthermore, the reference saturated model adopted is the MCCM, which was



originally developed for fingrained soils and is therefore less suitable for capturing the
behaviour of coarsgrained materials

To overcomethese limitations androperlydescribe the behaviour of tRomanmade
groundlayer, theClay and Sand Model (CASM), originally developed by Yu (1998) for
saturated sands and claygs extendedto partially saturated condition¥his extension
i ntroduces suction and Bishopbés effective s
and incorporates a Loadi@pollapse yield surface in a flexible way. It allows for the
selection of different formulations available in the literature, sucthese used in the
Barcelona Basic Model (BBM) or proposed by Jommi (2000).

The extended modeleferred to as «CASM, was themmplemented using a commercial
finite element softwaras the implementatioplatform

The U-CASM can be usetb model the mechanical behaviour of the made ground layer
and toassesss susceptibility to collapse upon saturatauring the seasonal oscillations in
the watertableleveT hi s i s a critical i1issue for the pr
as the made ground is relativéhick, and many ancient structures found in it.

It is important to note that, during wettirdyying cycles induced by seasonal
fluctuations of the water table, irreversible shrinkage upon drying may also dosuever,
the investigation of this phenomenon lies outside the scope of the present study and will not
be addressed in the following discussion.

Collapseinduced settlements could result in significant damage to these buildings,
particularly because many of them have elongated plans, which increases their vulnerability
to differential settlemest(Calabreset al, 1980; Amantet al, 1995).

To address the aims described above, the thesis is structured as follows, with each
chapter focusing on a specific aspect of the research.

In Chapter 1 a review of the existing literature on partially saturated soils is presented.
The focus is particularly on their volumetric behaviour, including collapse upon saturation,
and their hydraulic response, specifically the definition of the watention curve (WRC)
and relative permeability. Additionally, a review of available constitutive models for this
soil category is provided. Finally, to highlight the importance of hydechanical coupling
in understandingthe partially saturated soils sgonse a review of selected hydro
mechanical models is included, along with a brief explanation of each.

Chapter 2 provides a brief description of the Roman subsoil, highlighting the presence

of a thick made ground layer across the historic centre and the heterogeneity of its
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characteristics. Additionally, an experimental campaign on the made ground soil, conducted
in the geotechnical laboratory of the Department of Civil Engineering at the University of
Rome "Tor Vergata," is presented.

Two types of Roman made ground, sampled from different areas of the historié centre
Rione Trastevere and Chiesa Nudwaere characterised from both hydraulic and
mechanical perspectives. Natural and reconstituted specimens were tested under various
conditions of constant or variable suction using conventional oedometer tests, -suction
controlled oedometer tests, and direct shear tests. Furthermore, the water retention curve was
determined using different available devices: HYPROP device, a swdrdrolled
oedometecell and WP4C for high suction levels.

In Chapter 3, the hydraulic and mechanical parameters of the made ground soil sampled
in Rione Trastevere were calibrated based on the tests presented in Chapter 2. Using these
parameters, a finite el ement modevélopetfas a s ec
part of t h e, whichbaiens t $reafe ra web&IS tplatform for disseminating
information on the built heritage near the Tiber River, including geotechnical information
and the effects of groundwater table oscillations on foundatitiereents.

A hydraulic boundary condition was applied to the model, representing the water levels
recorded by the Ripetta hydrometer. The displacements induced by these fluctuations in the
made ground layer were evaluated using the Barcelona Basic Model modbigltpire
COMSOL (2021) as the constitutive model for the made ground. Finally, the computed
displacements were compared with satellite measurements provided by Survey Lab, a spin
off of the University of Rome "Sapienza".

Chapter 4 presents the extension of CASM to the partially saturated case, called U
CASM, and its implementation using COMSOL (2021) as an implementation platform.

Chapter 5 focuses on the numerical validation of th€A$SM implementation
introduced in the previous chapter. In the first part, the results obtained with the new
implementation for selected saturated and partially saturated laboratory tests from the
literature are compared with those from other existing implementations of saturated and
partially saturated CASM models. In the second part, the capability of the model has been
tested based on a wide range of experimental data on silty soils. Here, paréondiers
CASM and a Van Genuchten (1980) water retention curve were calibrated using triaxial and
oedometer tests undsuctioncontrolled conditions performed on Metramo Silty Sand
(Rampinoet al., 2000).



Chapter 6 presents the calibration 6C4SM and hydraulic parameters for the Roman
made ground layer, based on suctoemtrolled oedometer tests conducted on samples from
Chiesa Nuova (as described in Chapter 2). These calibrated parameters werettiea use
finite element model simulating a soil column under axisymmetric conditions, subjected to
simplified groundwater table fluctuations. Although these fluctuations were simplified
compared to the actual measurements from the Ripetta hydrometer, thaynee
representative of the variations observed during flood events of the Tiber River.

Appendix A provides the formulation of the plasticity framework adopted in the U
CASM implementation in COMSOL (2021), including a detailed definition of all stress and
strain variables.

Finally, the conclusions summarise the main results obtained and outline possible future

developments.



Chapter 1
Literature review

1.1 Partially saturated soils

The study of partial saturation in geotechnical engineering is of relatively recent
development, coming much later than the foundation of geotechnical engineering itself,
which can bdraced back to the 1920s (Terzaghi, 1925). It was not until the 1950s that the
importance of considering suction was recognized as essential to properly understand the
behaviour of unsaturated soilsr@@ey, 1952). This period also marked the beginning of
intensive experimental efforts to understand the fundamental aspects of unsaturated soil
behaviour by extending principles originally developed for saturated soils. For instance,
Bishopet al (1960) conducted a series of triaxial tests under variousagi@iconditions to
investigate the deformation and strength characteristics of partially saturated soils. In their
work, they proposed an effective stress concept that extended Terzaghi's original definition
to account for partial saturation.

Despite these early efforts, the study of partially saturated soils was then largely
neglected for many years. These soils were often classified as a separate category, frequently
referred to as "problematic soils,” rather than being recognised as a caonaition that
any soil can experience when its voids are partially filled with both water and air.

However, interest in the topic of partially saturated soils rose again during the 1980s,
particularly in relation to the influence of partial saturation on the performance of
engineering infrastructure (Fredlund and Rahardjo, 1987). Nevertheless, ittwaiinbe
1990s that the first constitutive models for partially saturated soils were developed.

These models were based on modifications of existing saturated soil models, such as the
Modified CamClay model by Roscoe and Burland (1968). Significant contributions to this
field include works by Alonset al (1990), Wheeler and Sivakumar (1995), Jommi (2000),
Wheeler et al. (2003)Tamagnini (2004), Genst al (2006), Shenget al (2008), and
Ghorbaniet al. (2016).



In general, each constitutive model for partially saturated soils must be able to reproduce
in some way three fundamental issues:
1. The peculiar volume change behaviour of partially saturated soils.
2. Variation of yield stress and shear strength with suction.

3. Water retention behaviour and hydranechanical coupling.
1.1.1Mechanical and volumetric behaviour of partially saturated soils

A partially saturated soil differs from a saturated soil due to its{pinase composition,
as its intergranular pores are occupied by both air and water. Thehase nature of these
soils necessitates the use of two stress variables to describe¢icbimnical behaviour. A
more detailed discussion of the possible stress variables will be provided later. In general,
however, these stress variables are selected as combinations of the charattesistief
the three phases: total stregs for the solid skeleton; pore air pressung,and pore water
pressuraiy. One of the most used stress variables is the net girgsalong with suction,
S, as defined below:

r‘] oo (1.1)

i o o (1.2

The presence dfuction in partially saturated soils results in increased stiffness and
strength (Alonset al, 1990; Fredlund and Rahardjo, 1993, Catetral, 2004, Pineda and
Colmenares, 2005). IRigurel.1 (Alonsoet al, 1990) two distinct virgin and unloading
reloading paths are illustrated in theeannet stresspnet - Specific volumey, plane for two
different suction values; &nd s, where sis greater than:s

v
A nlpr)

\

55> 54

51

Figurel.1. Virgin and unloadingeloading paths in the Iohe:1 v plane for two different suction
levels, with s > s1 (Alonsoet al, 1990).
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As shown inFigure 1.1, as suction increases, the slope of the virgin line decreases,
highlighting a greater stiffness for soils with higher levels of suction.

However, this is not always the case. During compression, as the load increases, the void
ratio decreases. Although suction remains constant, the degree of saturation increases. As a
result, the normal compression line for partially saturated soilss tendpproach the
saturated line, leading to a reduction in slopg #mgk, instiffness. This behaviour, contrary
to that proposed by Alonso et al. (1990), was observed experimentally by Wheeler and
Sivakumar (1995), as shown kigure 1.2, and can only be explained if the degree of
saturation is considered in addition to suction

Figure 1.2 presents consolidation phases from triaxial tests conducted at different
suction levels orspeswhite kaolin samples. These are represented by different line styles:
dotted lines for saturated samples, small dashes lines for sampleé8 kPaof suction
larger dashes lines far= 200 kPa, and continuous lines for 300 kPauction

The slope of the normal compression line shows limited variation for suctions between
100 kPa and 300 kPa. However, it drops significantly when suction falls to zero.

Overall, changes in stiffness with suction depend on the type of soil and the stress level

reached during testing.

Y
Saturated reconstituted ™
—\

2.2

T T T T T 7T

21

Specific volume v

...-...4320
----5=100kPa
2r — — & =200 kPa

- s = 300 kPa

25 50 100 200 400
Mean net stress p: kPa

Figurel.2. Variation of specific volume during consolidation for several triaxial tesgpeswhite
kaolin (after Wheeler and Sivakumar, 1995).

In Figure 1.3, the shear phase of three triaxial tests on Metramo silty sand samples is
presented. Each sample was consolidated at a mean net stress of 400 kPa and subjected to
constant suction conditions. The results are plotted in the axial, $raideviatoric stress
g, plane (Rampinet al, 2000).

The test conducted at a suction of 100 kPa is shown as a light blue solid line, while the

tests at 200 kPa and 300 kPa are represented by grey and black solid lines, respectively. As
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can be observed from the figure, both peak and residual strength increase with higher suction
levels.

2400

2000

1600 |

1200

q [kPa]

8001 s=100kPa |

400 ——s=200kPa |
— s =300 kPa

0 2 4 6 8 10 12 14 16 18 20
€,[%]

Figurel.3. Deviatoric stages at various suction levels on Metramo silty sand samples consolidated
at mean net stress of 400 kPa, at three distinct suction levels, plottedjin dfane.

The increased stiffness and strength of partially saturated soils may be advantageous
from an engineering perspective. However, it is important to acknowledge that these soils
can also exhibit complex and challenging behaviours.

Infiltration processes, whether anthropogenic (e.g. pipe failure, drainage system
malfunction) or natural (e.g. precipitation), cause a reduction in suction, leading to a
corresponding decrease in soil strength and potential instability.

For example, this phenomenon may occur when a slope, initially in an unsaturated state,
becomes saturated following heavy rainfall (Sarno, 1998). It can also arise due to the failure
of a drainage system behind a retaining wall or the saturation of baokftbehind the wall
during intense rainfall, leading to the destabilization of the soil mass (Hong Kong, 1994;
Wong & Ho, 1997).

Furthermore, when saturated soils undergo wetting, the increase in pore water pressure
reduces Terzaghi's effective stress, resulting in reversible swelling. In contrast, partially
saturated soils exhibit a different response.

Wetting processes in partially saturated soils cause a reduction of suction, which can
lead to a phenomenon known as saturation collapse, referring to the accumulation of plastic
volumetric compressive strains upon saturation. This large volume changesatasswith
suction change can cause severe damages to structures.

Significant case studies of saturatiouced collapse include the 2001 event in Naples,
Italy (Feolaet al.,, 2004), where extreme rainfall caused a rise in the water table, leading to
extensive structural damagdégurel.4 illustrates underground cisterns on Via Settembrini,

Naples, where most of the damage occurred. Initially empty before the rainfall, these cisterns



filled with water afterwardGens, 2015)Figure 1.5 presents some of the reported damages
(Gens, 2015)

Another notable case occurredRereira Barreto, Brazil, where the construction of a
dam led to a rise in the groundwater table. This triggered collapse settlements, affecting

multiple buildings and causing varying degrees of structural damage, as illustriaigual e
1.6 (Gens 2010).

Figurel.4. Underground cisterns in Via Settembrini, Naples (a) before the rainfall period in 2001,
(b) about two months later the rainfall period in 2001.

&

Figurel.5. Damages on structures in Via Settembrini, Naples, after the rainfall period in September
2001.
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Figurel.6. Some of the damages reported in Pereira Barreto, Brazil.

In general, if a soil shrinks or sweillpon wetting paths depends on the init@ditions
in terms of void ratio, stress state and water content. This is confirmed by some experimental
studies, such as Lawtat al. (1989), Gengt al (1995), Munoz Castelblanet al (2011),

Vilar and Rodrigues (2011); and also from theoretical studies, such as Alkoals(1990),
Or (1996) and Lt al (2010).

The susceptibility of soils to saturatiimduced collapse is also a function of their
intrinsic properties. Studies have demonstrated that their collapsibility depends on factors
such as density, clay content, Atterberg limits, and grain size distrib(lteomton et
al., 1992, Li, 2016).

About the clay content, several studies have shown that collapse upon saturation can
arise in some soils as the result of a shortage of clay size fraction (Gao, 1979;eRafiers
1994).

In Lawton et al (1992), a summary of the factors influencing collapse potential in
compacted soils is provided. The study compares varioussiigiothy mixtures, all with
the same initial dry density and water content. It is suggested that collapse potential reach
its maximum when the clay fraction is between 20% and 40% by weight. This is illustrated
in Figure 1.7, where El Sohby and Rabbaa (1984) examined the effect of clay content in
mixtures of uniform fine sand and silt. The clay used was primarily calcium montmorillonite,
which is highly expansivé-igurel.7 presents the results from oedometer tests, where water

11



was added under three different vertical stresses
mixtures of sand with clay and silt with clay.

of 400, 800, and 1600 kPa for the two

+20
— Sand - Clay
----- Silt - Clay

+15 pg = 1700 kg/m? UV=400 kPa
w; = 8%

+10

o, = 800 kPa

o, = 1600 kPa

Wetting — Induced Volumetric Strain [%]

I
50

60 70 % 100

Clay Fraction, by Weight [%)]

Figurel.7. Influence of clay fraction on the collapse induced by wetting (after Lagitah

1992).

It can be observed that the collapse potential is higheafudclay mixtures with a clay

content between 30% and 40%, while for-elity mixtu

res, the collapse potential is greater

with a clay content of approximately -P0%. At higher clay contents, swelling occurs.

Additionally, for compacted soils, a microstructural study can also be crucial in

understanding the collapse behaviour upon wetting.

This microstructural study predominantly focused on the structural characteristics at

different points along the compaction curve, as

compaction conditions and key soil properties s

well as on the relationship between

uch as compressibility, strength, and

permeability (Barden and Sides, 1970; Ahnetdal, 1974; Osipov and Sokolov, 1978b;

GarciaBengocheaet al, 1979; Prapaharaat al, 1985,

et al, 1996; Delage and Graham, 1996).

1991; Tessiat al, 1992; Delage

With regard to saturatieimduced collapse in compacted soils, numerous studies have

observed that soils compacted on the dry side of the optimum water content typically exhibit

a more pronounced collapse upon wetting, whereas those compacted on thle wethse
optimum do not show collapsibility (Barden, 1965; Lawebml, 1989, 1992; Tadepalli and

Fredlund, 1991; Pereira and Fredlund, 2000). Ingiilg compaction, the aggregates are

typically brittle and contracted. When water is introduced, theeaggges expand and
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become more ductile as the water is absorbed by the clay particles. The resulting change in
volume may be positive, zero or negative depending on the initial dry density and stress
conditions of the soil. Under conditions of low density or high streslps# is likely to

occur as the softened plastic aggregates are deformed at the points where aggregates meet
granular particles, causing the solil to rearrange into a more compact structure. Conversely,
an increase in volume (swelling) is expected at higlessities or lower stresses. In wet

side compaction, the aggregates are swollen and plastic and are further reshaped during
compaction to form a soil wittmallinter-aggregate spaces and significant kaggregate

voids. The addition of watgorimarily fills the smaller inteilaggregate poresyith little

swelling of the aggregates and limited reshaping, resulting in little compaction or collapse
(Lawtonet al,, 1992).

Experimental methods

To characterise the mechanical behaviour of partially saturated soils and assess their
susceptibility to saturation collapse, various laboratory tests can be performed.

In Casini (2008) two types of tests are repgrtamhducted on reconstituted samples of
Jossigny silt. The first consistsoedometer tests carried out at a defined water content, with
saturation occurring under a specific vertical stress. The second involves oedometer tests
under constant suction, performed using a suat@arirolled oedometer.

The first type of test is shown Figure 1.8, which includes four of the ten oedometer
tests performed. These tests were conducted on samples with different initial void ratios and
water contents. In particular, the void ratio progressively decreases from 1.13 in the first test
shown inFigure1.8 (a) to 0.81 in the test presentedrigure 1.8 (d).

Such tests are highly valuable for asses:
collapse. In this case, for instanEggure 1.8, shows that the Jossigny silt samples exhibit a
reduction in void ratio upon saturatioagcurring at avertical stress of 200 kPa. This
behaviour can be attributed to saturatioduced collapse. Moreover, it can be observed that
as the initial void ratio decreases, the magnitude of collapse decreases too, showing the

dependency of the phenomenon on thigaindensity state.
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Figurel.8. Oedometer testsith saturation phase at vertical stress equal to 20@kBassigny silt
sampleqCasini, 2008).

Casini (2008) also reports oedometer tests conducted under constant suction conditions
using a suctiortontrolled oedometer. Five tests are presented, all with similar initial void
ratios and suction values ranging from 0 to 200 kPa, as shdwgurel.9, where the results

are plotted in void raticgi net stress, logv netplane.
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Figurel.9. Oedometer tests at constant suction on Jossigny silt samples (Casini, 2008).
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This type of test is very useful to observe the evolution of the preconsolidation stress, as
well as the variation of the compressibility index upon suction. InFagtire1.9 shows that
as suction increases, compressibility decreases, and the slope of the normal consolidation
line becomes less steep, as stated before.

Triaxial tests can also be used to characterise the behaviour of partially saturated soils,
as demonstrated by Rampimd al (2000). They conducted drained triaxial tests on
remoulded samples of a silty sand from southern Italy, known as the Metramo Silty Sand.
These tests were performed at a constant suction level, and some of the results related to the
drained shear phaseegpresented ifigure1.10 (a) in the axial strairJi deviatoric stress,

g, plane and ifFigure1.10 (b) in the axial strain(3i specific volumey, plane.
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Figurel.10. Results of three triaxial tests on Metramo Silty Sand samples by Raet@ho
(2000), for three different suction level: light grey dots for s = 100 kPa, dark grey dots for s = 200
kPa and black dots for s = 300 kPa, (a) inltieq plane and (b) in th&li v plane.

These tests are particularly useful for observing the phenomenon of increased strength

with rising suction. In fact, the tests shownhigure 1.10 demonstrate that as suction

increases, the deviatoric stress at failure also increases, while the variation in specific

volume, and thus the void ratio, becomes smaller.
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1.1.2Hydraulic behaviour of partially saturated soils

Water Retention Curve

From a hydraulic point of view, the behaviour of partially saturated soils is governed by
the relationship between suction and water content, which can be expressed in terms of
gravimetric water content, volumetric water content, or degree of saturatiediuid,

2002). This relationship is known as water retention curve (WRC) and is typically
represented on a setogarithmic plane. IrFigure1.11, the WRC for a hypothetical spil
representing an approximation of the real behaviour obseswehicted in terms of suctipn
s, and degree of saturatio®, and some specific characteristic values can be identified:

1 S maxrepresents the degree of saturation under saturated conditions.

1 P, defined as the Air Entry Value (AEV), is the suction value beyond which
desaturation begins, starting from the largest pores and progressively affecting the
smaller ones.

f Thetransition zonas the region where the soil transitions from the saturated degree
of saturation to the residual one, and, when the WRC is plotted on-tog@miihmic
scale, it exhibits a linear trend.

T Sresdenotes the residual degree of saturation, corresponding to the suction level at
which the liquidphase remains confined to the smallest pores and further increases

in suction do not lead to significant changes in water content.

Degree of saturation, S,

Suction, s

Figurel.11. Water retention curve for a hypothetical soil, depicted in terms of suction and degree
of saturation.
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In Figure1.12 three qualitative WRCs are shown for different soil typeslayey one,
asilty one and a sandy one, in terms of su¢tpand volumetric water contentf (Fredlund
and Xing, 1994).
It can be noticed that for finer soils, at a given suction level, the retained water content is
greater than in coarsgrained soils. Similarly, the AEV is higher, while the slope of the
transition zone decreases, indicating a greater resistance tord@satun contrast, in
coarsegrained soils the large pores desaturate easily, leading to a more rapid decrease in

water content and the residual condition is reached rapidly.

Clay

Silt

Sand

Volumetric water content, &

Suction, s

Figurel.12. Water retention curves for three different types of soil: a clayey one, a silty one and a
sandy one, reported in a volumetric water contenction plane (Fredlund and Xing, 1994).

Additionally, it can be observed that, for the same soil, the water retention curve
measured during a drying process, caftean drying differs from that measured during a
wetting process, referred to asain wetting This phenomenon, known as hydraulic
hysteresis (Hillel, 1998), implies that, at a given suction value, the equilibrium water content
is higher during drying than during wetting, as can be seéigure 1.13 (Fredlund and
Rahardjo, 1993).

Moreover, if a drying or wetting process in a soil starts from an intermediate suction
condition different from the fully saturated or completely dry state, the relationship between
suction and water content follows secondary paths located between thergagand

main wetting curves, known as scanning curves, as reporkagurel.13.
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Drying scanning

Wetting
scanning

Volumetric water content, &

Suction, s

Figurel.13. Water retention curves for a drying process, in grey solid line, for a wetting process, in
black solid line, and along the scanning paths in dashed black lines (Fredlund and Rahardjo, 1993).

The hydraulic hysteresis phenomenon arises from the dimensional heterogeneity of the
pores, which can be modelled as larger pores connected by smaller interstices, as shown in
Figurel.14. This configuration leads to the-salled bottleneck effect.

The pore radius is denoted Rswhile the interstice radius rs with R > r. When the
pore is fully saturated, emptying it requires a suction dependent on the smaller,rgidiers
by s = 2T/r, wheresis the suctionT the surface tension amdhe interstice radius.

Conversely, to resaturate the system, the required suction is determined by the larger
pore radiusR, such thats = 2T/R Consequently, for the same water content, the drying
process exhibits higher suction levels compared to those required during wetting.

Furthermore, the contact angle between the meniscus and solid particles varies as liquid
movements occur . The angle U is greater d
advances over the solid surface, than during the drying ones, when it recedessultsasn

higher suction values and lower degrees of saturation during the drying phase.

1=
=

Drying Wetting

Figurel.14. Bottlei neck effect.

The relationship between degree of saturation (or water content in general) and suction

is not unique for the same soil. This is due to both hydraulic hysteresis and the fact that, in
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a deformable soil, variatienin the void ratio produce changes in the dimension of voids.

This, in turn, causes changes to the water retention curve, as shégaril.15.
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Figurel.15. Soil water retention curves of compacted elagiltunder different constant void
ratios (Vanapallet al, 1999).

The figure presents three retention curves for a clayey silt under different compaction
states. Square markers correspond to a void ratio of 0.58, circular markers to 0.56, and
rhomboidal markers to 0.52 (Vanapad al, 1999). It is evident that as the void ratio
decreases, the pore size becomes small er en

Since variations in the void ratimfluence the water retention curve, irreversible
changes in the degree of saturation can accumulate during loading and unloading cycles if
the void ratio undergoes permanent variations.

An example of this is reported Figure1.16, which shows experimental data from an
isotropic loadingi unloading test on compacted Speswhig®lin (Zakaria, 1995) in a

degree of saturatioi® i mean net stresp, plane.

1-0

Unloading branch —\

/(

Loading branch

<@ < <
~ © ©
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Degree of saturation, S,

<
=)
T

05 . . 1 1 L 1 )
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Mean net stress, p: kPa

Figurel.16. Isotropic loading unloading test at constant suction on Speswhite caolin by Zakaria,
1995.
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During isotropic loading, a significant increase in the degree of saturation is observed,
due to the decrease in the void ratio, as showFkigure 1.16, despite suction being
maintained constant. Conversely, during isotropic unloading, where only minor elastic
swelling occurs, the variation in the degree of saturation is almost negligible.

Similar irreversible changes in the degree of saturation have been reported by other
authors, such as Josa (1988) and Romero (1999).

Another significant implication of the void ratio's influence on the water retention curve
is that variations in the degree of saturation may also occur due to the application of
deviatoric stress, even when both suction and mean net stress remain whch&nge
happens if shearing induces a change in the void ratio.

This phenomenon is illustratedfigurel1.17, which presents experimental results from
a triaxial shear test on compacted Speswhite kaolin conducted by Sivakumar (1993). In this
test, suction and mean net stress were both kept constant at 100 kPa. During shearing, a
notable increase in the degreesafuration was observed, attributed to a significant reduction

in the void ratio.

1:0¢

Degree of saturation, S,

‘ + Critical state

50 100 150 200 250 300 350
Deviator stress, q: kPa

Figurel.17. Triaxial shear test at constant suction and constant mean stress on compacted
Speswhite kaolin (Sivakumar, 1993; Gallipetial., 2003).

Over the years, various models have been developed to account for the dependency of
the degree of saturation on the void ratio within the water retention curve.

Wheeler (1996) established a relationship betweesbeific water volumedefined
as the difference between the specific volume and the void ratio occupied by air, and the
preconsolidation pressure at zero suction, thereby introducing void ratio dependency into the
water retention curve. He linked this dependency to plastmrmations, based on three
simplifying assumptions. First, he disregarded hydraulic hysteresis, assuming that the

volume of voids occupied by air remains unchanged between welttthgrgting phases.
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Second, he did not consider the potential influence of shear stress on the water retention
curve, despite experimental evidence suggesting its relevance. Lastly, he assumed that
changes in total void volume result exclusively frplaistic deformationsieglecting elastic
variations in pore volume.

Gallipoli et al (2003) similarly ignored hydraulic hysteresis and the influence of shear
strains. Building on th&an Genuchten (198Gprmulation of the water retention curve,
Gallipoli et al (2003) expressed tladr entry value (AEVas a function of specific volurde
and thus void ratid by introducing two material parameters.

Finally, Nuth and Laloui (2008) defined an air entry value dependent on the void ratio,
as the sum of eeference AEVand a term directly dependent on volumetric deformations,

derived from stregstrain relationships, incorporating a single material parameter.
Experimental methods to determine the WRC

There are several experimental methods to determine the water retention curve. One
approach involves starting with a saturated sample, monitoring its weight during
evaporation, and measuring suction using tensiometers to obtamaihedrying curve.
Conversely, initiating the process with a nearly dry sample and progressively wetting it until
saturation allows for the identification of tineain wetting curveThese processes can be
simulated usingHYPROP deviceswhich enable the examination of the watetention
curve within a suction range 6fkPa to 100 kP&onzoniet al, 2021; Liaudat and Muraro,
2024).

Another method involves using aedometer cell with controlled suctigRomero,

1995). This type of oedometer allows independent control of pore air pressure, pore water
pressure, and vertical load, making it possible to apply a specific suction level.

Further details on the two experimental apparatuses will be provided in S&ction

Il n Casini ( 2 et@lg3011p thedsucbod Contmwlied oedometer was used
to perform some tests orlaw-plasticity silt, the Jossigny silhs shown irFigure1.18.

The test begins at a suction of 200 kPa and a vertical net stress of 20 kPa. The sample is
then subjected to a wetting path at constant vertical net stress, reducing suction to 10 kPa,
followed by a drying path at the same stress level until the suctimmseo 200 kPa.

Subsequently, the sample undergoes a loading cycle up to 800 kPa, followed by
unloading to 100 kPa, and then reloading to 800 kPa. After compression, the void ratio of
the sample is changed, and another wettingng cycle is performed to assess the ¢ftéc

void ratio variations on the water retention curve.
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The oedometer cell method allows for the investigation of the water retention curve over

a wider suction range compared to the HYPROP device.
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Figurel.18. Test on a Jossigny silt sample, with wetting to a suctionkfd @rying to 200 kPa,
loading to a vertical net stress of 800 kPa, unloading to 100&iBading to 800 kPa, wetting to a
suction of 55 and drying to 200 kPa.

Another device that can be used to determine the water retention curve is the Dew Point
Potentiometer WP4C, which employs the chilled mirror dew point technique to measure the
water potential of the soil by determining the vapour pressure of the airilitbegun with
the sample in a sealed measurement chamber. This device can measure suction at very high
levels, ranging from 10 to 300 MPa, with an accuracy of £1%.

Since direct suction measurements are not always available and can be challenging to
obtain, and considering that measurements from devices such as HYPROP, the oedometer
cell and the WP4C may not cover the entire suction range of interest due to limitation
the equipment, empirical methods have been also developed to estimate the water retention
curve. These methods allow for the esti mat.
density and grain size distribution (Arya and Paris, 1981; Haverkathparlange, 1986).

Moreover, it is also possible to interpolate experimental measurements of suction and
water content using empirical expressions from the literature, which typically involve only
two or three parameters. These parameters can subsequently be calibratednbased
experimental data. Among the most widely recognised and utilised are those proposed by
Brooks and Corey (1964), Van Genuchten (1980), and Fredlund and Xing (1994).

The Van Genuchten (1980) equation, which will be extensively used in this work, is

presented below:
Y i Y, “Yh Yo p ij0 (1.3)

wheree anda  are two model parameters that define the slope of the transition zone

of the water retention curve.
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Hydraulic Conductivity

In partially saturated soils, hydraulic conductivity depends on water content and, by
extension, on porosity, as water flows through the soil's pore network.

As suction increases, water content decreases, and progressively less water occupies the
pores, resulting in a reduction in permeability, as illustratdéignre 1.19 (Zhan and Ng,
2004). Consequently, it is necessary to define a permeability function that relates hydraulic
conductivity to water content, which can also be expressed in terms of the degree of

saturation.

Hydraulic conductivity, k

C]ay

Sand

Suction, s

Figurel1.19. Evolution of the hydraulic conductivity with suction for clay and sand (Zhan and Ng,
2004)

Many expressions have been proposed to describe the variation of hydraulic
conductivity with water content, including those Wgn Genuchten (1980), Fredlund and
Xing (1994), Leong and Rahardjo (1997), Lu and Likos (20@d)l Scarfonet al (2022).

Experimental measurement of permeability under partially saturated conditions is a
complex procedure, often leading to a preference for indirect determination methods (Jin
and Zhao, 2007). Mualem (1986) classified indirect permeability estimation metiiods i
three categories. Empirical and macroscopic approaches estimate unsaturated permeability
as a function of saturated hydraulic conductivity and a set of parameters related to the water
retention curve. The key distinction between these two approaekas hiow permeability
is modelled. Macroscopic approaches represent partially saturated permeability as a power
function of water content, with the exponent typically depending on the soil's pore size
distribution. This category includes models proposeRichards (1931), Averjanov (1950),
Gardner (1958), Brooks and Corey (1964), and Freditrad (1994).

Another possible approach is the statistical method, which assumes that the soil is
composed of a network of interconnected capillaries of varying sizes, with flow occurring
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only through those filled with water. This approach establishes a direct relationship between
the permeability function and the retention curve. Notable models within this category
include those developed by Mualem (1976) and Van Genuchten (1980).

The equation used in the present work is the latter, by Van Genuchten (1980), reported

below:

QY Y®p p Y (14)

where"Y is the effective degree of saturation and it is given by the following equation:
Y p ijo : (1.5)

Once™Q s defined, the partially saturated hydraulic conductivity can be evaluated as

the product ofQ and the saturated hydraulic conductivity.

1.2 Constitutive models for partially saturated soils

Early efforts to model the behaviour of unsaturated soils focused on predicting shear
strength through a single stress variable, analogous to Terzaghi's effective stress for saturated
soils (Bishopet al, 1960). However, using a single stress variable resulted to be significantly
limiting, particularly in capturing the complete behaviour of unsaturated soils, and a second
variable is always requested to represent the influence of suction on intergiameasiand
volumetric effects, such as the collapeduced by wetting (Jennings & Burland, 1962,
Jommi, 2000).

As a result, the use of two distinct stress variables became a common approach to
characterise unsaturated soil behaviour.

Many constitutive models, as said in previous paragraphs, are now available to describe
the behaviour of partially saturated soils, each of them as a saturated constitutive model as
reference. The two stress variables used by most of the unsaturatetlivemstiodels can
be written as in Equatiofi.6) (Genset al,, 2006):

L 01 iMoo i (16)

The first variable can be referred to as the constitutive stress, amdl’ are function
of suction and, in some cases, other variables as well. Based on the expression‘used for

three classes of models can be identified:
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1. Models whereH : This corresponds to the use of net stress as the constitutive
stress. This category includes the Barcelona Basic Model (BBM) by Akeingb
(1990) and subsequent models developed to address its limitations, such as those by
Joseet al (1992), Wheeler and Sivakumar (1995), andetail (1995). While these
models offer a straightforward visualisation of stress paths, they face challenges
during the transition between unsaturated and saturated stress states, because net
stress does not reduceToer zaghi 6s effective stress w
equals ongbut only when suction is equal to zeloreover, incorporating hydraulic
hysteresis is not straightforward.

2. Models where Models whereH, ¥: In this class, the constitutive stress depends
explicitly on suction but not on the degree of saturation (e.g., Getisdr, 2000;
Loret and Khalili, 2002; Modaresst al, 1994; Pakzad, 1995; Russell and Khalili,
2006). These models implicitly capture the increase in strength with suction through
the definition of the constitutive stress. However, the representation of stress paths
becomes less intuitive, and the tramsitbetween unsaturated and saturated states
remains complex. Again, the integration of hydraulic effects is not straightforward.

3. Models whereH, Wy, : This final class of models considers constitutive stress as
a function of both suction and the degree of saturation (e.g., Belzalhy 1996;
Jommi, 2000; Jommi and Di Prisco, 1994; Shen@l, 2004; Tamagnini, 2004;
Wheeler et al, 2003). In these models the transition between saturated and
unsaturated states is implicit in the definition of the constitutive stress as well as the
increase in strength with suction. Hydraulic hysteresis effects are also naturally
incorporated. Howear, the representation of stress paths in this class is more
complex compared to the other two.
In this class of models, the paraméteri i'Y can be expressed as a combination of
a function of the degree of saturation;Y , and suctionj has follows * {RY
.Y 3. For..."Y many different equations have been proposed.
Lu et al (2010), for instance, proposed the following expression for. tHg

parameter:
YO Y Y "Y; (1.7)

where, as said beforéy; and “Y; are the residual and the maximum degree of
saturation respectively.
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Alonso et al (2010), on the other hand, related théY parameter toYj , the

microscopic degree of saturation, as shown below:
Y YUY Y Y (1.8)
Or, alternatively, as follows:
LYY (1.9

wherel is a parameter of the soil.

A review of the possible expression faris reported in Khalilet al. (2022). Anyway,
very often, and as well in this work,"Y is assumed equal to the degree of saturation for
the sake of simplicity, since has been demonstrex¢éehsively in the literaturehat this
simple expression still works well in describing the behaviour of unsaturatedJswiisn(
and Di Prisco, 1994Bolzon et al, 1996;Jommi, 2000; Wheelest al, 2003;Sunet al,
2008; Niet al, 2024).

1.2.1Collapse upon wetting in the Barcelona Basic Model

As previously mentioned, the Barcelona Basic Model (BBM) is an elastoplastic
hardening constitutive model that employs net stresses and suction as stress variables and so
it belongs to the first category outlined in the previous paragraph. It allows for a
straightforward representation of stress paths. However, at the same time, net stresses do not
automaticallyreverstoT er zaghi 6s effective stresses whe
Moreover, as the degree of saturation never explicitly appears ahwstydss variablés
only suction doe$ considering the soil water retention curve and hydraulic hysteresis is not
straightforward.

Overall the strength of thisnodel lies in its relatively simple formulation, requiring
only a limited number of additional parameters compared to the reference saturated
constitutive moddé the Modified Cam Clay model by Roscoe and Burland (1968).

Despite its simplicity, the BBM effectively captures key volumetric behaviours of
unsaturated soils, such as collapse upon wetting.

To illustrate wettingnduced collapse within the framework of the BBM, reference can
be made td-igurel.20 (a), which presents idealised compression test results under different

suction levels. As suction increases, the yield point shifts progressively to the right of the
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saturated consolidation line. This behaviour reflects the strengthening effect of suction,
which enhances the soil 6s capacity to sust a
The yield points corresponding to different suction levels can also be represented in a
meannetstresgsuction plane, as shown kigure1.20 (b). By connecting these points, the
Loading Collapse (LC) curve, as defined by Aloesal (1990), is obtained. Since the LC
curve delineates the yield points at varying suction levels, it can also be interpreted as an
additional yielding surface in a different plane.
The LC equation proposed by the BBM is reported in Equélidf):

n (1.10)

wherer| is the reference mearetstressy)” thepreconsolidation pressuat zero suction,
_ Tt the slope of the saturated normal consolidation linellatine slope of the unloading
reloading line_ i denotes the compressibility at a given suction level, corresponding to
the slope of the partially saturated normal consolidation line, which is lower than that of the
saturated state and decreases as suction increases. More information about theofquation
the BBM are reported in Secti@?2.3
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Figurel.20. (a) Idealised compression results for four samples at different suction levels. The yield
points for each test are highlighted with the empty circles and the arrows. (b) Yield pointpin the
splane, connected by the Loading Collapse curve (Gens, 2010).

To understand how the BBM captures the collapse upon wetting phenomenon, reference

can be made tbigurel.21

27



Suction, s
@l

Elastic
domain

L/

I-Cinit

LCﬁn,B LCﬁn,C

Pa Ps

Pc Mean net stress, p, .

%]

(b)

Plastic
compression
strains

Elastic
swelling

C B A

i
|
|
|
|
|
|
i
|

Volumetric strains, &,

Figurel.21 Collapse upon wetting explained by using the BBM definition of loading collapse (a)
in thepi splane and (b) in th8ly i splane.

In Figure 1.21 (a), three hypothetical wetting paths are depicted, each representing a

reduction in suction from an initial valuge while maintaining a constant mean net stress.

The light purple path corresponds to a mean net strgss,afhich is lower than the other

two. The light blue path is associated with a mean net strgss ofhile the light grey path

corresponds tpc .
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In Figurel.22 (Alonsoet al, 1990), these concepts are illustrated in the net mean stress,

In(p) 1 specific volumey, plane for two isotropic compression tests conducted on different

specimens: one under saturated conditions (zero suction) and the other in a partially saturated
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state with suction greater than zero. The paranmiétegpresents the mean preconsolidation
stress at zero suction, wher@asi denotes the mean preconsolidation stress corresponding

to a suction greater than zero.

"" Po po(s) Inlp L
0 ne

Als)

s>0

collapse

s=0

Figurel.22. Isotropic compression curves for saturated and unsaturated sample @&lahso
1990).

Firstly, it can be observed that the slope of the saturated normal consolidatignrtine,
is greater than the slope of the normal consolidation line for suction greater than izero,

This indicates that soil compressibility decreases as suction increases, as already shown in
Figurel.l.

Furthermore, it is evident that if the saturation of the sampée>ad kPa occurs at a
mean net stress lower thih only elastic swelling will take place. Conversely, if saturation
occurs at a mean net stress greater tham , the sample will undergo only plastic
compression deformations, resulting in collapse upon saturation.

Although the BBM effectively captures the behaviour of partially saturated soils and key
features such as saturatimmluced collapse, it still has limitations due to the simplistic
assumptions made in its formulation.

The Barcelona Basic Model was developed to provide a hardening -plastic
constitutive model for partially saturated soils within the framework established for saturated
soils. As previously mentioned, to facilitate both qualitative and quantitatdeegions of
partially saturated soil behaviour, net stresses and suction were chosen as stress variables.
This choice allows for a more straightforward interpretation of conventional laboratory test
paths. However, as previously mentioned, since theedegf saturation is not explicitly
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included in the net stress, the retention curve cannot be directly incorporated, making it less
straightforward to account for hydraulic hysteresis.

Finally, as shown ifrigurel1.22, the BBM assumes straiglie relationships between
the specific volumey, and the net mean stress phn(Consequently, the model predicts that
saturationinduced collapse increases monotonically with applied stress. This is because, as
the net mean stress applied increases, the distance between the saturated and partially
saturated normal consolidationémalso increases. However, collapse upon saturation does
not increase indefinitely; instead, it reaches a peak and then decreases, as observed
particularly in tests on relatively loose partially saturated soils (Booth,; ¥Qickhbir, 1982).

Many models have attempted to overcome these limitations, such as that proposed by
Joseet al (1992), which introduced ncfinear relationships between void ratpand Inp).
This modification prevented collapse strains from increasing indefinitely, instead allowing
them to reach a peak before reducing to zero at high stress levels. Specifically, Josa revised
the loadingcollapse equation, modifying it from Equati@inl0) to the following:

Ao A AP a0 & (1)

wherg is a parameter that controls the shape of the LCyrand parameter related to
the difference between the preconsolidation pressure at zero suéti@md that at high
suction levelsy) . The parametenis always greater than or equal to 1. Specifically, it must
be equal to 1 when’ 1 and whem® 1 and it must exhibit an intermediate peak, as

illustrated inFigure1.23.

"A

Figure1.23. Possible shapes af 1" .

The correct definition of then function allows for the correct prediction of the collapse

maximum.
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1.3 Hydro i mechanical (HM) coupling in unsaturated soils

The Barcelona Basic Model (BBM), like many early constitutive models for unsaturated
soils, lacks a specific approach to describe variations in water content or degree of saturation
due to changes in stresses or suction.

If a model is formulated in terms of net stress, there is no complete coupling between
the mechanical and hydraulic components. Since the formulation of the BBM in 1990, the
importance of considering the dual dependency of mechanical behaviour and bydrauli
retention properties has become increasingly clear. Many other constitutive models for
partially saturated soils have been developed, using net stress and suction as stress variables,
aiming to capture the key features of unsaturated soil behaviour abdecoupling the
hydraulic component. This coupling can be achieved by considering the dependency of the
water retention curve (WRC) on the void ratio, or by developing fully coupled hydro
mechanical models, where changes in degree of saturation (aredduetion) directly affect
the stress state.

Experimental data show that the WRC obtained under higher mean stress shifts toward
higher suction values as the void ratio decreases (Gakipali, 2003; Matya®t al., 1968;

Ng et al, 200Q. This suggests that the relationship between suction and degree of saturation
is influenced by the stress state and the void ratio. Furthermore, when suction is held
constant, isotropic loading or unloading can change the degree of saturation of an
unsatirated soil, indicating that degree of saturation is linked to stress or void ratio even
when suction is constant (Wheelet al, 2003). Therefore, treating mechanical and
hydraulic components separately in modelling unsaturated soil behaviour limésilibe

to replicate experimental observations. It is difficult to account for saturation dependence in
a mechanical model independent of hydraulic behaviour. Similarly, a hydraulic model not
accounting for mechanical behaviour cannot easily capture fisgtsebf void ratio on the
WRC (Sheng, 2011).

The hydraulic aspect of constitutive models was addressed by several authors in the
1990s, such as Wheeler (1996) and Dameglal (1997) However, the first full attempt to
incorporate the hydraulic behaviour of a partially saturated soil into a mechanical model was
presented by Vaunat al (2000). The model they proposed, formulated in terms of net
stress, incorporates hydraulic behaviour with a particular focus on hydraulic hysteresis. This
was done by adding two yielding surfaces: one to account for plastic changes in water

content durig drying (suction increase, Sl), and one for plastic changes during wetting
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(suction decrease, SD). These two surfaces are coupled, as modifications in one surface
affect the other, but they are not coupled with loading collapse.

As previously mentioned, net stress complicates the consideration of hydraulic
hysteresis and hydraulic coupling. Consequently, many models have been developed using
Bi shopds effective stress and suctiows as st
for a more straightforward inclusion of hydneechanical coupling, challenges such as
capturing the increase in cohesion and collapse upon saturation remain. Additionally,
defining a Loading Collapse (LC) yield surface is still necessary.

Among these models, Wheektral, ( 2003) wuse Bishopdés effec
suction, defined as the product of suction and porosity, as stress variables. The difference in
using modified suction compared to using suction is minor, as porosity acts mainly as a
scaling factor. Irtheir model, the Loadin@ollapse (LC) curve is simplified as a vertical
line, while the Suction Increase (SlI) and Suction Decrease (SD) curves are represented as
horizontal lines.This model accounts for the coupling betm hydraulic hysteresis and
mechanical behaviour. Plastic changes in the degree of saturation, resulting in the yielding
of the Sl and SD surfaces, affect the sirsain response and lead to a shift in the LC
surface. Simultaneously, plastic volumetsicains induced by the contact and subsequent
yielding of the LC surface influence the water retention behaviour, causing the SI and SD
surfaces to evolve accordinglgince each curve corresponds to a specific yielding
mechanism, the vertical line is noeferred to as the Mechanical yield curve (M), associated
with plastic compression. The horizontal curves are named Wetting Retention (WR) and
Drying Retention (DR) yield curves, as they describe irreversible changes in the degree of
saturation during wéhg and drying, respectively (LIor&abotet al, 2017).

Anothermo d e | using Bishopds effective stress
skeleton stress is defined as the difference between total stress and equivalent fluid pressure,
with degree of saturation as a weighting parameter. This model can naturaljuepsome
features of unsaturated soils, such as increased stiffness with suction, but additional
parameters are required to account for the increase in preconsolidation pressure with suction
and collapse upon wetting.

Another simple model that does not use net stress as a constitutive stress is the one
proposed by Casini (2012) . By using sucti ot
capture deformations induced by the wetting process. The effective precatgohcrtical

stress is defined as a product of a term that depends on volumetric plastic strain and a term
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that depends on degree of saturation through an exponential law, following Tamagnini
(2004). This allows for a combination of reversible and irreversible components in the
change of effective preconsolidations stres
modelled with the Van Genuchten (1980) equation, and the model has been used to replicate
the behaviour of an unsaturated silty sand.

In Sitarenioset al (2021), the hydromechanical behaviour of a steep, forested slope in
Switzerland was interpreted during an artificial rainfall event. The soil, a silty sand from
Rudlingen, was modelled using a critical state model, the Clay and Sand Model (CASM) by
Yu (1998), extended to the partially saturated céSenzalez, 2011)Coupled hydre
mechanical finitee | e me n t anal yses were carried out,
suction as stress variables, and incorporating a BBM loading coligpseThe hydraulic
component was modelled using the Van Genuchten (1980) WRC, with the air entry value
dependent on porosity. The hydraulic and mechanical model parameters were calibrated with
an extensive set of experimental data, including water retentirve measurements and
triaxial stress path tests under both saturated and unsaturated conditions.

A similar approach was taken by Zhuaetcal (2025), who proposed a coupled hydro
mechanical constitutive model for unsaturated clay and sand, again based on the extension
of the CASM. They modified the CASM by usi
loading collapse (LC) yield surface. Thedngulic behaviour was described by the WRC
proposed by Het al (2013), with nonlinear scanning law and accounting for the coupled
effects of soil deformation and hysteresis. The extended CASM was implemetated in
commercial finite element software.

Many other hydrd mechanical models have been proposed to predict collapse upon
wetting (Tamagnini, 2001; Costhal, 2008; Wangpt al., 2013; Rotisciangt al, 2015; Kim
et al, 2017; Tanget al, 2017; Xuet al, 2018; Akbari Garakarat al, 2020), deformations
in shallow and deep foundations (Naaral, 2013; Mashhouet al, 2016; Ashouet al,

2021; Lalicateet al, 2020; Rotiscianet al, 2020; Rodriguest al, 2021; Franciscat al,
2024), and the triggering of landslides (&tual., 2014)
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Chapter 2
Stratigraphy of the subsoil of CentralRome and nade
ground layer characterisation

This chapter islevotedto thedefinition of ageotechnical modédbr the stratigraphy in
the city centre of Rome, with a particular focus on the shallow made ground layer, which
has a thickness ranging between 5 and 15 meters. The characterisation of the made ground
layer presents significant challenges due to the comditienariability in its properties
across different areas. In this chapter, three types of made ground layers are examined from
three distinct areas in Rome: the Rione Trastevere area, the Chiesa Nuova area, and the
Castel Sant'Angelo area. For the latterly a grain size analysis has been carried out due to
time constraints.

The made ground layer has been hyarechanically characterised using various types
of tests, conducted under sucticontrolled conditions, constant water content, variable, and
fully saturated conditions. These tests were performed at the geotechmicatday of the

University of Rome fATor Vergatao.

2.1 Stratigraphy of the city centre of Rome

The stratigraphy of the historic centre of Rome exhibits considerable variation
depending on the specific section under investigation. For an overview of the different soll
units encountered in this area, reference can be made to Ventriglia (2002)stadijghe
city of Rome is divided into sheets, each of which is subdivided into quadrants. The
stratigraphy of each quadrant is reconstructed based on available borehole data. However,
no physical or mechanical properties are assigned to the indivitthadype, but only a brief
description of the soil unit and its depth are provided.

In order to obtain a more detailed knowledge of the physical and mechanical properties
of the layers of the subsoil of Central Rome and to obtain a more detailed stratigraphy,
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reference can be made to several studies in the literature focused on issues related to urban
tunnelling and excavation support for the construction of Line C of the Rome metro (Losacco
and Viggiani, 2019; Masiret al, 2021; Guidaet al, 2025). By interpreting the substantial
amount of in situ and laboratory test data gathered during the project of the Line C, these
authors were able to reconstruct the stratigraphy of the traversed areas and identify the
mechanical properties of the i@us layers.

An additional comprehensive overview of Roman stratigraphy along the Line C route,
from San Giovanni Station to Venezia Sation, is provided by Burghignoli (2011) and
reported inFigure2.1.

The author classifies the subsoil units into three main categories:

i.  Pliocene units: during this era, the wtllown Vatican Clays (Apl) were
deposited. These are ovieconsolidated and very stiff clays, with a thickness of
approximately 800 metres, which form the bedrock of the area of Rome.

ii.  Pleistocene units: consisting of continental fluvial deposits essentially made up
of gravels, sands, and clays. Silty sands andisilis i, sandy silts and clayey
siltsi St and Ari and sands and gravélsSGi are part of this unit.

iii.  Holocene unitsincluding made ground R 1, pyroclastic deposits Tai, and
silty clays and silty sandsLSO and Ag respectively.

T3 Amba Aradam e ey

<T2|T3> ;
Ipponio

S. Giovanni

Venezia Fori Imperiali

m (slm)
20| __ onndam

Elevation, m a. m.s.

R Made ground P Silty sand and silt
- Pyroclastic deposits j|~ Holocene St Ar | Sandy silt and clayey silt [~ Pleistocene

SG Sand and gravel

LSO Ag Ssilty clay and silty

sand . .
Apl Vatican clays Pliocene

Figure2.1. Geological profile along the T3 Lot. of Line C of Roma Underground, from S.Giovanni
Station to Venezia Station (Burghignoli, 2011).

Despite the considerable variation in the stratigraphy across the historic centre of Rome,
one consistent feature is the presence of a superficial layer of made ground. The thickness

of this layer varies considerably between different areas. As shokigume2.2 (Ventriglia,
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1971), along the secti@f the Tiber River that runs through the historic centre, the thickness

of the made ground layer is particularly significant, sometimes exceeding 10 metres.
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Figure2.2. Average made ground layer thickness in the historic centre of Rome (Ventriglia, 1971).

2.2Made ground layer characterization

The made ground layer is a highly heterogeneous soil, and its characterisation is
particularly challenging due to the significant variation in its properties depending on the

location from which the samples are retrieved.
In this study, three types of made ground layer from three different areas of the historic

centre of Romeshown inFigure 2.3, were characterised in terms of their grain size

distribution. The different types are defined as follows:
i. Typad ®made ground from the Rione Traste

i. Typb® @made ground from the area of " Chi

Rome subway.
iii. Typo®d @dmade ground from the area adjacen
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Figure2.3. Map of the historic centre of Rome, highlighting the areas from which the made ground
analysed in this study were collected.

In Figure2.4, the grain size distributions of the three types of made ground analysed are
presented in continuous lines. They consist predominantly of sandy and gravelly materials,
with particle sizes ranging fadomfsémgbhheéyR
Trastevere) to grkvatdwibtoh dHidhd eism Numpesa 00 ¢

Sant Angel o sites respectively), which exhi
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of the sample, the larger diameters were trimmed off during preparasiamdicated by the

dotted lines irFigure2.4. The latter illustrates the grain size distributions used for the Rione
Trastevere and Chiesa Nuova samples, represented by grey and black dashed lines,
respectively. For the Rione Trastevere made ground, particles exceeding 2.36 mm and those
smaller tharD.177 mm were systematically excluded. The finer fraction was removed as a
precaution to mitigate potential cavitation issues during HYPROP tests. Conversely, for the

Chiesa Nuova made ground, only particles larger than 4 mm were excluded.
221Made ground Type 0O0abd

To characterise the ama(dRi gnme uhrda 4 tag/weer @) ,
series of laboratory tests was conducted on both natural and reconstituted soil samples.

The purpose of these tests was to evaluate the mechanical and hydraulic properties of
the soil. Specifically,to assess the water retention behaviour, various devices were
employed, including the HYPROP device for measuring suctions up to 100 kPa, the-suction
controlled oedometer, and the WP4C device for higher suction levels, starting from
approximately 100 kPand extending beyond.

On the other hand, to studlge mechanical behaviour conventional oedometer cell, a

direct shear box, aralsuction controlled oedometerere used
Water retention curve for lower valigof suction

To characterise the water retention behaviour of the made ground layer, a sample was
reconstituted with a void ratio ef= 1.50 and a grain size curve, represented by the dashed
grey line inFigure2.4. This sample is then tested using the HYPROP device.

The HYPROP (HYdraulic PROPerty analyzer) device, illustratdéigare 2.5, allows
for the measurement of both weight changes and suction using a balance and two
tensiometers, respectively. The sample must be fully saturated, with a diameter of 8 cm and
a height of 5 cm. It is allowed to dry from the top surface under ambiapetature and
relative humidity. The setup includes two tensiometers: one 5 cm in lendtanother 2.5
cm in length, that allow the measurements of the suction level at a b&igs cm, and
1.25 cm respectively.

The tensiometers are fitted with a porous stone that has an air entry value greater than
200 kPa. However, due to limitations in the saturation procedure of the porous stone, the
typical suction range measured is from zero up to approximately 100 kPdevibe is also
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equipped with a balance capable of continuously recording water mass loss with an accuracy
of 0.01 g, enabling redime estimation of the water content variation.

Although originally designed to measure the drying curve of samples, the HYPROP
apparatus has also been used by various authors to obtain wetting curves (Poakoni
2021; ParrgGomezet al, 2023). In this study, several wettistepswere followed. After
reaching a target suction value of nearly 140 kPa, incremental amounts of water were applied
to the sample surface to simulate the wetting path up to saturation. Each wetting step was
applied only once the suction, as measured bieti@ometers, csad to decrease following
the water supply. Between wetting steps, the sample was protected from evaporation using
cling film. This careful control at each wetting step allowed the sample to reach near

equilibrium conditions, leading to more accurate mesgents during the wetting process.

M

Soil sample

Top Tensiometer

Bottom Tensiometer

/'——Semor Unit

. o e

Figure2.5. HYPROP device scheme.

Before conducting a test with HYPRORP, it is essential to ensure that the tensiometers
and sensor unit have been adequately saturated with degassed water. Once the sample is
prepared in theample moulda perforated plastic base (saturation plate) and a nonwoven
cloth are placed at the bottom. The soil sample is then positioned in af\ledetray to
allow saturation from the bottom up, as showfigure2.6, with the required time varying

according to soil type.

Figure2.6. Saturation phase of the HYPROP sample.
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When the sample is fully saturated, with a thin layer of water visible on the surface, two
holes for the tensiometers are made by using a tensiometer shaft adapter, as Eigawe in

2.1.
-

Sample
ring
number

Figure2.7. Tensiometers holes using the tensiometer shaft adapter (after HYPROP Manual).

The sensor unit with the mounted tensiometers is then carefully placed upside down onto

the soil sample, as shownhigure2.8.

Figure2.8. The sensor unit with the mounted tensiometers is placed on the soil sample (after
HYPROP Manual).

The final step involves flipping the entire test assembly upside down and removing the
saturation plate and nonwoven cloth. At this point, the sample on the sensor unit is ready to

be placed on the balance to begin measurements, as illustr&igdne2.9.
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Figure2.9. HYPROP device during measurements.
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Figure2.10. Experimental WRCs upon drying and wetting for a made ground sample from Rione
Trasteveadp. (Type O

The complete saturation of the sample in the HYPROP device is highly challenging, as

also reported on Ponzoat al (2021) and the difficulty increase with the coarse graded
content in the sample. The sample tested is a silty sand degreeof saturation of 85%

has been achieved.
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Furthermore, as shown irigure 2.10, although not very pronounced, the hydraulic
hysteresis phenomenon can be observed. The water retention curve upon wetting differs
from the drying curve, and for the same degree of saturation, a higher suction is recorded for

the drying curve.
Water retention curve under suctionontrolled conditions

The water retention curve (WRC) of the magteund layer under suctiezontrolled
conditions was determined using an oedometer cell developed at the Universitat Politécnica
de Catalunya by Romest al (1995).

The cell controls pore air and water pressures using two independent circuits. The first
applies pressure at the samplebds base, whi
regul ated via an air pressure system at the

The axis translation technique enables testing under unsaturated conditions while
preventing water cavitation in the drainage circuits. Target suction is applied by shifting pore
air and water pressures into the positive range, maintaining the presgenendg equal to
the desired suction value. Additionally, the net vertical stress, 0 must be
maintained at the target level.

For example, to replicate an in situ net stresspf , 0 ¢ TQ0 ,dwithd
QO Rand a suction of 6 0 6 v TIQO the following pressures are
applied: air pressure equaldo  p ¢ 0 ,dwvater pressure af X TQ0 ,cand vertical
stressof p 1 0.

The oedometer cell consists of three main parts, as illustraiégure2.11:

i.  The base is equipped with a high-antry value (HAV) porous stone fixed at its
centre by three bolts. A spiral groove is situated beneath the porous stone,
designed to expel any air bubbles that may form during the test. The sample is
positioned withinlhe oedometer ring, which has a diameter of 5 cm and a height
of 2 cm. It is placed on top of the porous stone with a filter paper in between.
The HAEV porous stone is essential for achieving high suction levels, as it
prevents the formation of air bubblesthe water drainage system. The porous
stone used has an air entry value of 500 kPa.

ii.  The central body: it is where the sample ring is contained.

ili.  The upper body: this section contains the loading piston, which has a low air

entry value porous stone on its lower surface.
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Between the central and upper bodies, an impermeable membrane is placed, attached to
the loading piston, enabling independent control of the pore air pressure applied to the
sample (through drains on the central body) and the vertical load applied vieeseetpair

on the piston.

g

I—J]M

} (g
%/ ' *I/ ! Centralbody \
Upper body |32 3 s ! 4

\

/,

Ve
ol ¢
4

il \I!
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Figure2.11. Components of the suctiocontrolled oedometer cell.

Figure2.12shows the test setup used to determine the water retention curve (WRC) with
the suctiorcontrolled oedometer cell. Each circuit contains a pressure regulator, which is
controlled via LabView software to set the required air, water, and vertical loadi@®ss
Pressure transducers are then used to monitor the applied air pressure in each circuit.

To apply a specific water pressure to the sample, it is necessaryt toysthie regulator,
which allows the pressurised air to flow to a volume gauge that can be refilled from a water
tank. The gauge transmits the pressure to the water by an inner membrane, enabling the water
to flow directly to the sample via two drainagedsldocated in the base of the oedometer
cell. The air pressure and the vertical load are applied from the drainage tubes on the central
body and the upper body, respectively.

Furthermore, two linear variable differential transducers (LVDTSs) are installed. The first
is positioned on the head of the sample, with the purpose of measuring vertical
displacements. The second is located on the volume gauge, with the objective atireyalu

the quantity of water drained in or out from the sample.
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Figure2.12. Test setup used to perform the suctia@ontrolled oedometer tests on made ground
samples.

%

The water retention curve (WRC) is determined by applying a series of controlled
suction steps while maintaining constant net vertical stress. This process involves keeping
both the vertical load and air pressure constant while systematically varyingatee w
pressure. Each new suction increment is only applied after the sample reaches equilibrium
from the previous step, indicated by stabilised water volume changes and vertical
displacements over time.

The experimental program, outlinedTable2.1 and inFigure2.13, consisted of two
complete dryingvetting cycles performed at distinct net vertical stress levels. In the initial
cycle, the made ground sample was subjected to a constant vertical stress of 140 kPa and an
air pressure of 120 kPa, establishing a net cadrgtress of 20 kPa. Under these loading
conditions, the sample exhibited an initial void ratiegHf 1.48.

Subsequently, in order to simulate a drying process, the water pressure was changed to
increase the suction level from 20 kPa to 100 kPa, as depicted by the yellowHigari
2.13. This process was followed by a wetting phase that systematically reduced the suction
from 100 kPa back to 5 kPa, represented by the light blue line in the same figure.

Throughout the entirety of the process, both drying and wetting phases, the sample
exhibited swelling, with a final void ratio higher than the initial one and equeg] t01.58.

The observed swelling can be attributed to the small vertical net stress to which the sample

is subjected, indicating that it remains within the elastic domain.
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Table2.1. Steps of the oedometer test used to define the made ground layer WRC.
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Figure2.13. Graphical representation of the steps of the test, reported in the ssicti@rtical net
stressf.netplane.
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Prior to the second drying and wetting cycle, the sample underwent a compression phase.
During this phase, the vertical net stress was increased from 20 kPa to 390 kPa, while the
suction is kept constant at 10 kizutcomes of the compression phase is showrkigure
2.14.

18 ——
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Figure2.14. Compression phase between the first and the second dryietjing cycle.

As can be seen froffigure2.14, during the compression phase the void ratio decreases,
until it reached the value, = 1 erd 8f tha phase. h e

The second drying and wetting cycle commenced from the final point of the compression
phase, with a vertical net stress of 390 kPa. This stress was considerably higher than that
applied in the previous cycle.

The water pressure was adjusted to simulate a drying process, starting from a suction of
25 kPa and increasing to a suction of 115 kPa, as shown by the light red dellde.1
and the red line ifrigure2.13. Following this, a wetting process was performed, reducing
the suction from 115 kPa to 10 kPa, as indicated by the green cedisle2.1 and the green
line in Figure2.13.

Due to technical issues with the axial LVDT, it was not possible to measure the vertical
displacements caused by drying and wetting during this cycle. However, the final void ratio
was found to be the same as the initial ratio by measuring the sampésdidhe end of
the tests.

In Figure2.15 the results obtained during the test are summarised. In parti€igare
2.15 (a) displays the results in the degree of saturaoinsuction,s, plane, whileFigure
2.15(b) displays the results in the water ra@gj suction,s, plane, where the water ratio is

defined as follows:
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Q 2 (2.1)
®

where @ is the water volume and is the solid volume, that remains constant
throughout the test.

The curves converge tosamedegree of saturatiofor suction values greater than 25
kPa. For suction values less than 25 kPa, hysteresis is observed in both samples. As the void
ratio decreasethe water retention curves (both drying and wetting) shift to the righthend
air entry value of the water retention curve (WRC) shifts from lower values to higher values.
This change is due to a reduction in pore size, which makes it more difficult for water to
drain from the sampleince smaller voids havenaher capacity to retain watgg.g. Simms
& Yanful, 2002; Vanapallet al, 1999, Tarantino & Tombolato, 2005, Casstial, 2012,
Gallipoli et al,, 2015).
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Figure2.15. Water retention curves obtained using the suatamtrolled oedometer cell, at two
different vertical net stressés) in theS i splane and (b) in the, T splane.

Water retention curve for higher values of suction

To characterise the retention behaviour of the made ground at higher levels of suction,
a WP4C apparatus, developed by METER Group and based on the chilled mirror dew point

technique, was used.
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The soil sample is placed in a cylindrical stainlste®l cup with a volume of 15 mL,
filling only half of the cup's volume. The cup is then positioned within a drawer and inserted
into the chamber, which is subsequently sealed, as shawigure2.16.

The WPA4C apparatus is equipped with an infrared thermometer, which measures the
temperature of both the sample and the chamber. It is crucial to maintain the sample
temperature close to or below the chantbeperature to ensure accurate measurements and
prevent condensation within the block.

Once the sample is inside the chamber, the WP4C apparatus waits for hygroscopic
equilibrium to be established between the sample and the air in the chamber. This means the
moisture content of the sample adjusts until the water vapour in the air is ibraguilvith
the moisture retained within the sample.

The interior of the sample chamber is equipped with a mirror, whose temperature is
regulated by a thermoelectric (Peltier) device. When equilibrium is reached, the WP4C
begins cooling the mirror, leading to the formation of condensation on its surfacpti¢ad
sensor detects the condensation, and the WP4C automatically records the exact temperature
of the mirror at the moment condensation forms. This temperature corresponds to the dew
point of the air, which is in equilibrium with the sample.

Using the dew point temperature, the WP4C determines the suction of the sample and
provides digital results, displaying the suction value in units such as kilopascals (kPa) or
megapascals (MPa), along with the chamber temperature, which is continuougbtyreaon

during the test.

=

Figure2.16. WP4C apparatus by METER Group.

The WP4C apparatus was used to conduct five tests following the procedure outlined

above. A specific quantity of soil was prepared with a water content slightly below its natural
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value (w = 22%). The soil was then divided into five cups, each filled to only half its
capacity.

For each sample, the exact time of preparation and measurement was recorded to
determine the duration of the evaporation process. Additionally, the weight of the sample
and the cup was measured at three stages: before the evaporation process began, at the
conclusion of the evaporation process (just before the sample was inserted into the WP4C
apparatus), and after the test, once the sample had been subjected to 24 hours of oven drying.
The complete set of data is presented@iable2.2.

Table2.2. Information about the WPA4C tests.

Prepar at Evapor at Post ovVve

Samp Peup PsoticlPp Psoii tevay Psoti cPp Psoii tover Psoti ¢ Py Psoi
(9) (g) (g, (h) (g) (g, (h; (g) (9]

1 24. 28.1 3.4 O 28.1 3.4 214 27.5 2.8
2 24. 28.9 4.3 1 28. 7 4.1 214 28.1 3.5
3 24. 28.6 3.9 2 28.4 3.7 214 27.9 3.2
4 24. 28.2 3.7 3 28. 0 3.4 214 27.6 3.0
5 2 4. 28.3 3.4 17 27.9 3.0 214 27.5 2.6

As previously mentioned, the WP4C provides measurements of the temperature
differential between the sample and the chamber, as well as the suction level during the test.

To define the water retention curve (WRC), it is necessary to correlate the suction level
to the water content of the sample or its degree of saturation. This can be done by using the
known values of the sampl ebds weendrying atdef or e
its approximate total volume (half the total volume of the cup).

The calculations used to evaluate the degree of saturation and the suction level measured
by the WPAC are reported Trable2.3.

Specifically,Gs is the specific gravityPsqi is the weight of the soil sample just before
the start of the test, alidoiaryis the weight of the sample after the oven drying period. The
water content of the sample, is calculated by usingsoi andPsoil,dry.

Vot the total volume of each sample, which equals half the capacity of the statelelss
cups. The volume of grain¥s.i, is calculated using the specific gravi@s, and the dry soil

weight, Psoil.dary. The void ratiog, is known if the total volumé/ior, and the soil volumé/soi,
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are known. Finallysmeasis the suction level measured by the WP4C &pslis the degree
of saturation calculated with Equati@it2):

'YX 000 (22)

Table2.3. Calculations to determine the degree of saturation in the WP4€lireeeents.

Samp Gs Psoi Psoil we) Viot  Vsoil e0) S O Smeas
) (9) (9) (cm (¢ (kPe

1 3.4 2.8 0.2 1.0€¢e 5.57 0.1cC 70
e P R R e 1 37 4 22 0 11 o9:to
g s 53 3 0L 7.0 1 3T A TE O 0E 451
T TR B R R T I R Y
e R R 107 5 89 0 0fi1044

The WP4C has a measurement accuracy of + 50 kPa for suction levels ranging from 0
kPa to 500 kPa and an accuracy of 1% for suction levels from 500 kPa to 300 MPa, which
is the upper limit of the measurable suction range. Therefore, the initial sucticuremeast
presented imable 2.3, with sneas= 70 kPa, can be disregarded due to the potential error
exceeding the acceptable threshold.

Figure2.17 shows the experimental points of the water retention curve obtained using
the WP4C.

1000000 T T T T T
100000 A =
A ]
10000 =
A 3
. 1000 A =
© 3
o
=
v 100 -
10 -
1 -
A A WPAC drying
0.1 r T I I Ll Ll

0 005 01 015 02 025 03
Sr [%]

Figure2.17. Experimental WRC points obtained from the WP4C apparatus.
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Saturated hydraulic conductivity

To determine the saturated hydraulic conductivity, constant head permeability tests were
performed using a conventional oedometer cell.

This involves the measurement of the volume of walgr.that flows through a soil
sample over a time intervat, under a constant water head. The saturated hydraulic
conductivity,Ksay is expressed in m/s and it is calculated as follows:

v o 23)
oyQ
where0 is the water discharge @m), 0 is the length of the soil sample (n)js the
crosssection area of the sample3nand Y Qis the difference between the upstream and
downstream water levels (m), which must remain constant during the test.

To perform the test, the conventional oedometer cell was modified. A plastic ring with
a weir was added to surround the cell, ensuring a constant downstream water level by
allowing water to flow freely. To maintain a constant upstream water level, a basin
containing a float, connected to a pump, was used. The water discharge was monitored using
another basin placed below the weir, on a balance, to measure the mass water.

The calculated)  represents the hydraulic conductivity of the soil sample combined
with the two porous stones placed above and below it. To determine the hydraulic

conductivity of the sample alone, refer Eogure 2.18, which illustrates a water flux

fo

Ksaton Ho |

perpendicular to the layers.

Ksat,21 H2

Ksat,li H‘I 4

Q

Figure2.18. Scheme of filtration perpendicular to the bedding planes.

The total hydrauliconductivity is defined as follows:

0 B (2.4)



whereOis the total height of the multilay€et) the height of a single layer, and
the hydraulic conductivity of each layer.
Starting from Equatior{2.4), the hydraulic conductivity of the sample alone can be

expressed as:

. 00 0 9
V' h 'y coo '

whereU  is the saturated hydraulic conductivity of the samiiethe height of the
sample (2 cm)y the hydraulic conductivity of the porous stones (7.78m0s), 0 the
hydraulic conductivity of all the layers (calculated using Equgi2d)), ‘Othe total height
of all layers, andO the height of the single porous stone (2 cm).

This procedure was repeated at different load steps of 20, 50, 100, and 200 kPa of
vertical stress, in both loading and unloading paths, maintaining a constant difference
between the upstream and downstream water levels at 78.55 cm. The saturated hydraulic

conductivity values during loading and unloading steps are shokigune2.19.

3.2E-04 ————r—rrrry
L ® @ @ |oading
® @ ® Unloading -
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[ ]

1.6E-04

1.2E-04
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Figure2.19. Hydraulic conductivity during a loading and unloading cycle.

From Figure 2.19, it can be observed that, as expected, the hydraulic conductivity
decreases as the vertical stress increases. This is due to the reduction in void ratio under

higher stress. The average value of the reported measurem&is=id.6-10* m/s.
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Oedometer tests on natural samples

Three oedometer tests were conducted on three soil samples collected during a
continuous core drilling operation, which was carried out in June 2021 as part of a geological
and geotechnical survey campaign, in the Via Madonna dell'Orto area, in Trasidere.
samples were extracted from a depth of approximately 8 metres.

The grain size distribution curve for all the natural soil samples is the solid grey line
reported inFigure2.4.

The tests were conducted using a conventional oedometer apparatus, skayunen
2.20. The samples employed were cylindrical specimens with a diameter of 7.1 cm and a
height of 2 cm. Vertical stress was applied with metallic weights and the measurement of
vertical displacements was conducted by using a dial gauge at fixed time intergals of
seconds, 15 seconds, 30 seconds, 1 minute, 2 minutes, 4 minutes, 8 minutes, 15 minutes, 30

minutes, 1 hour, 2 hours, 4 hours, and 24 hours following each load increment.

Figure2.20. The conventional oedometer apparatus used in the tests on made ground samples.

The oedometer tests conducted on these samples involved an initial compression phase
up to a predefined vertical stress at the natural water content, followed {gpwop
saturation through water addition and continued compression until the final vettessd
was reached. The stress path followed in the three oedometer tests are regdégackin
2.21
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Figure2.21. Stress paths followed during the oedometer tests OED_1, OED_2 and OED_3

The test results are presenteéfigure2.22 ()i (c) in the classical compressibility plane,
el log( v), and inFigure2.22(d) 1 (f) in thel ei log( v) plane.

Figure2.22(a)i (c) show key parameters from the oedometer tests, such as the slope of
the saturated normal compression ling,However, OED_1 begins with a significantly
different initial void ratio compared to OED_2 and OED_3. Due to this, it was not possible
to visualise all three tests using the sarexig scale irFigure2.22 (a) i (c), making it
difficult to assess the extent of collapse upon saturation. For this réagore2.22 (d) i
(f) are included, where the tests are presented inehdog( v) plane, allowing for a clearer
assessment of thes upon saturation.

The OED_1 sample has an initial void ratidbf p& pand a natural water content of
0 ¢ @ b GivenGs = 2.64, the initial degree of saturatiorSis= 48%. The sample is
then subjected to saturation at a vertical stress of 50 kPa. After saturation, a slight reduction
i n t he ve= 000843, tisioleservedpindicating a small saturation collapse. The
compression continues in the saturated condition until a vertical stress of 200 kPa, with a
compression indexg, of about 0.02, as shown kigure2.22 (a).

The OED_2 sample has a lower initial void ratidbf p& yan insitu water content
of 0 ¢ & b and an initial degree of saturati® = 47%. The sample is loaded
stepwise to a vertical stress of 100 kPa and then saturated. A slight saturation collapse is
observed a&g@000843, as shown Fiqure2.22 (b) and (e). After saturation,
the compression continues until a vertical stress of 800 kPa in the saturated condition. From

Figure2.22 (b), cc of approximately 0.06 can be defined.
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The results for the OED_3 sample are showlRigure2.22 (c) and (f). This sample has

an initial void ratio ofep = 1.27, comparable to the OED_2 sample, a natural water content

of wnat= 23.3%, and an initial degree of saturatiolset 48%. The vertical load is applied

stepwise up

t o

200

k Pa,

then the samgle is

=0.0034 is recorded. Compression continues in saturated conditions until a vertical stress of

800 kPa, and frorfrigure2.22 (c), a compression index of about 0.06 is observed, equal to

the previous sample.

From Figure 2.22 (d) to (f), it can be seen that the samples exhibited an increasing

collapse upon saturation as the vertical stress increased. This behaviour is consistent with

various experimental observations in the literature (Vdlad Rodrigues, 2011Delage

2014
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Figure2.22. Oedometer tests on natural made ground samples from Riastevere, with
saturation phase at a vertical stress of (@) 50 kPa, (b) (e) 100 kPa and (&) (d) 200 kPa

respectively.

Oedometer tests on reconstituted samples

Addi ti onal

oedometer

tests were ghemhadremed

ground.The grain size distribution used is the grey dashed likggure?2.4.

The samples were prepared by mixing the desired granulometry with the required

amount of water to achieve a target water content. They were then left to equilibrate for 24
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hours. The tests began by compressing the samples under unsaturated conditions at the target
water content, up to a predefined vertical stress. Following this, a saturation phase took
place, after which the samples were further compressed under fullgtedtoonditions until
the final vertical stress was reached. Finally, the sample was unloaded.

The stress path followed in the two tests OED_4 and OED_5 are repdfigdne2.23.
The OED_4 test started widg = 1.295 andw = 0.23, that corresponds t&a = 0.469. On

the other hand, the test OED _5 started wjth 1.287 and & = 0.23, so with &0 =0.472.
1
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0.7 —| s—e OED_5,e,=1.287,w,=0.23
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Figure2.23. Stress paths followed during the oedometer tests OED_4 and OED_5.

Figure 2.24 shows the results of the two tests in thé log( v) plane. The sample
OED_4, saturated at a ver e+@0835 whithrisegieader of 5 (
t h an es0nm06086wbserved in OED_5, which was saturated at a higher vertical stress of
100 kPa.

It can also be noticed that for OED d4,s equal to 0.16 and is equal to 0.01, while
for OED_5,ccis 0.047 andsis 0.01. Despite the equalvalues for both tests, tloe value
for OED_5 is higher than that of OED_4. Additionally, the reduction in void ratio upon
saturation appears to decrease with increasing vertical stress at the saturatidvéasvel.
though the collapse upon saturation can decrease at higher stress leveds §00%892),
the observed behaviour in this case is unexpedtszk previous tests indicate that collapse
upon saturation tends to increase with higher stress levels. Furthermore, the slope of the
normal compression line under saturated conditions should be the same for both OED_4 and
OED _5.

This discrepancy may be due to an error in conducting the OED_5 test, where the correct

saturation time may not have been observed, resulting in incomplete saturation.
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Consequently, the OED_5 sample may exhibit lower saturated compressibility than OED_4,
along with a smaller collapse upon saturation. Alternatively, this difference could be
attributed to the inherent spatial heterogeneity of the made ground soil, whicifet the

two samples differently
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Figure2.24. Oedometer tests, OED_4 and OED _5, on reconstituted made ground samples from
RioneTrastevere, with saturation occurring at vertical stresses of 50 kPa and 100 kPa, respectively.

Three additional oedometer tests, OED 6, OED 7, and OED_8, were conducted,
starting with an initial void ratio of approximately 1.50 and an initial water content of about
25.9%. The samples were prepared as described for OED_4 and OED_5, and thelstress pat
followed in these three tests is showrkigure2.25.

OED_6 has an initial void ratio &b = 1.495, an initial water content wf = 0.259, and
an initial degree of saturation 86 = 0.457, with saturation occurring at a vertical stress of
20 kPa. OED 7 has a = 1.494 wo = 0.259, andso = 0.458, with saturation at a vertical
stress of 50 kPa. Lastly, OED_8 hasan 1.492wo = 0.259, an&o = 0.458 with saturation

occurring at a vertical stress of 100 kPa.
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Figure2.25. Stress path®llowed during the oedometer tests OED_6, OED_7 and OED_8.
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The results of the three tests are showkigure2.26, in theei log( v) plane.
It can be observed that OED_6, saturated, at 20 kPa, exhibits slight swelling with
ge =-0.00125; OED_7, saturatedat= 50 k Pa, shows evear-smal | e
0.00031; and OED_8, saturatedat 1 00 kPa, experiec@®&88. shrir
Unsaturated samples typically swell upon wetting when within the elastic domain. It is likely
that, at lower vertical stresses, OED_6 and OED_7 remained in the elastic domain, resulting
in swelling. As the vertical stress increased, the sdiéeéxe elastic domain, and saturation
caused collapse, as observed in OED_8.
Additionally, fromFigure2.26, an initial assessment of the parameteendcs for the
three tests can be made. Specifically, for OER¢ 6,0.085 ands = 0.01; for OED_7¢c =
0.089 andcs = 0.01; and for OED_8; = 0.1 andcs = 001. Thecs values are virtually

identical across all tests, while tbgvalues are slightly different but remain quite similar.
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Figure2.26. Oedometer tests, OED_6, OED_7 and OED_8, on reconstituted made ground samples
from Rione Trastevere, with saturation applied at a vertical stress of (a) 20 kPa, (b) 50 kPa and (c)
100 kPa, respectively.

Two additional oedometer tests were conducted using the same grain size distribution
as the dashed grey line kiigure2.4. These tests included a fully saturated oedometer test,
OED_sat, with an initial void ratjoep, of 1.48 and a water contemvo, of 0.561,
corresponding to an initial degree of saturati®g of 1, and a partially saturated test with
anep of 1.48 and avp of 23%, corresponding to &y of 0.41.

For the saturated oedometer test, the sample was prepared with a target water content of
25.9%, compressed under a low vertical stress of 5 kPa, and then saturated. The test setup
used for saturation is shownhigure2.27. It included a graduated burette connected to the
valve at the base of the oedometer. A volume of water greater than required for full saturation
was added to the burette. Additionally, the plexiglass ring surrounding the oedometer cell
was partially filed with water, ensuring the load head remained uncovered. This
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configuration maintained a free water surface and prevented the water in the burette from

draining completely into the oedometer cell.
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Figure2.28. Oedometer tests on reconstituted made ground samples from Rione Trastevere.
OED_sat is a saturated test with an initial void ratio of 1.50 and a water content equal to the
saturated one, 0.568, while OED_unsat is an unsaturated test, with initialtimif ta50 and
initial water content of 0.259.

The saturated oedometer test (OED_sat) shows higher compressibility than the test
conducted at natural water content (OED_unsat). Specifically, the variation in void ratio
from the start to the en@0946ffor QED esat,avhilnforr e s s i
OED_ uns a&t0.0512. Furtherngore, for OED_sat, valuessf 0.17, ancts = 0.015
are obtained. The vertical preconsolidation strégsjs determined using the Casagrande
method and is almost equal to 160 kPa. For OED_unsat, the slopiee aformal
consolidation line at suctiors | 0 c(9) s 0.071,c(s) = 0.014, and the vertical
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preconsolidation stress at a fixed suctionlis(s) = 200 kPa, also determined by the
Casagrande method.

These values, though approximate, are consistent with the behaviour of unsaturated soils
predicted by the Barcelona Basic Model (Alonso et al.,, 1990) and similar maulels
particular, sincee(s) < c, it is clear that the soil is less compressible when unsaturated.
Furthermorefo(s) > Ovo reflects the increased strength due to partial saturation. However,
the condition of partial saturation does not significantly affgoivhich remains nearly the

same in both cases.
Direct shear tests

Three direct shear tests were performed on samples collected from depths between 4.5
and 5 metres within the made ground layer in the Trastevere area, using a conventional direct

shear box, the scheme of which is showRigure2.29.

Vertical load

Loading plate
\ l %p’ertical deformations

Horizontal
. Sample _>
deformations . Shear force
— prp——_
=
T
/

Porous stone
Figure2.29. Direct shear test apparatus.
Three squarshaped samples were tested, with dimensions provideabie2.4, which

also includes data on the initial water content of the samples.

Table2.4. Initial parameters for the three direct shear tests on MG samples.

Sampl e 1 2

Hei db(tc,m) 2.3t2.2 2.30
Length (cm) 5.9¢5.9 5.099
Il nitial wate 36. 32 31.°¢

Each sample underwent an initial consolidation phase, with a vertical effective stress
varying from 25 kPa for the first sample to 147 kPa for the third. Consolidation was carried

out over a 24our period for all samples, after which the shear phasegmedeas shown
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in Figure2.30. During shear, deformation was applied at a constant rate of 0.02 mm/min and
the samples were saturated at a horizontal displacement of approximately 7 mm, maintaining
constant vertical stress. Additional details on the test procedures are providdxdie.5.

Table2.5. Information on the phases of the direct shear test.

Sampl e 1 2

Vertical str 25 69 147
Duration ( h) 24 24 24

Consol i

Def or mati on 0.0:0.0 O0.02
Shear|Vertical str 25 69 147

Fi nal water 41. 43. 40 .

Figure 2.30 (a) displaysthe shear test results in terms of shear sttds$/A, against
hori zont al > whiefFiguae2.20eshows axigbdeformatiod = -qH/He, as
a function of ho xiHeremhrepaekentsthesnedsarad domasrihe | (04]
crosssecti onal ar edas the height iagation,sandpid tlee initiapheight of

the sample. The shear phase was conducted under displacemialied conditions at a
rate of 0.02 mm/min.

120 I : T T T T T
(a) -
= 100 -
o
=
~ 80 -
'f-:: - o' =69 kPa T
go 60 | - L g N _—l‘._.—.’ -
el ! atnt® |----l"'.~.-.—.—.-.-. ]
@ o
< 40 I.ll-l
5 d -
< - asusenieeste @ d', =25kPa
S 20 : ‘.“‘.u..u't' ‘\L.-... v . -
0 v-.'. I I I R 1 1 1
0 2 4 6 ° - - -
2 I I I : T T T
-( b ) -
,.-"' .»“'A\._%
{ . . o' =25kPa
§ .p.“...." ~0=0-0u,, .'Ow-l-."
o O Zingnes! -
uj\ rrr.l.'.I'I.l.Il...ll.llllll.-.-.-.-.‘.-.-.-.\
£ 1F X -
: u,
— \.\
o — ] o', =69 kPa J
.‘_E l~--l-l-l---l~--l
X 3 | -
Z g, =147 kPq
| E
5 | | I I R 1 1
0 2 4 6 ° » 1 )

Horizontal displacements, Ax [mm]

Figure2.30. Direct shear tests results on made ground layer samples (a) in terms of shear strength
and (b) axial strains.
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It can be observed that the shear strength at natural water content increases with the
applied vertical stress, rising from around 25 kPa to 65 kPa and 115 kPa for vertical stresses
of 25 kPa, 69 kPa, and 147 kPa, respectively, at a horizontal displacemxewit 7 mm.
Interestingly, the sample subjected to the lowest vertical stress (25 kPa) exhibits a dilation
of approximately-2%, while the other two samples, during the shear phase at natural water
content, show shrinkage of 0.25% and 1.25%, respegtifal vertical stresses of 49 kPa
and 147 kPa.

Finally, after saturation, the shear strength decrease® 3%, 2.7%, and 3.9%, with
gx = 13 mm, as the vertical stress increases.

Figure2.31 shows the values dfat eachid level, reported for both the peak condition,
corresponding to natural water content (shown in black), and the residual condition, when

the sample is fully saturated (shown in grey).
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Figure2.31. Shear test results under partially saturated (black) and saturated (grey) conditions.
Failure envelopes derived using the Mdboulombcriterion.

The experimental points are interpolated using the Meyulomb criterion, obtaining
a partially saturated cohesiotdy) of 14 kPa, a partially saturated friction anglié. of
37°, a fully saturated cohesiotty of zero and a saturated friction anglié&) of 37°.

In the partially saturated case, an increase in effective cohesion is observed, which could
be attributed to the presence of suction, while the friction angle remains constant. This is
consistent with many experimental studies, such as those by Fredlah{L978), Gulhati
and Satija (1981), Ho and Fredlund (1982), and Fredlund and Rahardjo (1985). However,
numerous experimental studies have shown that the increase in strength due to suction
cannot continue indefinitely. In contrast, some findings repdoy Escario and Saez (1987)
and Fredluncet al (1987) suggest a ndmear increase in strength with suction, with a

tendency towards a maximum at a certain (high) suction level.
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2.2.2Made groundlyped b 6

For the made ground dfy pl® é r om t he Chi esa Nuova area

were available. All tests were carried out on reconstituted samples with a grain size
distribution corresponding to tliashedlack line inFigure2.4. . Due to time constraints,
the hydraulic characterisation of the water retention curve for the made ground from the
Chiesa Nuova area was carried out exclusively using the HYPROP and WP4C devices. No
suctiorrcontrolled oedometer tests were performed.

For the mechanical characterisation, insteadtign-controlled oedometer tests were
performed using the suctiarontrolled oedometer cell, while saturated tests were conducted

with the conventional apparatus.
Water retention curve for lower values of suction

The characterisation of the water retention curve for lower suction values was carried
out by using the HYPROP device, and only the main drying curve was obtained, following
the procedure outlined in the previous sections. The grain size distributiors ueedne
depicted by a dashed black lineFigure2.4.

The results are presentedHigure2.32, plotted on the degree of saturati§i suction

s, plane.
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Figure2.32. Experimental WRC upon drying for made ground sample from Chiesa Nuova (Type
@0 ) .

As can be seen froffigure2.4, where the grain size distributions of the different made

ground layer types are reportéde Typel' made ground layer seems to be a little coarser
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than Typed'. This leads to an initial degree of saturationFigure2.32, that is lower than
that recorded for the Rione Trastevere sanggeal to81%

Water retention curve for higher values of suction

Some WPA4C tests were carried out following the procedure outlined in the previous
paragraphs.
The complete set of data is presentediable?2.6.

Table2.6. Information about the WPA4C tests.

Prepar at Evapor a Post ovVe

Samp Pcup PsoticlPp Psoi PsoticPp Psoi tover Psoti c Py Psoi
(9) (g) (g (g) (g; (h; (9g) (9

1 2 4. 31.6 7.1 31.3 6.8 24 30.05. 14
2 2 4. 32.6 7.6 32.1 7.2 24 30. 9 5.9
3 24. 31.2 6.6 30.7 6.1 214 29. 7 5.2
4 24. 31.2 6.5 30.6 5.9 214 29. 7 5.1
5 24. 31.8 7.2 31.1 6.5 214 30. 3 5.6
6 2 4. 30.9 6.6 30.0 5.7 24 29.4 5.1
7 2 4. 33.8 9. 72 33.4 8.9 24 31.5 6.9
8 2 4. 33.8 8. 8 33.3 8.4 24 31.4 6. 4
9 2 4. 33.8 9. 72 32.8 8.2 24 31.5 7.0
10 24. 33.6 8.9 32.3 7.7 24 31.4 6.7
11 2 4. 33.7 9.1 32.5 7.8 214 31.5 6. 8

By using Equatior{2.2), as previously described, the values reportetiable 2.7 are

obtained for the 11 samples.

64



Table2.7. Calculations to determine the degree of saturation in the WP4C meaurements.

Samp Gs Psoi Psoil we) Viotr  Vsoil ) S O Smeas
G (g) (9) (e (cm (kPe

1 7.1 5.4 0. 2 2.0€e 2.87 0.2: 260
e e TE e s S E S R A 5T a5
6.6 5.2 0.1 1.97 3.05 0.1t 570

6.5 5.1 0.1 1.9 3.13 0.14 730

7.2 5.6 0.1 2.1t 2.71 0.1: 194(«

6 6.6 5.1 0.1 8.0 1.94 3.11 0.1C 226

9.2 6.9 0. 2 2.6 2.03 0.3¢ 230

8.8 6.4 0. 2 2.4t 2.25 0.34 180

e R S EE S 0T 5 A4
.................. o S E TG SR TS TR 1T 1T
R S TTE e o e TS e 0 1E 80

Figure2.33 shows the experimental points of the drying water retention curve obtained
using the WPA4C.
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Figure233. WP 4 C r esul Wébs mfaalre tghhe uhydp e 046 |

Type 6ad and Type 6bdé6 water retention curve

Due to time constraints, onl Y0 dnygde ggrdau ma
and only at a void ratiodf . 5 0 . Forab trmat €elryipael ,6 bot h dryi ng
were tested at different void ratios: 1.50 using HYPROP, 1.49 using the scetitinlled
oedometer, and 1.08 also using the suetiomtrolled oedometer.
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InFigure2.34, a comparison i s made betweed t he
and DDypeOwly the drying curves at a void ra

conditions available for both materials and therefore suitable for direct comparison.

100000 T T T T T T T T T
® @ Type 'a' HYPROP
A
o0 'b'
10000 Type ‘b' HYPROP
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o
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Figure234. Summary of all the experi aben(traeld dnaatrak eorbst
Typ® @ade gr ound snodiyihg péthes are sith a voa rateoe 1.58 )

FromFigure2.34, it can be observed that the air entry value for both soils appears to be
similar and very low, around 1 kPa. However, the transition zone differs significantly
bet ween the two wmatmadeal gr ourhee diypel ady s a
transition zone and de shbBathrcartesuggestdimedalr api dl
behaviour and display a similar residual degree of saturation. Previous studies, including
those by Brooks and Corey (1964) and Fredlund and Xing (1994), have demonstrated that
the water retention curve (WRC) depends on the pore size distribatienils with a dual
porosity structure, the WRC exhibits a tst@p or multistep shape. Given the dousep
form of the WRC observed irigure2.34, it is reasonable to hypothesise the presence of a
dualporosity structurein the made ground soilHowever, to confirm this, further
microscopic investigationsuch as mercury intrusion porosimetry (MIP) teateneeded
FurthermoreFigure 2.34 shows that the oedometer test points are shifted to the right
compared to those obtained with the HYPROP. These points align more closely with the
Typd #HYPROP data rather ta&ban with those froc

Oedometer tests at constant suction
The oedometer tests under controlled suction were carried out using the same apparatus

shown inFigure2.12. Different stress paths were applied. A different loading head was used
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to double the net vertical stress. This head, showfigare 2.35, is specially designed to
replicate the difference between vertical stress and air pressure. As a result, it doubles the
net vertical stress on the sample. This design makes it possible to test at higher net stress

levels, even when pressure regulatorsamsducers cannot reach such high values directly.

- /’g

membrane

. ol

76 mm

49 mm !

\
(a) {&

Figure2.35. Load head duplicating the net stress applied in the suobiotnolled oedometer cell
(a) in a picture taken in the geotechnical | at
scheme with dimensions of the head

(b)

Four tests were carried out at suction levels of 300 kPa, 200 kPa, 100 kPa, and 50 kPa,
respectively. In each test, both air and water pressures were kept constant to maintain the
desired suction. The vertical stress was increased step by step to raachetheet vertical
stress at each stage, taking into account the loading head described earlier. The final stage
of each test involved saturating the sample.

Figure2.36 shows the general stress path. As illustrated, su¢{istkept constant while
the sample is loaded from a net vertical stress of 12.5 kPa up to 200 kPa. It is then unloaded
to 50 kPa and reloaded to 400 kPa. Finally, the sample is saturated, and suction is reduced.

As shown inFigure2.36, saturation is achieved by applying a water pressure close to,
but not exactly equal to, the air pressure. This is because the pressure regulators do not
maintain a perfectly constant pressure, and small fluctuations occur. If air and water
pressures wereentical, these fluctuations could cause the water pressure to exceed the air
pressure, allowing water to enter the air drainage lines.

Table2.8 provides data on air pressure)(water pressuregd , vertiyamd str e
net vert ingfoleachk stap acsoss the four phases of the test: loading, unloading,

reloading, and saturation.
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Figure2.36. Stress path followed during the partially saturated oedometer tests.

Table2.8. Oedometer tests at constant suction stages.

s = 50 s = kP@o0

Oy, ni Ua Uw Oy Ua Uw Oy
(kP(kKkP(kP (kP (kP(KkP (kP
12. 10C 50 106. 15C 50 156.
25 10C 50 112. 15C 50 162.
Load 50 10C 50 125 15C 50 175
10C10C 50 150 15C 50 200
20C10C 50 200 15C 50 250
10C10C 50 150 15C 50 200
Unl o 50 10C 50 125 15C 50 175
25 10C 50 112. 15C 50 162.
50 10C 50 125 15C 50 175
Rel o 10C10C 50 150 15C 50 200
20C10C 50 200 15C 50 250
40C10C 50 300 15C 50 350
Satur 40C10C 95 300 15C 14t 350
s = 200 s = 300

Oy, ni Ua U Oy Ua Uw Oy
(kP(kP(kP (kP (kP(KkP (kP
12. 25C 50 256. 35C 50 356.
Load 25 25C 50 262. 35C 50 362.
50 25C 50 275 35C 50 375
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10C25C 50 300 35C 50 400
20C25C 50 350 35C 50 450
10C25C 50 300 35C 50 400
Unl o 50 25C 50 275 35C 50 375
25 250 50 262. 35C 50 362.
50 25C 50 275 35C 50 375
10C25C 50 300 35C 50 400
Relo 20C 25C 50 350 35C 50 450
40C25C 50 450 35C 50 550
Satur 40C25C24¢%t 450 35C34¢ 550

Figure 2.37 shows the experimental results in the plandn Oy net for the different

suction level tested.

1.48 S ——
- ~_ ﬁ_,\ B
144 F \ i
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[ e-e- 5=100kPa Aeso=-0-007{. i
e-e-® 5 =50 kPa
1.32 A " a3 4 a2 aal M . Y s s s a
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Figure2.37. Oedometer tests at constant suction reported iaithe O netplane.

After saturation, which takes place at a net vertical stress of 400 kPa, a reduction in the
void ratio Iis observeed 0i. 04! latt &St083PaAS paicit f
100 Kk P as0.0827atd30@kPa. The test conducted at 200 kPa suction was interrupted
due to instrumentation issues, leading to an unrealistically low collapse value.

Figure 2.40 shows the relationship between suctigra n de. ltgpan be seen that the

reduction in void ratio increases with higher suction levels.
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Figure2.38. E v o | udupoo saturation witlgsuction.

In addition to the unsaturated tests, a saturated oedometer test was also performed,
foll ng the

Figure 2.39 presents the results of the saturated test, alongside the oedometer tests at

O Wi same pr oc edabr emapdree vgiroouusnl dy saopip

constant suction levels shown earlieFigure2.37.

1.45

\0
1.35 \5 -

e (-)

1.25F -
L .\9§9 > -
s =300 kPa R
1.15F s =200 kPa -
®-® s =100 kPa
- ®-e s =50kPa ° N
®-@ saturated .
1.05 A A A A A A 4 2 Al
10 100 1000
O\ net (kPa)

Figure2.39. Oedometer test in saturated condition (deep blue line with dots) compared to
oedometer tests at constant suction in thé en

dv, net

pl ane.

It can be observed that the preconsolidation pressure increases with suction, from the

test ats = 50kPa to the test at = 300 kPa. At the same time, the soil compressibility,

represented by the compression indexgdecreases with increasing suction. This indicates
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a stiffer response at higher suction levels. The slope of the unlbaelmgding line,cs,
remains nearly constant across all suction levels.
In the saturated test, the soil shows higher compressibility compared to the unsaturated
samples. Specifically, at= 0 kPa, the values ace= 0.345 ando,net = 35 kPa. Ats= 50
kPa, cc = 0.126 andho net = 60 kPa. Fos = 100 kPag: = 0.112 andho net = 65 kPa. As =
200 kPag: =0.082 andlvonet = 110 kPa. Finally, at= 300 kPag: = 0.079 andionet= 120
kPa.
Figure2.40 (a) and (b) show the variation afandCivo netwith suction, respectively.
The trend shown is consistent with expectations, addfieition of theloading collapse
(LC) curve in the suctiors i mean net preconsolidation pressypgplane suggests that

higher suction leads to higher preconsolidation pressures in unsaturated soils.
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Figure2.40. Evolution of the compressibility indeg;, and net preconsolidatiof, ne; Stress with
suction.

Figure2.39 also shows that, after the saturation phase at constant net stress, none of the
partially saturated tests reach the saturated normal consolidation line. This outcome is due
to limitations in the testing equipment.

As indicated inTable 2.8, it is not possible to fully equalise air and water pressures
during saturation. The pressure regulators used are unable to maintain a truly constant
pressure. As mentioned earlier, this may cause the water pressure to exceed the air pressure,
leading towater entering the air drainage system. To avoid this, the water pressure is kept
slightly lower, and as a result, the sample retains a small suction of approximately 5 kPa at

the end of the saturation phase.
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Furthermore, as discussed in the foll owin
water retention curve with a very low air entry value. This means that even a small suction
of 5 kPa corresponds to a degree of saturation that is significantly b@0®. 1

Therefore, it is reasonable to conclude that the oedometer tests at constant suction do
not reach the saturated normal consolidation line, since the samples are not fully saturated
by the end of the saturation phase.
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Chapter 3
A case study on the effects of ground water table
oscillations within the Tiber

The present chapter aims to analyse the effects of groundwater table oscillations on
groundlevel displacements, taking into account the partial saturation conditions above the
water table. This research was conducted as part of the TibefBe Tiber River
Embankment Structures and the Safety of Urban Areas in the Centre of Rome: Geotechnical
Analysis, Satellite Monitoring, Historical Investigatidnproject. The project, which was
carried out in collaboration with Sapienza University of Rome betweend#@?2024, was
supported by the Lazio Region. The study involved interdisciplinary collaboration across
various fields, including geotechnical engineering, satellite monitoring, hydraulic
engineering, and historical heritage preservation. The primary feasigo investigate the
impact of groundwater table (GWT) fluctuations, induced by the Tiber River, on ground
level displacements and the potential risks to historical structures. This chapter presents a
finite element model that simulates GWT variationsthe historic centre of Rome and

evaluates their effects on ground surface displacements.

31Ti ber 6S Project

The core objective of the Tiber project is to develop a webGIS platform designed to
disseminate information about the construction heritage located in urban areas of central
Rome, adjacent to the Tiber River including also the effects of GWT oscillations o
differential displacement of the foundation of historical building and the related risk. This
innovative and scalable tool integrates satellite data, advanced numerical analyses of soil
response, and detailed historitathnical investigations, startifiggm documentation from

historical archives of the region (Puetial 2023).
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The project emphasizes enhancing skills and technologies applied to cultural heritage
through a synergistic coll aboration among
the DTC Lazio, including regional agencies and the local productive sector.

I n the following sections a concise over
historical surveys, hydraulic analyses, satellite monitoring, and geotechnical modelling of
the unsaturated MG layer and the predictiordigplacements in comparison to satellite

monitored data, is provided.
3.1.1Methodology and workflow

As previously mentioned, the methodol ogy
multidisciplinary approach, implemented on a mildfiered Web GIS platform. The
workflow presented irFigure 3.1 resumes the diachronic development of the four main
research actions:

1. Historical surveys, which aim to gather detailed historical data on buildings,
monuments, and infrastructure associated with the Tiber River, as well as
historical hydraulic and geological datasets referring to urban areas adjacent to
the river. The pringal archival source for this study was the Archive of the
former Ufficio Speciale per la Sistemazione del TeV&peecial Office for the
River Tiber Management). During the late 19th century, this office directed the
project and construction of the modemmbankment structures along the Tiber
River, which predominantly featured gravity retaining walls (Gianrettal.,

2021; Casiniet al, 2022). The project documents preserved in this archive
provided essential information for achieving precise technical knowledge of the
embankment structures, soil character
hydraulic regime at the time.

2. Hydraulic analysis that focuses on the elaboration of hydraulic data history
concerning the river Tiber level in the urban area, since the Tiber River regime
is daily monitored and recorded by the Civil Protection of Lazio Region.

3. Geotechnical modelling of different section of interest to study the influence of
water table oscillation linked to seasonal changes in the Tiber level, according to
the analysed hydraulic trends (phase figure3.1).

4. Monitoring analyses of DinSAR satellite data, concerning the river Tiber urban

area, in terms of mean velocity maps and settlement time series.
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The outcomes of the main research actions have been integrated on a WebGis platform
supporting crosslisciplinary analysis and providing interactive maps for risk prevention and

dissemination of the results of the project.
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3.2 Case Study: Rione Trastevere

Climate change has led to an increased frequency of extreme weather events, resulting
in significant variability in riverregimes, characterised by alternating periods of severe
flooding and low flow. Since river levels directly influence the position of shallow
groundwater in adjacent areas, greater fluctuations in their regimes can contribute to
cumulative subsidence. This particularly problematic in urbanised regions, where
buildings and infrastructure are vulnerable to differential settlements.

This issue is particularly relevant in the historic centre of Rome, where many buildings,
especially those along the urban stretch of the Tiber River, are characterised by extensive
floor plans, making them highly susceptible to differential settlements.

A significant proportion of the structural damage observed in these buildings, although
generally not severe, is attributed to seasonal fluctuations in the groundwater table. These
fluctuati ons, driven by wvar i atdeosaifationsin t he
the shallow groundwater table depth (Amagttal., 1995), leading to ground movements at
or near the foundation level of existing structures.

As previously discussed, rising groundwater levels can lead to a reduction in suction,

potentially triggering saturatiemduced collapse with the development of plastic
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compressive deformations. These effects are more pronounced in areas closer to the river,
where groundwater fluctuations are more significant, and gradually decrease with increasing
distance. Consequently, elongated buildings with one section situatedtoldise river and

the other significantly farther away are particularly prone to differential settlements, which
may result in structural damage.

In addition to groundwater oscillations, the stratigraphy of central Rome plays a
significant role in the vulnerability of its historic structures. As outlined in the previous
chapter, the shallow subsoil layer in the city centre consists of made grotmal tlvckness
ranging from a few metres to 20 metres (Ventriglia, 1971; Burghignoli, 2011). This layer is
primarily composed of loose and heterogeneous silty sand, which exhibits collapsible
behaviour. Consequently, historic buildings founded on thiesiegare particularly prone to
differential settlement and related damage induced by wetting.

While structural damage associated with groundwater fluctuations in Rome is typically
not severe, it remains a critical concern due to the high level of urbanisation in the historic
centre, the exceptional historical and artistic value of its built hetitagd the inherent
susceptibility of masonry structures to such damage.

One of the most wellocumented cases is that of the "Palazzaccio" Courthouse
(Calabreset al, 1980; D'Alessi@t al, 2023), located along Lungotevere Prati. The building
has a relatively regular plan, measuring 170 metres by 154 metres, yet its mass distribution
is uneven: the central section rises to 40 metres, while the lateral wings reach only 26 metres.
Its foundaions consist of a -Pnetrethick slab extending to a depth of approximately 9
metres below ground level. Since its construction, the lsouse has experienced
differential settlement. In August 1969, the collapse of a granite corbel supporting an
architrave renewed public concern over the building's structural stability. Consequently, a
commission was appointed to investigate the causetheofdamage and to propose
appropriate consolidation measures.

Investigations at the time revealed that the shallowest subsoil layer beneath the
courthouse consisted of made ground, and that, under static conditions, the groundwater
table was just below the foundation level, at approximately 10 metres depth. Adljitiona
significant oscillations in the groundwater table were observed in response to variations in
the Tiber's flow. Notably, during the early stages of construction, the building experienced
greater settlement on the side further from the river. Howevertone, the side facing the

river exhibited more pronounced settlement, with a particularly high rate of subsidence
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(Amanti et al, 1999. These observations suggest that the structural issues affecting the
courthouse may be linked to groundwater fluctuations and, consequently sturitileage
upon drying or to thephenomenon of saturatioanduced collapse.

However, also in other areas, such as Rione Trastevere, in recent years, minor damage
has been observed in elongated buildings, probably linked to seasonal oscillations of the
Tiber River (Puccet al, 2023).

The following paragraphs will examine the case of Rione Trastevere in detail, providing
an overview of the areab6s stratigraphy and
Madonna del |l 60rt o Fagure3a. Addidamaliyhthegdevelopgéntoéa i n
numerical model using COMSOL Multiphysics will be outlined, followed by a presentation

and discussion of the results obtained.

Figure3.2. Localisation of the section reproduced in the first case study numerical modelling, in
Ri one Trastevere (Via Madonna del |l 6

3.2.1Stratigraphy of the area

The stratigraphy of Rome's city centre varies across different areas. Focusing
specifically on a representative section in the Rione Trastevere area, particularly near Via
Madonna del |l 60rto, t Hguesdratigraphy is depi

The uppermost layer is composed of made ground, characterised by very loose and
heterogeneous silty sand, with the grain size distribution shown in S8ias the solid
grey line inFigure2.4 and a width of around 10 m. Beneath this layer, a sequence of silty
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clay and clayey silt layers is encountered, which transitions into a silty sand layer extending

down to the bedrock, consisting in the Vatican Clay.

Figure3.3.Vi a Madonna del |l 60Orto section st

3.2.2Hydraulic regime of the area

The hydrological regime of the River Tiber is subject to continuous monitoring and
recording by the Civil Protection Department of the Lazio Region. For the purposes of this
study, daily hydraulic levels and discharge data recorded at the Ripetta hydrctaion
(Bersaniet al, 2001) were adopted. The station is located slightly north of Trastevere, and
the data covers the period from 1921 to 202dure3.4 reports the trends with time of the
annual maxima (AM), that is the maximum value for each year of observation (Madccia
al., 2021), extracted for both the time series of (a) discharges and (b) hydraulic levels. When
the warning level of 18 for the Ripetta hydrometric station ($@gure3.4(b)) is exceeded,
the Civil Protection actives prestablished plans made to cope the specific flood risks.

In the last century, the critical level of iBwas exceeded nine times before the 1950s.

In particular, during the flood event recorded in December 1937, the Ripetta hydrometer
measured a hydraulic level of 16.@5(with a discharge of 2730 m3/s). In the last 20 years,
the most significant flood occurred in December 2008, November 2012 anciiep014,

with a stage at Ripetta dealt to i
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Figure3.4. Annual maxima samples of (a) discharge and (b) stage at daily resolution. In panel (b)
warning level are also depicted, provided by the flood protection plan of the Civil Protection.

3.2.3Numerical model

To simulate the fluctuations of the water table in the city centre of Rome, a coupled Hydro
Mechanical (HM) modelvasdeveloped.

For this case study, a tasbmensional model, 30 metres deep and 300 metres wide, was
employed. To simplify the analysis, only two soil layers were considered. The first is the
made ground layer, partially saturated since the water table oscalatimpletely lie in it.

The behaviour of this layer, 10 metres thick, was represented using the Barcelona Basic
Model (Alonsoet al 1990) calibrated with the experimental results reported in Seztton

, While the second is a silty sand layer, fully saturated anch@@rs thick, described by a
linear elastic model.

This simplification wasadopted in this preliminary studsince he primary objective was
to investigate the behaviour of the partially saturated layer under water table oscillations and
assess its susceptibility to the saturation collapse phenomenon, while disregarding the
contribution of the saturated layer.

The mesh adopted was a quadrangular extra finé redructured mesh, with minimum
element size of 0.0225 m and maximum element size of 1.2 m, for a total number of elements

of 600.
300m

1|4

- 1 =
| o]

1
|1
|1
“ 30m
|1
| |
I

Figure3.5. Numerical model scheme, with the mesh elements in light grey and the River Tiber
represented on the left boundary of the domain.
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The presence of the River Tiber was accounted for by applying the hydrometric height
data recorded at the Ripetta water gauge between 2005 and 2008 to the left boundary of the
domain, as shown iRigure3.5. This threeyear period was selected because it includes three
flood events, in March 2005, December 2005 and December 2008, as repbitgoies.6,
whose effects on displacement were of particular interest (Buatj 2023).

Starting from an average groundwater table position approximately 7 metres below the
ground surface, all groundwater fluctuations during the 2R038 period occurred entirely
within the uppermost layer of made ground. Thus, within this preliminary stundly the

made ground layer was modelled as an unsaturated layer.

12/2005 12/2008

12

[ 0372005

2005 2006 2007 2008 2009

Figure3.6. Hydrometric height data recorded at the Ripetta water gauge between 2005 and 2008.

Governing equations

In a coupled HydreMechanical H-M) problem the main unknowns are the water pressure
(uw) and the displacements field)( with vectoral and tensaal quantitiesn bold.

To determine these variables, two governing equations must be solved simultaneously:
the mechanicakquilibrium equation (Equatiof8.1)) and the water mass balance equation
(Equation(3.2)). Solving these equations enables the computation of water pressure and the

displacement field across the domain during water table oscillations.

nag | on (3.1)

QeTy” " 3.2
'Q (‘) n 0 O Tt ( )

Where is thetotal stress tensor a||the vector of external force,the porosity;Y the

degree of saturatiori, is the density of the water ardthe velocity field of liquid water,

described by using the BaArcybds | aw reported

o L @ "'yndg o (33)
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where L is the hydraulic conductivity tensof) "Y is the relative permeability,
defined as a function of the degree of saturadod, expressed by using the Van Genuchten
i Mualem model reported in Equatioifl.3), & is the elevation and the pore water

pressure.
Constitutive models

The total stress tensdl, can be expressed as a function of the constitutive stress, which

is directly related to the strain tensor through the constitutive equation:
d e (34)

WhereQ is the constitutive stress tens@m the elastic matrix ant® is the tensor of
elastic strain increment3he elastic strains, typically defined by an additive formulation,

are given by:
im  tFE (3.5

wheret is the increment of the total strain tensor &rfds the increment of the plastic
strain tensor. To define the plastic strain tensor and, consequently, establish the relationship
between the total stress tengdrand the deformations from which displacements can be
calculated, the introduction of appropriate constitutive models is required. Additionally, the
constitutive stress must be specified. In saturated conditions, the constitutive stress is
represented by Terzaghi's effectiveess. In partially saturated conditions, however, the
constitutive stress can be defined in several ways. Since partially saturated soils are triphasic
materials, as discussedlirl.1two stress variables are required to describe their behaviour.
These variables can be selected as combinations of the total(sttiesgore water pressure,
uw, and the pore air pressuts,

In this study, as previously mentioned, the Barcelona Basic Model was employed to
describe the behaviour of the partially saturated made ground layer. Consequently, the

constitutive stress is defined as the net stress, accompanied by suction, as follows:
i o o (3.6)

, , O (3.7)
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For the saturated silty layer, a linear elastic model was addpegfarding the linear
elastic constitutive model, only two parameters are required to describe the behaviour of the
soil: the Young's modulus and the Poisson's ratio

However, to identify the mechanical parameters necessary for characterising the
behaviour of the partially saturated layer, further discussion on the constitutive model
employed is required.

The BBM (Alonsoet al 1990) is an elastplastic critical state model extended to
unsaturated conditions with volumetric hardening based on the modified Cam Clay Model
(Roscoe and Burland, 1968), and by using net stress and the suction as stress variables.

The BBM defines a thredimensional elastic domain within theg-s space, which
reduces in th@-q plane to an ellipse resembling that of the Modified €alay model in
fully saturated conditions. However, a key distinction lies in the fact that the yield surface,
for nonnull suction values, intersects theaxis at negative values. reflecting an increase in
cohesion due solely to suction. This intersection reflects an increase in cohesion attributable
solely to suction. The model assumes that this cohesicrement grows linearly with
suction, as described by Equati(@B).

AR Qi (38)

wheren (or 1) represents the intercept of the yielding ellipse on the horizontal axis,
in Figure3.7. The variablesis the suction, an®is a model constant ruling the increase in

strength due to suction.

N A L CSLis)
td
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M
4
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e SCSLis=0)

p

Figure3.7. Yield surface in the mean net stregsgeviatoric stress g plan for the BBM (Alonsb
al., 1990).
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The equation describing the yield surface ingheeplane for the BBM is expressed in
Equation(3.9), under the assumption that the slope of the Critical State Line (CSL), M, is

not affected by partial saturation, as showrigure3.7:
n 0nnn n om (3.9)

Since the preconsolidation stress, representey byEquation(3.9), depends on suction
in partially saturated soils, the BBM introduces two additional yield surfacesprstplane,
which are projections of the thremensional yield surface in theg-s space. The first is
known as the Suction Increase (SI) surface, which depends on the maximum suction level
the soil has ever experienced, Beyond this suction value, the soil accumulates plastic
strains. The equation for the Sl surface is provided in EquéBid6).

The second yielding surface in thes plane is referred to as the Loading Collapse (LC)
surface, which governs the variation of preconsolidation stress with suction and,
consequently, the rate of expansion of the yield surface. Its definition is reported in Equation
(3.11).

O i (3.10)
.0 (3.11)
n n R

wherer) is the preconsolidation stress at a given suction lgve§ the reference stress
at whichv = N(s) ° is the saturated preconsolidation stress; denotes the saturated
compressibility (the slope of the saturated normal consolidation line)the slope of the
unloadingreloading line, and. i represents the compressibility at a given suction level,
corresponding to the slope of the partially saturated normal consolidation line.

Since it is known that soils become less compressible as suction increases éA&inso

1990),_ i can be expressed as follows:
_i _m p i Q i (312

wherei is a constant related to the maximum stiffness of the soil at infinite suction,
defined ad _i 9 Wbj_m,andl is a parameter controlling the rate of increase in

soil stiffness with suction.
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In the BBM, both elastic and plastic volumetric strains can be decomposed into two
components: one resulting from changes in the net giressl the other from changes in
suctions. This decomposition needs the introduction of two additional model parameters,
which are compressibility coefficients related to suction changes. These parameters are
referred to as. and Il . Equations from(3.13) to (3.16) provide the definition of the

aforementioned strains.

. ron (3.13
0N
A I B (3.14)
O i N
B L 5] (3.15)
) n’
A (3.16)
O 0N

Equationg3.13) and(3.14) represent the increments in volumetric strains resulting from
variations in net stresses and suction within the elastic domain. Specifically, these apply to
cases where the mean net stgisdower than the preconsolidation strgssand the suction
sis below the threshold suction.

Equations(3.15) and (3.16), on the other hand, describe the increments in volumetric
strains due to net stress increases exceeding the preconsolidatiom stheer to the
Loading Collapse in Equatidi3.11)), and suction levels exceeding the limit(refer to the
Suction Increase in Equati§8.10)).

Regarding the direction of plastic strain increments relative to the yield surface, the BBM
adopts a nofassociated flow rule. This adjustment stems from the findings of Gens and Potts
(1982), who observed that conventional critical state models overestinealateral stress
coefficient K. To address this issue, the BBM modifies the associated flow rule by
introducing a parameter (Ohmaki, 1982), leading to the formulation of the following

equation:

) L (317
- L ¢nN n n

Where| is chosen such that the flow rule predicts zero lateral strain for stress states

corresponding to thKq coefficient derived by Jaky (1948), thus ensuring compliance with
84



oedometer conditiondn conclusion, the parameters that need to be calibrated for the
unsaturated layer can be classified in three categories:
1. Parameters directly related with changes in net stress p with the LC yield curve:
_m,l,i 1,7 andn .
2. Compressibility coefficients for suction changesandll .
3. Parameters directly associated with changes in shear strength and shear stress:

QG andM.
Hydraulic parameters calibration

The calibration of the hydraulic parameters is based on the experimental results reported
inSection, f or made @&,o0ulnac atfe dl yipre Tor ast evere.
Figure38s hows t he water rat emad e ng rdau rad ,f og X CI
second wettinglrying cycle from the oedometer cell at controlled suction. This is because
this part of the study focuses on a void rati@sf1.5, while the excluded data relate to a

smaller one.

1000000 ] ] ] ] ] ] ] ] ]
® @ HYPROP drying

100000 g A ® ® HYPROP wetting
A © © Oedometer wetting
10000 © 0 Oedometer drying
A A A WPAC drying
1000 A
g .
~ 100 .g o
%) A @,
10 % o
.%ﬁ °
o
1 %’ﬂm%
ey
[ ]
0.1
00:I-I ) ) ) ) ) ) ) ) ® ) 1
0 01 02 03 04 05 06 07 08 09 1
S, [%]

Figure3.8. WRC experimental points obtained by using the HYPROP apparatus, the oedometer
cell at controlled suction and finally the WP4C psychrometer for higher value of suction.

The WRC data from the oedometer cell appear to be systematically shifted to the right
of the HYPROP results. Both datasets converge towards the WP4C data at higher suction
levels, displaying a bimodal trend. However, this bimodal characteristic was eegdletie
present study.
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Typical values for water retention curve parameters, such as the air entryP/alnd,
the slope of the transitional zong,have been suggested by various authors over the years
for different soils (Gallipoliet al, 2003; Tarantinand de Col, 2008; Romeet al, 2011;
Casiniet al, 2012; Likoset al, 2014; Rotiscianet al, 2017; Lalicatat al, 2020, 2022 and
Rostisciani et al, 2020). As summarised in Lalicatat al (20XX), for sandy
soils,P typically ranges from 0.5 to 10 kPafrom 1.5 to4, and the residual degree of
saturation between 0.05 and 1.

The made ground layer is difficult to characterise due to its anthropogenic origin and
heterogeneity. However, it can be classified as a silty sand, meaning its air entry value should
not be less than 1 kPa, contrary to what the HYPROP results sugget tinesconstraints
preventing the repetition of the HYPROP test, the data from the oedometer cell and WP4C
were used to calibrate the water retention curve using the Van Genuchten model for the
numerical analyses in this chapter. These datasets provideeaeasonable trend for a silty
sand. Since hydraulic hysteresis is not considered at this stage, the calibrated retention curve
is unique and chosen as an average between the wetting and drying points. Additionally,
with the oedometer cell, each poiimt the wetting and drying processes represents an
equilibrium state. This is because the sample is sealed within the cell, preventing
atmospheric exchange, and suction is applied in steps, only changing once equilibrium is

reached and no further water aster leaves the sample.

1000000 1 1 1 1 1 1 1 1 1

© 0 Oedometer wetting
100000 0 0 Oedometer drying
A A WPAC drying

10000 — WRC calibration

1000

001 I 1 1 1 1 1 1 1 1 1 1
0 01 02 03 04 0506 07 08 09 1
s, 1%]

Figure39. Water retention curve calibration for
Genuchten, 1980 equation.
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In Table3.1, the parameters used to calibrate the WREgnre3.9 are reported.

Table3.1. WRC parameters calibrated on the drying experimental data obtained with HYPROP

P m n Sr,res Sr,sat
(kPa) () ) ) )
10 0.32 1.47 0.035 1

Mechanical parameters calibration

To calibrate the mechanical parameters listed in the previous paragraph, OED_1,
OED_2, OED_3, OED_4, OED_5, OED_sat and OED_unsat oedometer tests described in
Section0, both on natural and reconstituted samples, has been reproduced by using the BBM
as constitutive model to describe the behaviour of the sample and as retention parameters
the ones from previous section, regdin Table3.1.

OED_1 OED_2 OED_3
1.42 —rrrrr—r—rrrrrm 126 rrrreer——r—rrrre 1.28 T T T T T T
(a) (b) ()
141 <4 125 1 127 -
14 P <4 124 o 41 126 -
—_ [}
— 139 <4 123 41 125 -
[\
1.38 -4 122 9 124 -
137 F -4 121 p 9 1.23p -
w,, = 0.259 W, = 0.226 o W, = 0.233
1.36 FPET T | 2 22222 1.2 et a2 aasal b i 00222 1.22 et a s asaal P
10 100 1000 10 100 1000 10 100 1000
o, [kPa] o, [kPa] o, [kPa]
e e e OED1_exp ® oo OED2_exp exp OED_3
OED1_num —— OED2_num num OED_3

Figure3.10. Cal i brati on of BBM based on oedometer
made ground layer, for saturation occurring at (a) 50 kPa, (b) 100 kPa and (c) 200 kPa of vertical
stress.

Table3.2. Parameters calibrated on the oedometer tests on natural samples regogect8110.

o ] r.c b Pc po* & ks k M
() () () kpPah) () () () () () ()
0.00.0CO0.50.0 10 70 0.00.01.2 1
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Figure3.11. Calibration of BBM based on oedometer tests on reconstituted samples for the Type
6ad6 made ground | ayer, for saturation occurri.:

Table3.3. BBM parameters for the reconstituted samples.

o> ) r.c b Pc po* > ks k M
) ) () «Pa) () () () 0O () )
0.00.0C0.50.0 7 45 0.00.01.2 1

1.52

B

144 é 3 S -
— 14} — 5‘ -
(5}

1.36 -

1.32 Wsat=0'568 “

W, = 0.259
1.28 PP | es 8 s asss
10 100 1000
o, [kPa]
® o e oxp OED_sat ® @ @ exp OED_unsat

num OED_sat num OED_unsat

Figure3.12. Calibration of BBM based aime oedometer tests on reconstituted samples for the
Type 6aé made ground | ayer, in saturated

Table3.4. Parameters calibrated on the saturated and unsaturated oedometer tests on reconstituted
samples.

e 3 r.c b Pec pO0’ as ks k M
) ) () kPah) () () QRO G 0
0.00.0C0.7 0.0 7 100 0. 00.01.2 1
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As can be seen, three distinct sets of parameters were obtained, as it was not possible to
reproduce all the oedometer tests using a single set. This is primarily since the three sets of
tests were conducted under significantly different conditions.

Specifically, the tests illustrated igure3.10were performed on natural samples, even
though with a moderate to high level of disturbance. This disturbance resulted from the
sampling technique employed and the process of preparing the samples from the core in the
laboratory. Consequently, the setpaframeters iffable 3.2 was not used in the numerical
analysis presented in this chapter.

Conversely, the oedometer tests depicteigure 3.11 yielded a parameter set that,
when applied to the model proposed in this chapter, produced unrealistic displacements. This
discrepancy is likely attributable to issues and criticalities identified in the previous section,
where the experimental data aregented for the first time.

As a result, the parameter set presentétiinie 3.4, corresponding to the tests shown
in Figure3.12, was adopted.

Initial and boundary conditions

The simulation starts from an undeformed state with hydrostatic pore water pressure
profile corresponding to the initial groundwater table position, located at 7.55 m a.s.l.
Considering that the section represented in the model has an elevation of E0s35 this
places the groundwater table at a depth of 7.45 m below the ground surface.

To account for the lithostatic conditions resulting from gravity, a stetatg stage was
first performed, during which gravity loading was applied.

The influence of the River Tiber was considered by applying the hydrometric heights
recorded for the years 200008, shown irFigure3.6, to the left boundary of the domain
as timedependent water pressure. On the right boundarysflaxcondition was imposed,
as the domain's substantial width (300 m) ensured that water table oscillations on the left
boundary would not significantly aifethe right boundary.

From a mechanical perspective, sliders were applied along the vertical boundaries, while
hinges were introduced at the bottom boundary of the domain.

Figure3.13illustrates the boundary conditions implemented and the initial groundwater

table position.
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Figure3.13. Mechanical and hydraulic boundary conditions enitéhl position of the groundwater
table.

Results

In Figure 3.14 some initial results of the conducted simulation are presented. In
particular,in Figure 3.14 (a) the geometry of thenade ground layer is showit has a
thicknessHwvc, equal to 10 metres, with the hydraulic boundary condition represented by
the hydrometric levels of the Tiber River applied to the left edge of the domain. The figure
also highlights two vertical sections located 10 metres and 80 metres away fromtthe rive
and two horizontal sections, positioned 4imetres andr.5 metres from the ground surface.

Figure3.14(b) shows the hydrometric levels recorded by the Ripetta hydrometric station
during the period 2003008. Three flood events are highlighted in red: March 2005,
December 2005 and December 2008.

Figure3.14 (c) shows the evolution of the sucti@pver time at two different depths:

-4 m (dashed lines) and.5 m (solid lines), for two distances from the river, x = 10 m in
black and x = 80 m in grey. It can be observed that points at greater depths reach saturation
(s = 0 kPa) during all flood eves) in contrast to shallower points which do not saturate, for
example, during the first flood event in March 2005, which was less severe than the other
two. In addition, at a fixed depth, the distance from the river causes groundwater fluctuations
to arrive slightly delayed and damped, resulting in less abrupt changes in suction.

Figure3.14(c), just discussed, can be examined alondsigiere3.14 (d), which shows
the evolution of the saturated preconsolidation stpasswith time for the same depths and
distances from the river. At shallower depths (and hence lower stress states), even significant
changes in suction up to s = 0 kPa do not result in an increase in preconsolidation stress, and
hence an expansion of thestic domain. Conversely, at greater depths (and higher stress
states), a reduction in suction leads to an increase in preconsolidation stress and an expansion
of the elastic domain, as was observed particularly after the December 2005 flood event.

In Figure 3.14 (e) an increase in preconsolidation stress corresponds to increasing
displacementsjug, at the top of the bank. These displacements are greater closer to the river

90



and reach a maximum value of 7 mm over the tgess period analysed. As these
displacements are a consequence of the expansion of the elastic domain, they are
accompanied by an accumulation of plastic volumetric strékns,

Finally, it can be noticed that the flood event that results in the greatest accumulation of
displacements is that of December 2005. Although the most recent flood event exhibits
slightly higher intensity than the previous one, the second event causisasigaxpansion
of the elastic domain. Consequently, the subsequent flood leads to a reduction in suction,

which occurs almost entirely within the elastic field.
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Figure3.14. First simulation results. (a) Scheme of the made ground layer and the investigated
distances from the river and depths from the ground level. (b) Evolution of hydrographic heights
over the threg/ear period, with flood events marked by their dates. yo)JuEion of suction forl0

metres and 80 metres from the river, at a depthdofmetres and 7.5 metres from the ground
level. (d) Evolution of the preconsolidation pressure for the same distances from the river and the
same depths from the ground le\(e). Settlements over time for the made ground layer at 10 m

and 80 m from the Tiber River, at the ground level and evolution of plastic volumetric
deformations at a depth of 7.5 m for the same distances from the river.
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