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1. Introduction

Salt marshes ardynamic coastal ecosystems formed in intertidal areas where they are
periodically flooded by seawater during high tides. These ecosystems develop on substrates
rich in clay, silt, and organic materials like peat, making them highly productive and coucial f

a range of ecosystem services. As vital buffers against coastal erosion and extreme weather
events, salt marshes help protect shorelines by absorbing wave energy, trapping sediments, and
providing flood regulatioran especially valuable service as cliemahange intensifies storms

and sedevel rise. Their vegetative cover not only slows water movement, reducing erosion,
but also captures and stores large quantities of "blue carbon” (carbon sequestered in coastal and

marine ecosystems), contributing sfgrantly to climate mitigation effortfl].

Salt marshes support complex food webs and are critical habitats for various species. They
provide breeding and nursery grounds for fish and shellfish, permanent or temporary habitats

for aquatic invertebrates, and essential stopover sites for migratoly. Bihe salt marsh

sparrow, for example, depends on hglavation marshes for nesting, while species like the
eastern black rail and | oggerhead sea turtle
marshes also enrich coastal waters throughemi cycling, supporting adjacent ecosystems,

and sustaining fisheries that are economically important to coastal commiihjes

Despite their critical ecological functions, salt marshes are increasingly threatened by both
anthropogenic and natural factors. Human activities such as freshwater diversiemsdand
change, urban expansion, and pollution have led to habitat fragmentatiaced biodiversity,

and weakened marsh resilience. Additionally, invasive species and pollution from agricultural
runoff and industrial waste are degrading water quality, thereby endangering the various species
that rely on these habitats. Climate mta exacerbates these issues, with rising sea levels, storm
surges, and more frequent extreme weather events posing severe risks to salt marshes.
Researchers estimate that salt marshes are being lost globally at a f&®qdet year, with
approximately35% of global salt marshes disappearing between 1970 and 2015 due to these

compounding pressur¢s$,5,q9.

A key factor influencing the lonterm survival of salt marshes is their ability to keep pace with
relative sedevel rise, which depends on their vertical accretion rates. This accretion process
involves the accumulation of sediments and organic matién, factors such as sediment
deposition during tidal inundation and the growth of marsh vegetation playing essential roles.
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Plants, particularly halophytes, contribute by decelerating water flow, which promotes sediment
deposition and stabilizes marsh platforms, and by adding organic material that further supports
soil building.

Natural sediment compaction, or autocompaction, plays a fundamental role in determining the
long-term elevation and stability of salt marsh ecosystems. Autocompaction is a subsurface
process where newly deposited sediments gradually compress under thewegght or
through biological processes, causing the marsh surface to settle over time. This compaction
process is especially significant in marsh soils with high organic content, as eniganayers

are more compressible than mineral layers. As dtresarsh platforms composed of softer,
organic sediments are particularly prone to subsidence, impacting the marsh's ability to

maintain elevation in the face of skesvel rise[7].

The implications of autocompaction are critical for salt marshes, as subsidence reduces the
marsh's resilience to flooding and erosion. The vertical stability of these ecosystems depends
on a delicate balance between sediment accumulation and subsidesc&tadies indicate

that marshes with high void ratios (large air spaces within the soil) are especially susceptible to
autocompaction. Laboratory tests such as oedometer and shear tests show that as these soils
compact, their structural integrity decsea, which can lead to increased vulnerability to

external pressures, like tidal inundation and storm suUgjes

Furthermore, the preconsolidation strélse maximum past pressure experienced by thessoll
crucial in determining how salt marsh sediments respond to ongoing compaction. If external
stressessuch as the weight of overlying sediments or impacts from storm surges, exceed this
preconsolidation threshold, the soil undergoes a transition from an elastic to a plastic state,
leading to irreversible deformation and a permanent loss in elevatitthstidies in Greatham

Creek and other UK salt marshes illustrate that sediment composition, heterogeneity, and high
organic content significantly influee how these soils respond to compaction. Marshes with
higher organic content and a history of intense weather events experience accelerated
compaction and, therefore, a heightened risk of subsidence and vulnerabilityduetesse
[9,10,1].

Given these dynamics, salt marshes with a high degree of autocompaction face particular
challenges in adapting to rising sea levels. The continuous subsurface compaction, coupled with

sediment deficiencies, makes it difficult for these marshes to natacaigte at rates that can



keep up with current and projected $eeel rise. Understanding the geomechanical properties

of salt marsh soils, particularly their susceptibility to autocompaction, is thus essential for
conservation efforts. Studies indicate that addressing thesersfaittiough restoration
techniques, such as sediment supplementation or the introduction of vegetation that can
reinforce the soil matrix, may offer pathways to enhance the resilience of these vital coastal

ecosystems against ongoing environmental chaigs

In addition to preconsolidation stress, the process of sediment compaction in salt marshes is
influenced by several critical factors. Organic content, for instance, significantly impacts the
soil structure, density, and compressibility of intertidal sedisieStudies show statistically
significant correlations between organic content (measured by Loss on Ignition, or LOI), the
initial void ratio, and soil compression indices. This highlights that org@ticsediments have

a higher potential for compactip as their void spaces are more likely to compress under
pressure. Moreover, factors such as flooding frequency and duration, along with eco
sedimentary conditions like the presence of surface biomass, play essential roles in shaping the

compaction charaeristics of salt marsh sedimepid].

Laboratory tests, such as oedometer tests, are commonly used to characterize these
geomechanical properties. However, these tests face limitations: the reliability of their results
can be significantly affected by the disturbance that occurs when soilesaarp collected

from their natural environment. In salt marshes, which are typically composed of loosely bound
solls, this disturbance can lead to inaccuracies, making it challenging to gauge the compaction
behavior accurately in lab conditions. To addrehis issue and obtain a more precise
understanding of the hydigeomechanical properties governing salt marsh compaction,

researchers have turned tesitu testing12].

In the Venice Lagoon, a series ofsitu loading experiments were conducted to monitor marsh
compaction under undisturbed conditions. These tests involved applying a controlled load and
observing vertical displacements and pressure changes over tinveingli@searchers to
analyze how recently deposited, compressible soils in salt marshes respond to external stressors.
By understanding this mechanical response, it becomes possible to better anticipate how tidal
marshes may fare under future threats sschealevel rise, land subsidence, and changes in
sediment supply. The findings from thesesitu experiments are critical for assessing the fate

of salt marshes in the context of ongoing environmental chahgles



The aim of this thesis is to further analyze thessitin experiments to understand which
parameters most significantly drive the compaction of salt marshes from a geomechanical
perspective. Additionally, a numerical model employing a 3D mixed finite exie@pproach

was developed to simulate the observed compaction behavior in the Venice Lagoon. This model
incorporates both groundwater flow and soil equilibrium equations, offering a comprehensive
view of the processes at play. Following a detailed dasmmipf the datasets and modeling
approach, the calibration procedures and results of this numerical model are presented and
discussed. The findings contribute valuable insights into the hyelvmechanical
characteristics of salt marshes, highlightingrtiest influential parameters in their compaction
processes and informing future conservation and management efforts aimed at preserving these

critical coastal ecosystems3].



2 . Study Area: the Venice Lagoon

The experiments were conducted across several salt marshes in the Venice dfzgptcally

at La Grisa Lazzaretto Nuovpand Le Saline (Figre 1). These marshes are intertidal
environments, subject to regular submersion and exposure due to tidal fluctuations [13]. In
natural salt marshes, tidal waters flow along the sinuous channels, with the influence gradually
diminishing as it enters smalleregks and unvegetated zond@ese dynamic water and
sediment processes are essential for the ecological functions of the lagoon. The presence of

small ponds, channels, and vegetation ise¢h@reas makes experimental work challenging.

Each marsh is unique in terms of sediment stratigraphy and vegetation zoning, with sediment
deposition typically occurring through wave and tidal action, as well as from the erosion of the
marsh's borders and lagoon bottom [14]. The sediment compositivesi marshes is often a

mix of silt, clay, and sand, forming a heterogeneous, interbedded stratigraphy that varies in
thickness [15]. One notable characteristic of these environments is the presencdyofdow

vegetation, with roots extending approxieig 20 cm below the surface.

The sediment stratigraphy in these salt marshes differs from site to site, depending on the
guantity and type of sediment that accumulates over time. Due to continuous deposition and
natural compaction, salt marshes represent anesmdving landscape. Ehnewly deposited

sediments load deeper soil layers, resulting in a vertical profile where the lower layers are more

consolidated than those at the surface.

The three siteka Grisamarsh idocated in the southern basin near Chioggazzaretto Nuovo
and Le Saline in the northern basiBach site exhibits distinctive stratigraphy and

geomechanical characteristics. These properties will be explored further in subsequent sections.



Figurel. Map of the Venice Lagoon with the location of the loading experiments.

2.1 Geological Surveys

A series of shallow cores were taken from the La Gtiaazaretto Nuovpand Le Saline salt
marshes to examine sailratigraphy in these areas. Sedimentological analysis along selected
transects highlighted the lateral variability of stratigraphy across these sites. At each site, the
upper 20 cm of soil consists mainly of organic material, rich in plant roots and menna
indicating that organic matter production is the primary driver of soil accretion here. The role
of inorganic sediment deposition, carried by waves and tides, appears secondary in these
marshes. Beneath the root layer, however, each site shows tdidifiecences in soil

composition and stratigraphy.



2.1.1 La Grisa

Figure2. illustrates the lithological profile at La Grisa, showing a stratigraphy that reflects both
organic and inorganic deposition processes. Beneath the root zone, which extends
approximately 20 cm deep, the stratigraphy transitions downward @@3@cm layer of silty
deposits interspersed with plant remains, followed by-sdiyd deposits. Moving further down,

a 45 cm layer of finely laminated sand to silty clay appears, displaying a gradual fining upward

pattern.

This sequence indicates the historical influence of the Bieitar, which once delivered
inorganic sediment to this marsh area. When the Brenta River flowed directly into the lagoon,
it contributed substantial sediment that helped build up the marsh platform. However, rerouting

operations eventually decreased tbegliment supply, leading to a greater accumulation of

organic materi al i n the marshods u-pghsurfacd ayer s

layer seen today.

Enhanced Soil Stratigraphy at La Grisa
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Figure2. Soll stratigraphy at La Grisa
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2.12 Le Saline

At Le Saline, the experiment took place on a salt marsh located near Lio Piccolo. Distinct from
the other two sites, this marsh is fully surrounded by lagoon water, allowing for a greater influx
and exchange of wat&ornesediments. This salt marsh is relatively younger in formation
compared to the other sites. However, like the previously discussed cases, the top 20 cm is rich
in organic content, such as roots and plant remnants, with organic material decreasing as depth

increases (Fig).

Beneath the initial organigch layer (020 cm), composed of clayey silt mixed with organic
matter, the soil profile shows three layers with a downward coarsening trend. These layers
include clayey silt (2040 cm), silt (4055 cm), and sandy silt (b%45cm) (Fig3.). The lowest
section (145200 cm) consists of consolidated silty clay rich in shells and shell fragments,

providing evidence of greater compaction at deeper levels compared to the upper layers.

Soil Stratigraphy at Le Saline
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Figure3. Soll stratigraphy at Le Saline



2.1.3Lazzaretto Nuovo

At Lazzaretto Nuovo, the soil stratigraphy reveals a dynamic salt marsh environment shaped
by lagoonal processes. The uppermost 25 cm consist of an erganiayer containing plant

roots and decomposed vegetation, reflecting recent biological activity sediment
accumulation. Beneath this, a peaty/sandy layeii §@5cm) transitions into a sandy
intermediate layer (300 cm), indicating increasing sediment grain size with depth. Below
100 cm, silty clay dominates, signifying lower energy depositionaglrenments, while the
deepest layer (15@00 cm) comprises consolidated silty clay, suggesting greater compaction
and reduced organic content at depth. These stratigraphic changes highlight the influence of
tidal and sedimentary dynamics unique to thisrgna The surrounding lagoon channels

facilitate sediment transport and deposition, further shaping the marsh's evolution over time.

Soil Stratigraphy at Lazzaretto Nuovo
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Figure4. Soil stratigraphy at Lazaretto Nuovo



2.2 Geotechnical Analysis and Soil Behavior in Salt Marshes

Geotechnical evaluations were conducted at La (ris&dine and Lazzaretto Nuovehere

a few soil samples were collected and analyzed in the laboratory using traditional geotechnical
testing methods. However, as mentioned earlier,réjpeesentativenessf these laboratory
results can be questionable due to the highly loose nature of salt marsh soils. Sampling such
sediments is inherently challenging because of their composition and structure. Despite these
challenges, the tests provide valuable prelaryrinsights into the geomechanical properties of

salt marshes. These insights sxgrumental in generating initial estimates for geomechanical

parameters used in numerical modeling.

Among the geotechnical tests performed, oedometer tests were utilized to study the deformation
behavior of the soil under varying effective stress conditions. This test involves applying
incremental loads to a soil sample and observing its deformatioonsesplhe soil specimen,
ideally undisturbed, is placed inside a rigid steel ring, with porous disks (septa) positioned at
the top and bottom of the sample to facilitate vertical drainage of pore water. The assembly is
submerged in water to ensure the sEmpmains fully saturated throughout the test. A rigid
plate is placed on the upper porous disk, where vertical loads are progressively applied. The

vertical settlement of the sample is monitored over time to assess its compressive behavior.

To simulate realorld conditions, the test includes both loading and unloading cycles,
providing valuable data on how the soil reacts to different stress scenarios. While these tests
have limitations, they serve as a critical tool in understanding theegdgnical behavior of

salt marsh sediments and inform the calibration of computational models.
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3. The in-situ loading experiment

The consolidation model implemented in this thesis is built to interpret-#ituiexperiments
conducted in three marshlands located within the Venice Lagoon, Italy, and charcterized by
different depositional environmenfBuring the experiment, marsh compaction was monitored

under acontrolled loading condition.
3.1 Description of Loading Test

Loading tests were conductedia¢three locations in the Venice Lagoon: Le Saline, La Grisa,

and Lazzaretto Nuovo. The purpose of these tests was to analyze how marsh soils respond to
loading and unloading conditions, focusing specifically on vertical displaceméhés.
displacements recorded during these loading tests provide valuable insights into soil behavior
under controlled localized loading conditions. In these tests, an applied load of 10.7 kPa was
distributed over a circular metal disk with aitedof 16 cm, corresponding to a loading area of
approxi mately 0.055 mj. The compact size of
primarily affected the upper soil layers, resulting in deformation concentrated within
approximately the first @ m of depth.

This load was applied instantaneously by positioning the weights atop the glass layer and was
maintained for approximately 45 minutes before being removed. Following the unloading,
vertical displacements were monitored for an additionaB@%ninutes. A digital sensor,
attached to steel bars connected to the steel cylinder, recorded vertical displacements during

both the loading and unloading stages.

Figure5. Experimental Setup
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The tests were carried out at multiple locations and two depths: directly on the marsh surface

and at 20 cm below the surface.

3.1.1In situ Loading Testsat Le Saline

Figure6. Locations of the loading experiments at Le Saline. (In the LS display, refers Le Saline and the
numbers next to it represent the experiment numbers)

At the Le Saline site, six scalebwn loading tests were conducteekween 6/09/2022 and
10/09/2022, with the results of vertical displacements shown if. Figthese results, "D" and

"S" represent the deep and shallow tests, respectively. For the initial twd_&EeEn@LS?2),

the applied load was reduced by d@hed (using two disks rather than three) and was applied
only at the marsh surface leve&lxcept for the first two test locations, both shallow and deep
tests were conducted at the other test locations, with shallow and deep tests being performed at
the saméocation.

Tablel. Coordinates of Experiment Locations at Le Saline. CRS stands for coordinate reference system.

Le Saline CRS Lattitude Longitude

LS1 WGS 84 / 45A 30' 1912A 28' 21
LS2 UTM zone 3N 45 A 1880"'N 12A 28' 21
LS3 45A 30' 2(12A 28' 21

12



LS4 45A 30' 2012A 28' 22
LS5 45A 30' 2012A 28' 22
LS6 45A 30' 1912A 28' 20

Each plot demonstrates a similar pattern, where rdigiglacement changes occur upon load
application or removal, followed by stable periods with minimal displacement changes as the
load remains constant. As anticipated, the vertical movement observed at the surface (S

shallow) was greater than at a deptl2@fcm (Ddeep).

Figure7. Shallow Test at Le Saline
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FiguréS. DeepTet at Le Saline

Excluding tesL. S5, which was performed on a "ghebo" (a minor channel running through the
salt marshes of the Venice Lagoon), surface displacements ranged from 8 mm to 12 mm, while
deep test settlements varied between 6 mm and 11 mm. FoLS&stthe measured
displacements at the surface were approximately double those observed in the other tests. This
suggests that soils in minor channels are more compressible compared to the vegetated
marshland platform. The difference in displacement can toéwéed to plant roots, wbh

enhance soll stiffness [17]. This effect is further supported by the resuss¢b), where the
displacements at 20 cbelow the depth where root density decreassa® comparable to those

in other tests.

On average, the compaction in the upper 20 cm for shallow tests amounted to 10 mm,

representing a deformatigh= — = 0.05= 5% whereH is the soil layer thickness. A rough

calculation of the oedometric moduliss which represents the inverse of soil compressibility,

can be givenby —=—= 5— = 0.214MPa.
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In all tests, the rebound at the surface (S) was greater than at 20 cm (D), with surface rebound
reaching about 50% of total settlement in t&86 (S) andLS3 (S). For the remaining shallow

tests, rebound was roughly etierd of the total displacement, and even lower for the deep
tests. Differences in settlement at the same depth were mainly attributed to variations in

vegetation type and soil heterogeneity.
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Figure9. Displacements measured in time during the loading tests performed in six different sites of Le
Saline sakmarsh. Tests are encoded using the LS stands for Le Saline. They are numbered from 1 to 6.
The letters "D" and "S" stand for deep and shallow tespectively.

The experimental setup (illustrated in FAYyincluded a steel cylinder measuring 32 cm in
diameter and 30 cm in height, which was embedded in the ground. To facilitate water drainage,
a porous glaskyer was placed on top of the cylinder. Three weights of 20 kg each, generating

a pressure of 10.7 kPa, were used to apply the load.
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The effect of the applied load dissipates rapidly with depth, especially in sisedlertests,

where the influence is more localized. In these smaller tests, the soil is influenced by 80% of
the load only within the first 0.1 m. This highlights that defation occurs predominantly near

the surfaceWhen a surface load is applied to the ground, the stress does not remain
concentrated at the surface but propagates both vertically and laterally into the soil. According
to el astic t he o utipn,thensttessBnbensgysdecreasasgvithdepth due to the
dispersion of the load over a larger area. As a result, the upper soil layers experience higher
stress concentrations, while deeper layers are subjected to significantly reduced stress levels.
This stress distribution pattern is fundamental in geotechnical engineering for evaluating
foundation behavior and subsurface deformafldre geometry of the loading area (such as the
circular shape) has a limited impact on soil deformaaitahepth as themost significant effects

are concentrated in the upper soil layers. Furthermore, the short duration of the loading phase
(50 minutes)s not allowed to graptie characterization of viscodsformation Consequently,
surface soil characteristics, including texture, root density, and moisture content, play a more
crucial role in determining soil compressibility and rebound behavior.

The downscaled tests were conducted with a controlledibites loading phase, allowing for
detailed observation of both immediate soil deformation and subsequent rebound
characteristics. The maximum vertical displacements observed during the tests were primarily
driven by the compressibility of the shallow soil lsgjewhich are directly influenced by the
reinforcing effect of vegetation roots. The presence of plant roots, particularly in vegetated
areas, was found to enhance the stiffness of the sdilcireg overall displacement while
contributing to a more pronounced recovery phase once the load was removed. This interplay
between natural reinforcement and applied stress underpins the variations in settlement and

rebound observed across different tesations.
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3.1.2In situ Loading Testsat La Grisa

At La Grisa, downscaled tests were carried out on March 30, 2023, at two different locations
within the marshland (see kige 10). For each test, vertical displacements waeasured at

both the surface (S) and at a 20 cm depth (D). The experimental setup was identical to that used
at Le Saline, with the rebound phase monitored for a longer duration to allow the recovery

process to reach completion.

Figure10. Locations of the loading experiments at La Grisa. The LG label refers to La Grisa and the
numbers next to it represent the experiment numbers.

Table2. Coordinates of Experiment Locations at La Grisa. CRS stands for the coordinate reference
system.

La Grisa CRS Lattitude Longitude
LG1 WGS84/UTM [45A15' 21.0[|12A12' 43.5
LG2 zone 3N 45A15"'"19. 1/12A12"' 44. 7
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Figurel2 Deep Test at La Grisa

The first testL.G1, was conductedh the marsland interiowhile the second test, 1 A5took

placeon a relatively higher site at a bound of a creBksults from these tests are presented in
Fig 10.
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Figure13. Displacements versus time during the loading tests performed in two sites of La Grisa salt
marsh. Tests are encoded using the LG stands for La Grisa. They are numbered from 1 to 2. The letters
"D" and "S" stand fodeep and shallow test, respectively.

In test LGL (Fig 13), the maximum displacements recorded were 16 mm for the shallow (S)
measurement and 10 mm for the deep (D) one. However, results from fediffeBed from
the patterns observed both at Le Saline and in the first La Grisa test. In this cdk®, (fFig
greatest vertical displacement on the surface (10 mm) was acoslierthan that observed
at a depth of 20 cm (14 mm). This suggests that the top 20 cm of soil may be stiffer than deeper
layers, likely due to root density or a higleorganic content.
In the shallow test LGS, compaction within the top 20 cm reached 15 mm, corresponding to a
deformation of=7.5%, which was higher than that observed at Le Saline.c@lvellated

Yy 8

oedometric modulug) =—= e 0.143MPa, aligned with expected values for

similar soil types under similar stress conditiddased on this comparisahgcan be concluded

that the salt marsh at La Grisa is more compressible than that at Le Saline, at least within the
tested soil layer.

The rebound patterns were consistent with those observed at Le Saline. At the marsh surface,
the soil exhibited a rebound of approximately 50% of the maximum settlement. At a depth of
20 cm, rebounds were about 30% and 40% of the total settlement fot@&stnd L&,
respectively.

In addition to the observed compressibility and rebound behavior, the contribution of root
systems in marshlands plays a significant role in the soil's overall response to loading. Rather
than mitigating compressibility, the dense root networks in the ruppi¢ layers inhibit
excessive compaction by reinforcing the soil structure. This natural reinforcement helps reduce
the soil 6s autodompactiala iprogressiwe derwification under sustained or
repeated loading. Roots also enhance the elasticity of the soil, allowing it to recover a greater
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portion of deformation once the load is removed. Test LG2, conducted near the creek boundary,
showed greater vertical displacement at depth compared to the surface, likely due to the higher
concentratioof root mass in the upper 20 cm. Interestingly, the test at the creek boundary
displayed smaller displacement than in the inner marsh, indicating that the soil in this area is
stiffer. This corresponds to the lower organic content typically found arounk edeges
compared to the more orgasich interiormar s h . Furthermore, the v
stabilize the soll is crucial in the context of rising sea levels. As tidal pressures increase, root
systems not only resist vertical displacement but also contribute tedongsoil elevation
maintenancehereby reducing the risk of land subsidence. Overall, vegetation plays a dual role:
enhancing immediate load response through increased elasticity and offerintgriang
resilience against climaieduced changes.

3.1.3In situ Loading Tests at Lazzaretto Nuovo

A few loading test were conducted on June 30, 2023, at Lazzaretto Nuovo, located in the
central part of th&/enice Lagoon, to evaluate the displacement behavior under a controlled

load.

Figurel4. Locations of the loading experimentd.arzaretto Nuovo. The LN label refers to Lazzaretto
Nuovo and the numbers next to it represent the experiment numbers.
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As in previous casethe test involved applying a load consisting of three cylindrical weights,
each weighing 20 kg (total 60 kg), generating a surface pressure of approximately 10.7 kPa.

Table 3. Coordinates of Experiment Locations for Lazzaretto Nuovo. CRS stands for the coordinates
reference system.

Lazzaretto Nuovo CRS Lattitude Longitude
LN2 WGS84/UTM |[45A 27Nj 3(12A 22Nj 54
LN2 zone 3N 45A 27Nj 3]12A 22Nj 514

The loading phase lasted for 45 minutes, followed by middite unloading phase to measure
rebound. Two distinct tests were conducted: one on the undisturbesigade and another

after removing the top 20 cm of soil to expose a subsurface layer.

ol

Figurel5. Shallow Test at Lazzaretto Nuovo
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Figurel6. Deep Test at Lazzaretto Nuovo

In the first shallow test(seen in Figure 17.the maximum vertical displacement observed
during the loading phase was 11.5 mm. After unloading, the soil showed a rebduaohof,
resulting in a residual displacement @8 mm. The second shallow testhowed a lower
maximum displacement of 6.5 mm. The rebound in this casd ®asm, leading to a residual
displacement of 2.3 mnDespite the same applied force in both tests, the difference in the
results can be attributed to the inherent properties of the soil at each test location. The first test
may have been conducted in an area with more compressible or weaker soil, legt@ageto
deformation and a higher residual displacemBm. increased stiffness of the soil in the second

test area can betabuted to a greater proportion of inorganic material.
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Figure 17. Displacements versus time during the loading tests performed in two different sites of
Lazzaretto Nuovo salharsh. Tests are encoded using the LN standsazraretto Nuovo. They are
numbered from 1 to 2. The letters "D" and "S" stand for deep and shallow test, respectively.
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In the shallow tedtN1S, compaction within the top 20 cm reachédvim, corresponding to a
deformation of=5%, whichis close to the average displacement obseatdde Sline, but

smaller than that seen in La Grigarough calculation of the oedometric modulus which
y 8

represents the inverse of soil compressibilgyestimated in0 =—=5—=—F—= 0.214

MPa. The maximum displacement observed in LN2(S) is significantly lower than all other
shallow tests, indicating that the soil there is less compressible.
The rebound patterrsre very close to each other for two shallow test in lazzaretto nuovo

saltmarsh. It is approximately 4.3 mm for begkts
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4. Numerical Model

4.1 Theory of poroelasticity

Soft soils, such as sand and clay, are composed of fine particles, with the spaces between these
particles often partially or fully filled with water. Isoil mechanics, this is referred to as a
saturated or partially saturated porous medium. The behavior of such materials is influenced by

the stiffness of the porous framework and the dynamics of the fluid within the pores. The

simultaneous interactiondite por ous structureds deformati or

is addressed by the consolidation theory, commonly referred to as poroelaséicity [1

Initially, Terzaghi [I7] developed this theory for ordimensional cases, later extended to three
dimensions by Biot]8][19]. Terzaghi's original theory posited that soil deformations primarily
arise from the rearrangement of the particle system, while compression of the solid particles
and pore fluid could be effectively ignored. In saturated soils, this implies that anperolu
change in a soil element must result from a net fluid movement relative to the solid particles.
This assumption closely approxitea the behavior of soft soils, such as clay and soft sand,
which are highly compressible (with deformations reaching several percent) and where the
individual constituentsolid particles and fluidre much stiffer.

Biot's later contributions expanded the theory to account for the compressibility of both the pore
fluid and the solid particles. This generalization enabled the application of the theory to stiffer
materials like sandstone and other porous rocks, whebréical in engineering applications

such as the development of deep oil and gas resert6jrs [

When a fully saturated soil experiences external stressors, such as groundwater extraction or
increased surface loads, the solid skeleton deforms, prompting the pore fluid to flow through
the matrix. This behavior leads to variations in the stress stagertidn of the geostatic load

(the weight of the saturated medium) is borne by the hydrostatic pressure of the pore water,
while the remaining load is supported by the effective stress, which arises from the interaction
of the grains at contact points. ) the soil's loatbearing capacity is shared between the water

and the solid particles.
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To accurately represent this phenomenon, it is necessary to combine two models: a flow model,
which describes the movement of the interstitial fluid, and a structural model (or geomechanical
model), which addresses the equilibrium of the soil. These tvaeliware interlinked, forming

a coupled system of equation$].1
4.1.1Flow model

The water movement in a porous medium is controlled by DarcyR@&Hwccording to which
the water flux is proportional to the hydraulic gradient through a constant called hydraulic

conductivity:
A P
Where:
s the hydraulic conductivity tensor
1 n"Qis the gradient of the hydraulic head with , ®Q¢d& . v where p is pore

water pressure and z is vertical coordinate.
1 nisthe differential operator- — —.

Assuming the soil is fully saturated (all the pores are filled with water) Darcy's velocity can be
rewritten as:
o ¢€o o 18
If the soil is completely saturated only two phases are present and assuming that solid grains
are uncompressible and water has compressibilitiye state equations for the solid and the
liquid phase respectively are:
[ const ®
oo Qn o 8
One of the major principles of the theory of consolidation is that the mass of the two
components, water and solid particles, must be conserved. The equations of mass conservation
of the solids and the fluid can be established by considering the flow into
and out of an elementary volume fixed in space. Mass conservation equation is called also
continuity equations and reads for the solid and the fluid respectively:
np €] o0 TDT—ZF 1§
Toer
T o

n g o

g
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Manipulating them, using Darcy's law to express the velocity of the fluid with the assumption
of oy T, the state equation for the fluid, the flow model is obtained:
LI )
[ T ot 0O

Wherg is the volumetric deformation of the porous medium:
ToT 0T 0

Tl o a

[ |

Equationd.7represent the flow equation which is not enough to fully describe the consolidation
process because soil deformations are unknown. The system has 4 unknowns: the soil
displacements along the 3 main directiofBh) and porewater pressurd. It's necessary to
introduce a new set of equations able to express deformations in function-afgtergressure

change through the equilibrium equations.
4.1.2Geomechanical model

Geomechanical model is based on the equilibrium equations which are obtained by considering
the stresses acting on the six faces of a cubic elementary volume. The equilibrium equations

along the 3 coordinate directions are:

T

T h i L
T @ T T a

THhoe TT 5 1. & - e
T ® T T a

Ttemo TT v 1. & -
T T W T a

This set of equation is expressed in terms of total stressegdicate the total normal stresses

and the subscripts stay for the direction along which they develop. represents

the total shear stress and the first subscript stays for the direction along which they develop and
the second one for the direction orthogonal to the plane that contains them. By selecting the

proper reference system the stress tensor becgmaetric meaning thait t.

Total stresses are related to effective stresses by the Terzaghi's pria@]pkeccording

following equations:
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where:

1 . represent the normal effective stress &tlde shear stress

1 nisthe porewater pressure
1 | isthe Biot's coefficient which is given by p —2with 8, , ,Gompressibility of

the solid grains and compressibility of the porous medium. At shallow depths, the
compressibility of solid graingg , 5 {symuch lower than the compressibility of the

porous mediun® , resulting in p.

Egs. 4.9 are sobstituted in egs. 4.8 to obtain the Cauchy equilibrium equations in terms of
effective stresses:

1, 1T 1t 1
ToO T0 174710
Tt ot T e
To To Tala
TT TT Tn T_h
rTeo Teo T ala

To develop the equations needed for the structural model, some simplifying assumptions are

needed to describe the mechanics of the soil behaviour:

1 soil is assumed isotropic;

1 only small displacements and deformations are considered, so the derivatives further the

first order can be neglected,;

1 the deformations take place mainly in the solid skeleton, being the soil particles

incompressible;

1 Terzaghi's effective stress principle holds, meaning that the deformations of the medium

depend only on the variation of the effective intergranular stress.

In the flow model the unknowns are displacements and not stresses, it's necessary to recast

equilibrium equations in terms of displacements. In the elastic case, Hook's law express the
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relationships between the effective stress tensord the strain tensprfor an elastic isotropic

medium:
p ’ ' ' T ) m .
,, nooe o oomm
v 1 0 ' p ’ LI T LY.
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Hook's law 4.11 links stresses to deformations using only two parameters in case of elastic
isotropic mediumOis the Young's modulus representing the longitudinal stiffness anthe

Poisson ratio which express the transversal one.

In case of small deformations stress and strain are related to displacedmehis according

to the De SainVenant principle:
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Where' and_ are called Lame's constants which are functions the physical para@eigals

4

and_

Stressstrain relationship provided by Hook's law (Egs. 4.11) are sobstituted in egs 4.10 and

then deformations and stresses are expressed in function of displacements using-De Saint
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Venant equations 4.12. The equilibrium equations for a porous medium subjected to pressure

variations within it written in terms of displacements read:

wo o LY

o RERE Tpo
= T ! W

‘ RERE

O - et

Eqgs. 4.13 represent the structural model in four unkno@msy ). Egs. 4.13 is coupled with
the flow model 4.7 to obtain a system of four equations in four unknowns that can be solved

numerically.

In the nonrelastic case, the nonlinear law describing the relationship between stress and strain,

expressed in differential terms®, 'O, QT[21]:

o P Y — TU Tt Tt 1)
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| Q’ ] I-l—, Y p TT TT TT I.’ll Y]
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u ¢p U

O, is the constitutive matrix of the isotropic medium and it is funcion of the stress for
nonlinear materials. The coefficiert——— in 4.14 which represents the ratio between the

vertical load P and the relative compaction of a rock sample loaded in oedometric conditions,

is the inverse of the vertical compressibifity :
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Il n our model , Cm is a nonlinear hysteretic f
The function linking compressibility and vertical stress is the constitutive law which as been
defined consistently with the results of the oedometric tessoib samples.

4.2 Coupled model

In a fully coupled model the governing equations are reformulated by combining the fluid and
structural equations of motion that are solved and integrated in time simultaneously. In the case
of uncoupled model instead, at first the flow equation is solved for for pressure which is then
used as an input for the structural model. Uncoupled mod&sseomputationally intensive

t hen coupled ones. The advantage of a fully
when the forcing factor directly affects the stress field. The numerical model implemented in
this thesi s tnsolidatmheguationshse 30Bfullypcbupled mixed finite element
model developed by Ferronato et ak][2nd then by Castelletto et al3]2Equations 4.1, 4.7,

and 4.13 form a coupled partial differential system defined orDad®main in which the
unknowns are the displacements 6hR)) the pressured and the fluxes}. To minimize

the instabilities in the pore pressure solutions a fully coupled mixed finite element formulation

is developed. The fluid pore pressure and flux are approximated in the lowest ordeli Raviart
Thomas mixed space, while linear hexahedral FEsised for the displacements. The second

such choice is that a mixed formulation for the flow problem is elemisgt mass conservative
meaning that mass balance at element scale is respected on the contrary of pdratithp
standard finite element method. The lowester continuous, lowestrder RaviaitThomas,

and piecewise constant spaces are wused for
velocity, and fluid pore pressure, respectively. The finite elementhoghds a Galerkin
variational method [4: the discretized functions are piecewise polynomials. This implies that

the coefficients of the linear combination of the approximated solution are exactly functions on

the nodes, elements, faces and centroidgeteby the discretization.

4.2.1Variational formulation

The variational formulation, also known as weak formulation, allows to find solutions to
problems modeled through PDEs. The finite element method starts with the reformulation of a
given differential equation into an equivalent variational problem. In dtap differential

equations are transformed into algebraic equations easier to solve. The partial differential
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system composed by equations 4.7, 4.13, 4.1 with proper initial 4.17 and boundary 4.16
conditions is solved numerically using a variational formulation. In order to solve the problem

the domaimmis discretized irt  elements wittt nodes an@ faces. The unknowns of the

fully coupled model are:

 vector of displacements in the 3 directiéns 6fR) calculated for each node
1 water flux Aacross each element face

1 porewater pressurg computed on the baricenter of each element

The variational formulation is described following the article from Ferronato eChl.Nddel
solution require proper initial and boundary conditions. Two types of boundary conditions have
been used in this model: Dirichlet boundary conditions state the value that the solution function
"(@o the differential equation must have on the boundary of the donvhite Neumann
boundary conditions specify the normal derivative of the unknown function at a boundary.

Boundary conditions, on the 3D domafwith frontier3 can be written as:

O el O e over
A e e <o ovaer
Cf oo 1 el over o

yo e t= ¢ A oD over

P X

In Egs. 4.16 and 4.13 ° 3 3 ° 3N, o is the tensor of total stresses function of
position and times is the outer normal t® function of position an® is the position vector in

the 3D space.

The displacement vector ohd is approximated in a functional space generated by continuous
piecewise linear polynomialsd, where 'Q pH8 R , recalling that ¢ is the
total number of nodes in the domaidn, is the number of elements, is the number of faces.

The medium displacemefit oD is hence defined as:
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Porewater pressurg, which is computed in the baricenter of eatdment, is approximated in

the space of piecewise constant polynomials as:

nNelm é Men 0 [ ommd P w

whereQ w is the basis function equal to one for tkié plement and equal to 0 elsewhere.
The Darcy's velocity vectoa across each element face is approximated in the lowest order

RaviartThomas mixed space:

AeDE ™ e O ® e AO & T

N O represent the water flux across the faces of the elements of the mesh @ndare
vectorial functions defined ism associated with the kh face that belongs to the-th
hexaedron.

The aim now is to write the coupled system 4.7, 4.13 and 4.1 in weak form: the main idea of
the weak form is to turn the differential equation into an integral equation. For Eq. 4.13 the
integral form is obtained by minimizing the total potential energyhéndomain by applying

the virtual work principle:

whg on  w foy w0 N 4B 8 p

where;
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is the vector of deformations defined'as 6 ¢ with ® the strain elastic matrix

« is the normal tension

1
1
i -H-is the volumetric force acting on the porous medium
1 0 apex identifies the virtual variables

1

, IS the total stress vector

According to Terzaghi principle introduced before Eq, thfal stress vector can be rewritten

as:

a aing 18 ¢

vectord , h t, At «fit aft & O" whereO is the elastic constant matrix defined

in Eqg. 4.11 Equation 4.21 becomes:

W 06m o w6 ii@mm W ffam W <48 80

Replacing pore pressure approximation 4.19 into 4.23 the discrete form of equation 4.13 is

given:
00 Oumm [ 8 T
where:
T v 6 00 m
T 0 re Ham
TH . % fm 6 «&

The equation 4.24 represents the structural model expressed in discrete form: it's now necessary
to write also the other two equations composing the PDEs system using the weak formulation.
The integral form of equations 4.1 and 4.7 is obtained by applyisgandard Galerkin

approach. It's a weighted residual method that start with an estimate of the the solution and
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demand that its weighted average error is minimized. Using the approximegiofisp @& Tt

and the integral forms of the flow model and Darcy's law are:

T €17 1 Into, .
"IltAQ'T] ||Il|I er"]r] III T ‘0 ||IQﬁ] -[-& v
w N Wy T 8 @

Where the Biot's coefficiemt, fluid compressibility and the porositg are assumed to be

constant in time an@® — is given by hydraulic conductivity tensor divided by the specific

weight of the fluid. Applying the weak form for the last integral in Eq. 4.26 the-distriete

mixed finite elements form for flow model and Darcy's law is:

6 A Vmm 00 |} & X
0A Oum [ 8 Y
with:
1 0O w Qmis the mass matrix which is multiplied by the the Darcy's velocity
A
T 6 . o | ‘Qmis the coupling matrix between velocity and displacementsoaisda

vector with components equal #0E:O where¢ is the number of faces.
7 0 . &1]]9m the capacity matrix
T | and | are vectors containing known term§] | 'fQ@ and |
o =&

The original system composed by PDEs is now expressedfbyentialalgebraic Equations

4.24 4.27, 4.28, with the prescribed Dirichlet and Neumann boundary conditions.

4.2.2Numerical implementation

The system of differentiadlgebraic equations 4424 .27 and 4.28 is integrated in time using

the —method: the time interval is divided i& subintervals’O o b with £
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TipfB FE p and in each interval time derivatives are discretized by a first order incremental
ratio while the other variables are approximated by a linear combination of the values at time
0 ando 0 30 with coefficients p — and—respectively. Making an example an

intermediate instantis given by:

T —0 30 p —0O & w

—is scalar varying from 0 to 1 and it controls accuracy and stability of the method. The discrete

solution obtained is the following:

L o Ormem LO  Oumm & T
I r
Q)O _” A P _. ” A ro‘) _.
—0A O P — Omm OA l —I

Rearranging Eqgs. 4.30, the numerical solution at time is obtained by solving the linear

algebraic system:

' [ | ®p
where
6 0 18 — i
! 0 0O T 0 b B 1&C
ré mo 10 A | |
and

& 0

Withf —s0 and’ —_—
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The non linearity is solved using an explicit scheme meaning that the soil compressibility

is calculated as a function of (Eq. 4.14, computed at the previous time step. Linear algebraic
systems can be solved by applying the so called Krylov subspace methods: in paricuilar as

a nonsymmetric matrix, a global BLonjugate Gradient Stabilized (BiGStab is is one of the

best known Krylov subspace methods) algorithm has been appba@de the linear system

[25]. Bi-CGSTAB is an iterative method developed for the numerical solution of nonsymmetric
linear system: the method start with an initial guess of the soleti@md then the algorithm
procedure is repeated until convergence that is when the prescribed residual is obtained. The
convergence of iterative method care accelerated by using preconditioners).[2
Preconditioning consist on the application of a transformation, called the preconditioner, that
conditions a given problem into a form that is more suitable for numerical solving methods: a
preconditioner P of a matrix A is a matrix such thatA has a small condition number than

A. In this case, a blocrreconditioner is applied to improve the convergence of the numerical

scheme.
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5. Model Setup

The coupled model discussed in the preceding chapter is utilized to replicate the loading
experiments conducted at the La Grisazzaretto NuovpandLe Saline salt marshes. The
ultimate goal of this application is to characterize the soil properties. The following sections
provide details on the 3D domain mesh, boundary and initial conditions, lithostratigraphy, and
material properties incorporated inteetmodeling approach.

5.1 3D domain

Mesh
Var: mesh

W e e e e
LA Y o
i el

Figure18. 3D mesh of the model domain

The initial step in setting up the model involves defining the domain and discretizing it. A
surface area &fm 2 m, centered on the loading test, was selected and discretized using a 2D
mesh composed of quadrilateral elements generated by the Automesh program. The 3D domain

was then constructed by projecting the nodes of the 2D mesh vertically and extending the
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guadrilateral elements into hexahedral elements. This process resulted in a 3D domain with

dimensionsoPm 2m 2m along the x, y, and z axes.

The mesh's inner zone, corresponding to the loading area, features a denser discretization to
ensure greater accuracy in this critical region. Moving toward the external boundaries, the mesh
gradually becomes coarser, reducing computational time for mmglation. In the vertical
direction,23 layers of variable thickness were defined based on the site's lithostratigraphy, with

the upper layers being more refined than the deeper ones to enhance accuracy beneath the load.

The final 3D mesh consists 4¥,688 nodes44,758 elements, and37,490faces.

5.2Initial and boundary conditions

The second step involves establishing the initial and boundary conditions required to solve the
coupled system of equations. These conditions are applied to eteteents, or faces of the
hexahedral elements, depending on the variable being analyzed. Displacements are assigned to
the nodes, pressures are specified at the centroids of the elements, and flows are defined on the

faces of the elements.

The model solves the equations relative to an initial state, which is assumed to be in equilibrium.
Displacements, pressures, and flow vectors are initialized to zero throughout the entire domain.
The initial stress distribution, denoted,as, is calculated using the equatipn= I z, wher
= 9 KkN/ mj represents the specific wedaght

denotes the depth.
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Mesh
Var: mesh
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Pseudocolor
Var: dispZ
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Figure19. Load applied on the surface nodes of the 3D mesh. The loagased on the nodes of the
mesh where is shown in blue. The figure shows the displacements (dispZ) expressed in mm induced
by the loading phase of 10.7 kPa on the surface nodes.

The Neumann boundary conditions for displacements are applied beneath the loading area. The
load imposed on the nodes simulates thsitim loading and unloading operations conducted
during the experimentfn the loading phase, a uniform load of 10.7 kPa is applied instantly. In
the model, the load is directly applied to the superficial nodes within the designated loading

area.

To account for the finite element discretization of the loading area, and consideririg that
represents the area of the mesh elements in the loading zone, the influence area of each node is
adjusted. Nodes located at the sides have an influence a¥é¢3 ahd the central nodes have

an influence area equal @
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Dirichlet boundary conditions are implemented as follows:

T Vertical displacements are fixed to zero at the bottom of the domain.

T Horizontal displacements are constrained to zero at the bottom and along the lateral
boundaries.

1 Pressures are set to zero (atmospheric pressure) on the surface faces and follow a
hydrostatic distribution along the lateral boundaries.

T No flow is allowed through the surface faces where the load is applied or through the

bottom of the model.

5.3 Materials and soil properties

The model is calibrated through a traald-error proedureto determine a suitable set of hydro
geomechanical parameters that adequately replicate the recorded data for both loading and

unloading cycles.

As described in Chapter 2, each experimental site has a unique vertical stratigraphy. The 3D
mesh is divided into layers of different materials based on the observed vertical distribution of
soil layers in the field. Each layer is assumed to be homogeneeasing that a single set of
parameters is sufficient to describe its behavior. The parameters defining the hydro
geomechanical properties of each layer include hydraulic conductjtwkich is considered

i sotropi c; Poi sYSounnipd ), zanstiiotive(law parameters; and the
parameteD , which represents the ratio between compressibility during loading and unloading

conditions. Porosityg() and preconsolidation stress ) are treated as constants across the
entire domain. For the simulations,is fixed at 0.44, whilg, varies between the three

simulated sitesAmong the soil parameters, stiffness and hydraulic conductivity have the

greatest influence on the results.

Each layer is modeled as either linear elastic or elalasiic. For linear materials, the soll
stiffness is represented by a constant Youn:

stiffness is calculated as a function of preconsolidation gtrejsconstitutive law parameters,

ando .
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The selected layering must accurately represent field conditions. In the La Grisa, Lazzaretto
Nuovo, and LeéSaline experiments, the upper two soil layers are modeled as nonlinear (elasto
plastic with hysteresis). The first layer has a thickness of 12 cm, and the second layer is 11 cm
thick, making a total of 23 cnThe deeper layers are treated as linear elastic.

This approach aligns with the displacement observations discussed in Chapter 3. At shallow
depths, marsh soil exhibits nonlinear behavior, with permanent deformations occurring after
each loadingunloading cycle. In contrast, at greater depths (e.g., b#le®5 cm), the soil
responds more linearly to loadugloading cycles, with minimal deformations during loading
phases and nearly complete recovery during unloading phases. The deeper soil layers are stiffer

and more consolidated due to the weight arbung sediments.

5.4 Constitutive Laws and Soil Stiffness Computation for Linear and Nonlinear Materials

Constitutive laws are fundamental in geotechnical engineering as they define the relationship
between the mechanical properties of soil and the stress field applied to it. These laws enable
the computation of soil stiffness under various loading conditidistinguishing between

linear and nonlinear material behaviors.

5.4.1Linear Elastic Behavior

The simplest constitutive modellisear elasticity, where the relationship between stresses and
strains is governed by constant coefficiemta me |l vy, YourOgbéandoBaoai sisoifl 6
(). These parameters arestress dependent , I mplying that the
loading but is fully recovered upon unloading. This model, however, is a simplified
representation and does not capture the behavior of natural soils under lyadiab

conditions.

5.4.2Nonlinear Elasto-Plastic Behavior

In reality, shallow soils exhibit a nonlinear elagtastic response. Their behavior is elastic
under vertical effective stressgs) that are smaller than a specific threshold known as the

preconsolidation stred§ ). The preconsolidation stress represents the maximum effective
vertical stress the soil has experienced in the pileen, exceeds, , the soil deforms

plastically, resulting in unrecoverable deformations even after the removal of the load.
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To account for such behavior, models are developed to simulate both linear elastic and
nonlinear elastglastic soil responses. For nonlinear materials, the calculation of soil stiffness
depends on the current effective stress and the preconsolidaties, sttich determines

whether the soil is in @irgin loading or unloading condition.

5.4.3Stiffness Computation for Nonlinear Materials

Virgin Loading Conditions (', |<|, |)
Undervirgin loading conditions, the preconsolidation stress () is updated. The oedometric

modulus { ) and soil compressibilityd( ) are calculated using an empirical relationship:

b @ HE  —=—— (5.1)

Hered) &) andware empirical coefficients obtained through experiments.

Unloading Conditions(, |<}, |)

Whenunloading occurs, soil compressibility is determined through a$tap process:

1. Atthe end of the loading phase, the compressibility is computed at the maximum stress

point (, ; ) using the virgin loading formula:

0 = —— (5.2)

2.Dur ng unload ng, comprekdslbdeéf tyedeas etals

compress b | t es n |l oad ng and unl oad

0 — V8o

The parameted reflects the sharp decrease in compressibility upon transitioning from loading
to unloading. Ahigher 6 results in a greater difference between loading and unloading
compressibilities
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Soil Stiffness O

Finally, soil stiffnressQ i s deri ved from soil compressi bili

o —— (5.4)

Since stiffness is inversely proportional to compressibili® 1/6 ), it is lower during
loading compared to unloading Consequentlypermanent deformationsaccumulate after

each loadingunloading cycle.

Initialization of Soil Stiffness

Theinitial stiffness (O) is determined by the preconsolidation stres$ and the initial stress
state { ). Depending on whether is greater or less thg :
T If, = a<, :
Initial compressibility is given by the unloading formula wjth, =, -, .
7 If, Q

Initial compressibility is calculated using thegin loading formula.

In both cases, initial stiffness is computed from the corresponding compressibility using the

stiffness equation (E).
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6. Sensitivity analysis of the main soil parameters

Sensitivity analysis involves examining the impactvafious parameters on the model's
response. This process is conducted by systematically varying the parameters one at a time and
observing their effects on soil behavior. Identifying the parameters that have the greatest
influence on the model outcomesuisritical step for effective model calibration. In this context,

the primary focus is on displacements

The key parameters that significantly affect the model's behavior are as follows:

1 Hydraulic conductivity, which predominantly influences both tmeagnitude and
progression of poravater pressurand consequently affects the displacement over time.
T Soil stiffness characterized by parameters such

materials, preconsolidation stress)( and the constitutive law parametefg{c) along

with the parameted , which governhie magnitude of the displacements caused by the

loading and rebound associated to the load removal.

The sensitivity of these parameters on the model's response, particularly in terms of
displacements and poereater pressure, is discussed in the subsequent sections. It is important
to note that this sensitivity analysis was not conducted under the agsuof homogenous
material across the entire domain. Instead, the parameter variations were applied to the distinct
materials comprising the model domain. The results highlight the influence of these parameters

on vertical compaction within the modelegstem.

6.1 Hydraulic conductivity

Hydraulic conductivity ) is a key property of porous materials that influences soil
consolidation. WherfQvalues are low, the excess pore pressure generated by the applied load
is higher and dissipates more slowly, leading to a prolonged consolidation process2@igure
illustrates the modeled soil behavior in terms of vertical displacements for different hydraulic
conductivity values during thieoth phase. A load of10.7kPa is appliedor 45 minutes then
removed While hydraulic conductivity does not impact the maximumeseiint caused by the

load, it significantly affects the time required to reach this settlement. Moreover, hydraulic
conductivity plays a crucial role in calibrating the excess pore pressure variations induced by

loading and unloading cycles.
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The tydraulic conductivity does not influence the maximum displacement caused by loading;
however, it significantly affects the time required to reach this displacement. Lower hydraulic
conductivity leads to reduced dissipation under the applied load, therndimg the time
needed to achieve maximum displacement. As a result, in the graphical representation, the curve
immediately following the loading phase and just before reaching the maximum displacement
becomes more pronounced. Conversely, with higldraulic conductivity, dissipation occurs

more rapidly, leading to a less distinct curve, as observed in Figuréh20obtained plot

correspond to thea Grisa 1S

LG1S
Oe
2 0 20 40 60 80
|
—~~ '4 “
£ |
E |
é 8 | e —o—k:1x10"-5
® -10 | —0—k:2x10"-6
9 ‘
—_— . A _
% -12 \ k:1x10"-6
D 14 |
-16 L — ]
-18 . .
Time(minute)

Figure20. Effect of hydraulic conductiviti) assumed to be isotropic in each later, on the model
response in terms of vertical displacement below the loading area for the La Grisa 1S experiment.

6.2 Constitutive law parameters and elastic modulus

The parameters) cy and wof the constitutive law govern the soil's stiffness response to
variations in effective stress, as described in Eq. 5.1. These parameters are examined in the
context of the La Grisa experiment. Fig@feillustrates the model's behavior, focusing on the
vertical displacement of the marhs surface at the center of the loadednderaloading

unloading cycles for different values @f the first parameter of the constitutive law.

According to Eqg. 5.1, increasing leads to a decrease in compressibility, enhancing soil
stiffness. This results in reduced vertical displacement and compaction within the analyzed soil
layer. Furthermore, the amount of settlement recovered during unloading phases also

diminishes. A simir trend can be observed for the other paramebarsicy where an increase
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in or a decrease inlikewise enhances soil stiffness by reducing compressibility.

La Grisa 1S
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Figure21. Effect of soil compressibility (stiffness) on the displacement of the marsh surface at the center
of the loaded area. The plots refer to the experiment of La Grisa. The results presented in the plot have
been obtained by changing the value of param@tdrthe first soil layer of the model which range
between depths of 0.0 and 0.12 m.

In this study, the analysis mainly focuses on the nonlinear behavior of the first two soil layers,
which were modeled using a nonlinear approach. Unlike the deeper layers, which are treated as
linear elastic, these upper layers have a stiffness that chamte the applied load and
deformation. For the deeper layers, the elastic modulus plays a more direct role. As the elastic
modulus increases, the soil becomes stiffer, which typically leads to less settlement during
loading and quicker recovery duringloading. If the elastic modulus were increased in the
deeper layers, we would expect a decrease in settlement and compaction, as the material would
resist deformation more effectiveljheoretically this effect would be more pronounced in the
deeper layers, where the material behaves in a linear elastic manner, unlike the nonlinear
response of the upper layers. Therefore, while changes in the elastic modulus in the deeper
layers would significanthaffect soil behavior, the impact in the nonlinear uppgers would

be less predictable, as their stiffness is std@pendent and varies with the loading conditions.

6.3 Parameter f,

The parameted represents the ratio at ttimdinversion poinbetween the compressibility

the loading and unloading phases, as defined in Eq. 5.3. RBilikestrates the results obtained
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from modeling the Lé&risaexperiment, where th@ value for the top soil layer (0 to @ n
depth) was set t@ and8. The verticaldisplacemenbf themarsh surface below the center of

the loaded areiz providedin millimeters.

As the value of6 increases, the difference between compressibility during loading and
unloading phases becomes more pronoungedhe value o) increases, the soil becomes
stiffer, leading to a decrease in the maximum displacenomeittthe effective stress overcome

the preconsolidation value¥his increased stiffness also results in less recovery of vertical
settlement when the applied load is remow@ohsequently, higher values @f cause the soil

to resist deformation more effectively, reducing both the displacement during loading and the

recovery during unloading.
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Figure22. Effect of the parametér on the displacement of the marsh surface at the center of the loaded
area in the model of the La Grisa 1S experiment.

6.4 Preconsolidation stress

Preconsolidation stress represents the maximum vertical effective stress that the soil has
historically experiencedn the La Grisa experiment, a single preconsolidation stress value was
applied to all norelastic materialsWithin the nonlinear soil layers, the preconsolidation
threshold is exceeded due to the degependent propagation of the load and the varying initial
stress distribution in the domaipn (= §). As discussed in Section 5.4, the model calculates
compressibility based on this threshold to capture the plastic behavior and mechanical
hysteresis characteristic of marsh soils. When vertical effective stress increases due to loading

and exceeds the guonsolidation stress, the soil exhibits plastic behavior with higher
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compressibility.

A higher preconsolidation stress allows the soil to behave elastically over a wider range of
» -When, is set close to the maximum effective stress induced by loading, displacements
during the loading phases are reduced, and a larger proportion of settlement is recovered upon
unloading. As explained in Section 5.4, if the applied effective stress dbegaeed, , the

soil compressibility during loading and unloading remains equal.

Figure23 illustrates thalisplacement of the marsh surface at the center of the loadefbarea

the La GrisalS experiment modelAs the preconsolidation stress increases, the deformation
occurring during the loading phase decreases. At the same time, the amount of permanent
deformation observed after unloading also decreases.
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Figure23. Effect of preconsolidation stress on theplacement of the marsh surface at the center of the
loaded area for the model of La Grisa 1S experiment.
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7. Model results

Oncethehydro-geomechanicgarameters are selectied each layerthe simulation performed

by the 3D simulatordescribed in Section &nd solvingthe coupled flow and equilibrium
equationgprovides the distribution of various variables across the entire domain at each time
step, including displacements in ttew anda directions, variations in poreater pressure,
effective stress, and water flux. In thésimulations conducted for the La Grita, Saling and
Lazzaretto Nuov@xperiments, a time step 60 seconds was chosen as an optimal balance
between computational efficiency and result accuracy.

The most relevant physical variabethe vertical displacements calculated at each domain
node. These quangitan be directly compared with the observations recorded during-the in
situ experiments using displacement transducBoscompare the modeled and measured
displacements the comparison has been performed considering tliésglaitement of the
marsh surface at the center of the loaded. &@athe deegxperimentthe top0.2 mof soil at

the experimental site was carved out, @melload was applied to this prepared sectibhe
displacemenis determined as the modeid measured datd the soil surface.

The comparison between the model output and recorded data in termsde$gatementor

the three modeled sites is presented in the following sectiomssdlsectiorprovidesthe
stratigraphy used in the model and the set of parameters for each layer, which were determined

through a trialand-error calibration procedure.

7.1La Grisa

The layering chosen for the model of the La Grisaiin experiment was based on the results

of the stratigraphic analysis described in Section 2. The 3D mesh consistdifédrent
materials, with only the two most superficial soil layengjénic layers that aranging from 0

to 0.23 m in depth), representeddark blte and light bluen Fig 24 being modeled using an
elastoplastic relationshipThe remaining colors indicate other soil layers modeled as linear
elastic materials. Each material is characterized by distinct hydraulic and geomechanical

properties, as discussed in Section 5.3.
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Figure24. Model layering at La Grisa. The differently colored volumes indicate the different layers.

Theshallowest organic layers are modeled as nonlinear soil layers, and the remaining veljiog (3
a linear elastic relation.

The calibration process enables the selection of the parameter set that refresehts
measured data. Tabfesummarizes the optimal set of main parameters used fdrtGAS

simul ati on. Poisson's ratio (3) i's set t

throughout theentire domain.

Table4. Calibrated set of parameters for the LGi&lel.

Layer Depth (m)| k(m/s) E Constitutive law 0 3
| (mPa) ()
Organic | 0-0.12 5 B¢ 1 0 —=5(, 8 3.0 0.20
Organic | 0.120.23 | 25 L4 | / b —=6(, 8 |20| 020
Peaty 0.230.33 | 20 L° 2.0 / / 0.20
Sand
Sand 0.33055 | 20 L° 2.0 / / 0.20
Silty Clay | 0.550.68 | 80 L!°® 2.0 / / 0.20
Silty Clay | 0.680.88 | 8.0 L'° 3.0 / / 0.20
Sandy Silt| 0.882.00 | 1.0 L° 4.0 / / 0.20

50

(0]



Preconsolidation stress is set to 4 kPa for the entire domain, which is lower than the applied
load in loading phase.The O values for the linear elastic layers are set to 2 MPa for the
intermediate layers, with depths ranging from 0.23 to 0.68 msoihetiffness of the deeper
layers (0.682 m) is assumed to increase with depth (TaBleSince no displacement records

are available below 8.m, and the load effect becomes negligible as depth increases, values
from the literature have been used [15]7][2The soil stiffness of the second soil layer is
approximatelyclosethe first layer. The stiffness of the two most superficial layers is about one
order of magnitude smaller than that of the intermediate underlying solil layers.

The soil hydraulic conductivity ranges frob® ® to 10 m/s and decreases with depth. The
upmostlayeris two order of magnitudéesspermeable than the underlying sfif LG1S As
previously mentioned, four tests were conducted at La Grisa salt marsh at the locations specified
in Table2. Among these, two were shallow tests, while the other two were deep tests. For tests
with the same numbering, the coordinates of the shallow and deep test locatidestiral.

The calibrated parameters for different soil layers in the first shallow test conducted at La Grisa
are presenteah Table 4 For the remaining three tedfise calibrated parameters for the topmost
layer are presented iTable 5 with the values for thdeeper units thaemained unchanged

and are provided in Table 4.

Tableb. Values of the calibrated parameters for the topsoil layer in the other three tests conducted at La
Grisa. Tests arencoded using the LG standing for La Grisa. They are numbered 1 to 2, and S stands
for shallow test with D for deep test.

La Grisa | Depth (m) | k (m/s) E (MPa) | Constitutive law 0 () |3

LG2S 0-0.12 1L "§o| / o0 —=9(, 8 9 |0.20
LG1D 0-0.12 5 L°® 1] / 0 —=6(, 8 10 [0.20
LG2D 0-0.12 1L "§o| / 0 —=6(, 8 3.5 |0.20

The soil stiffness in the second shallow test is higher compared to théestisen LG2S and

LG1D, thed values are significantly higher compared to the other two tests. As observed in
the measured data for these tests, the rebound is noticeably lower, indicating that the permanent
deformation is greater. Since an increase ineduces the recovery of vertical settlement after
unloading, the highdr values in these two tests theoretically align with the observed behavior.
This suggests that the soil in LG2S and LG1D retains more deformation after loading, resulting

in less elastic rebound compared to the other tests.
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7.1.1Displacement below the load center

The soil's response to the applied load, as predicted by the model, has been evaluated by
comparing it with the isitu experimental measurements. This comparison considers the
displacemenbehaviorof the marsh surfaca the center of theadedarea. In the deep loading

tests, an initial excavation 62 m was performed before loadinbhis situation is also valid

for the deep tests conducted in Le Saline and Lazzaretto NBguncorporating both loading
conditions, the mo debvibsacregsbdifferentsyratigraphiccanditionsr e s
has been systematically analyzéd shown in Figure25, the loading duration for LG1S,

LG1D, and LG2D is 45 minutes, followed by an unloading phase of 20 minutes. For LG2S, the

loading duration is 50 minutes, with an unloading phase of 20 minutes.
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Figure25. Vertical displacement of shallow ((a),(c)) and deep (b),(d) soil layers, underneath th
of the loading area during bogihases of the La Grisa experiment. In dark blue the recorded ¢
orange the model output.

In Figure25, the modeledlisplacementesults are compared with the measured compaction
obtained from displacement transducé&ise recorded data is represented bgik blueprofile

and show a certaioreep deformationthat caanot by reproduce by the adopter simul@sr
discussed in Section 5.5he model output is shown orange

The model effectively captures the heterogeneity of soil properties, as both the simulated
superficial displacementlosely align with the recorded data. The plastic constitutive law
applied to the top two layers successfully reproduces the meaBssptatement$or all tests

However, the model slightly overestimates theovery for LG2S and LG205ince the La

53



Grisa salt marsh is fully saturated, the tidependent evolution of displacement due to loading

is directly related toporewater pressuredissipation within the soil, as governed by the
boundary conditions described i n Section 5.2
hydraulic conductivity. The curves observed immediately after loading and just before reaching

the maximum disglicement, as shown in the graphs in Fi@ere directly linked to hydraulic
conductivity. A similar relationship is evident in the unloading phase, where the curves
observed immediately after load removal and just before reaching the maximum rebound als
reflect this dependency. Upon loading, water is expelled from the soil due to the applied stress,
while during unloading, water 1enters the system, influencing the soil's mechanical response.

The curves observed during the loading phase are captured relatively well by the model,
particularly in the case of LG2D. However, this accuracy does not extend to the unloading
phase, despite the model successfully predicting the maxme@lmand This discrepancy may

be attributed to changes in the soil s porol
alter the hydraulic conductivity in the unloading phase. Since hydraulic conductivity governs

the rate of water movement within the saildifferert value may be required during unloading

to accurately replicate the observed curves. This suggests that the soil's hydraulic properties are
not constant throughout the loadingloading cycle but instead evolve due to the applied stress

and subsequent defnation.

The time step used in this study is 60 seconds. Reducing the time step further could improve
the model 6s ability to capture the curve mot
this would significantly increase both the simulation time and comipuotateffort. Therefore,

a time step of 60 seconds was considered optimal for this study, balancing accuracy and

efficiency.
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7.1.2Model outcomes

Figure 26 presents the evolution of displacement obtained from the numerical model of the first

shallow test at La Grisa, illustrating liehavior during both the loading and unloading phases.

Pesudocolor
Vor: depl

0.00
- -0.00375

Figure26. Vertical displacements, in m, over time, during the loading phase of 10.7 kPa and unloading
phase at La Grisa along a vertical section parallel4dpeas/inthe middle of the loading areBhe upper
0.5m of the domain are shovamly.

Since the loading is appligdstantaneouyg and kept constant, displacement increases further
due to the primary consolidation process (pore pressure dissipation) until the excess pore
pressure is fully dissipated. Then, the displacements remain cofrstibmiving a short period

after the application of the load, the excess pore pressure fully dissipates, leading to the vertical
displacement reaching its peakd it become constant until end of the loagihgseFollowing

the unloading, the generated atige (under) pore pressure dissipates within a short time,
resulting in the rebound reaching its peak value, after which it remains stable throughout the
remainder of the unloading stage.

One crucial aspect that should not be overlooked is that, in the numerical model, the applied
load is uniformly distributed among the nodes within the circular loaded area. For this uniform
distribution of the load, the elements within the loaded areadvaéd to have identical sizes.
However, due to the circular shape of the loaded region, it is not feasible to discretize the area
with elements of equal size. As a result, the elements within the loaded area exhibit varying
sizes, with some being smalkend others larger. Furthermore, each node located on the surface

of the loaded area experiences a load that is applied tguameer of the area of the four
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surrounding mesh elemen#ss a result, nodes that are surrounded by smaller mesh elements

on the surface are subjectechigher loads than expected, as these elements should have been

of a smaller size. In the model, these nodes experience greater vertical displacement,
particularly those located near the boundary of the circular area.

Upon examining Figure 26, the blue color in the loading case represents higher displacement.

It can be observed that the blue region penetrates deeper near the boundaries. This phenomenon
results from the fact that the load is equally distributed amongadtes, rather than being
distributed proportionally to the area of the surrounding mesh elenmdmtsext step of this

study will focus on distributing the load to the nodes in proportion to the sizes of the surrounding

--
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Figure27. Variation of excess powwater pressure, in MPa, over time, during the loading phase LG1S
along a vertical section parallel to theyis in the middle of the loading ardade uppel0.5m of the
domain are showronly.

mesh elements.

Load

Z-axis(m)
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As seen in Figure 27, at the very beginning of the loading phase, the overpressure increases
near the surface. Then, over time, it is completely dissipated and becomes null by the end of

the loading phase.
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Figure 28. Variation of negative porevater pressure, in MPa, over time, during the unloading phase
LG1S along avertical section parallel to theaxis in the middle of the loading ardéhe uppe0.5m
of the domain are shovanly.

As illustrated in Figure 28, at the onset of the unloading phase, a negative pore pressure
(underpressure) develops near the surface. Over time, this underpressure is gradually dissipated,

ultimately reaching a null value by the conclusion of the unlogglage.

7.2 Le Saline

A number ofLOtests were conducted a¢ Balinesalt marsh at the locations specified in Table
1. Among thesesix were shallow tests, while the otHeur were deep tests. For tests with the
same numbering, the coordinates of the shallow and deep test locations are identical.

The model of the Le Saline irsitu experimentomprisessevendifferent materials. Among
these, the two uppermost soil layers (ranging from O t0 .2n depth) aresimulated byan
elastoplastic constitutive relationshigFigure 29). The remaining soil layers are considered
linear elastic materials. Tabteprovides an overview of the calibrated parameters used in the

simulation for each material, including the thickness of the various soil layers.
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Figure29. Model layering at Le Saline. The colors indicate different layers. Two uppermost clayey silt
layers are modeled as nonlinear soil layers, and the remaining zenesdi3stitute the linear elastic
soil layers.

Soil layersare assigned R o i s s o n 6 squal t@dt2iand pbrasityis constant at 0.44
throughout the domaii.he model calibration has suggestediaitial preconsolidation stress

equal to2 kPafor Le saline 4S, 5S, 4D, 5&nd4 kPafor Le Saline 1S, 2S, 3S, 6S, 3D, 6

boththe cases, the valiglower than the applied load during. In deep tests, the preconsolidation
stress must be greater than or equal to that in shallow tests, as the test is cOn2intbedow

the surface, where the sbihs experienced ttike weight of the overlying layers.

TheYoung modulugor the nonlinear soil layers increases with depth. For the intermediate soil
layers (0.21.45m depth)Calibration provides th&ranges between 2 MPa and 3 MPa, while

for the more consolidated material at greater depths, it reaches 20 MPa. The stiffness of the
second soil layen the case of LS2B8 approximately twice that of the first layer. Additionally,
during the loading phases, the stiffness of the uppermost layer is about an order of magnitude

lower than that of the underlyirigyer(Table 6)
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Table6. Calibrated set of parameters for the LS2S model.

Layer Depth (m)| k(m/s) E Constitutive law 0 () 3
(MPa)
Clayey silt| 0-0.10 5 L° / O —=6(, ° 35 0.20
Clayey silt| 0.10-0.20 | 9.0L "% / O —=13, 8 25 0.20
Clayey silt| 0.20-040 | 3.0 L° 2.0 / / 0.20
Silt 040055 | 30 LS 2.3 / / 0.20
Sandy Silt| 0.550.70 | 1.0 L°® 2.7 / / 0.20
Sandy Silt| 0.70-1.45 | 20 L’ 3.0 / / 0.20
Silty Clay | 1.452.00 | 1.0 E7 | 20.0 / / 0.20

The hydraulic conductivity’Q varies betweef0' “ and10 ®> m/s, increasing with depth to align

with recorded (under)overpressure values observed during the loading and unloading cycles.
The secondsoil layers ¢layey sil) exhibit significantly higher permeability compared to the
deeper soil layers.

The calibrated parameters for different soil layers insgmondshallow test conducted aeL
Salineare presented in Tab For the remaining tests, the calibrated parameters for soll
layers, except for the topmost layer, remained uncharigez calibrated parameters for the
topmost layer in the other tests are presented in Talles important to note that for the deep

test, we first remové.2 mof soil from the surface.

Table7. Values of the calibrated parameters for the topsoil layer in the other tests conducted at Le
Saline. Tests are encoded using LS, which stands for La Saline. They are numbered from 1 to 6, with S
for shallow test and D for deep test.

Le Saline | Depth (m) | k (m/s) E (MPa) | Constitutive law 0() |3

LS1S 0-0.10 9L ' 0 / 0 —=3(, 8 3.65 |0.20
LS3S 0-0.10 2L %0 / 0 —=6(, ° 3.65 |0.20
LS3D 0-0.10 1L 0 / b —=12, & |2.65 |[0.20
LS4S 0-0.10 2L %0 / 0 —=6(, 8 3.65 |0.20
LS4D 0010 [2L 'f0 / b —=8, ©& |2.65 |[0.20
LS5S 0-0.10 2L %0 / 0 —=4, ° 3.65 |0.20
LS5D 0-0.10 2L %10 / 0 —=13, 8 2.65 |0.20
LS6S 0-0.10 2L %0 / 0 —=6(, ° 3.65 |0.20
LS6D 0010 [2L '§0 / b —=7(, & |265 020

59



The hydraulic conducti%m/tsy tvod s elsmodsatnge f r o1

certainvariability in ‘Qbetween different test locations and depths. Notably, LS1S exhibits the
highest hydraulic conductivity, suggesting higher permeability in the shallow layer at that
location, whereas LS3D has the lowest value, indicating reduced permeability at a detper lev
The oedometric modulugd  p70 ) varies significantly, withthe valuesof parameter
ranging from 3 to 13, implying differences in the consolidation behavior of the soil under
loading. Higher values, particularly in deep samples, suggest increased resistance to
compression.

The recompression index generallyhigher for the shallow soil (3.65) compared to the deep
soil (2.65), indicating that the neaurface layesare less elastic, i.e. they rebound less, during
the unloading phasérhis difference suggests that the shallow soil is more susceptible to
permanenvolume reduction when subjected to stress changes, likely due to higher porosity, or
a different soil composition compared to the deeper layers. In contrast, thedlowadue in

the deep sadlimplies thatthey aremore consolidated, which is typical for subsurface layers
that have been subjected to greater overburden pressure ovdrtase.findings highlight the
spatial and depthdependent variability in soil properties, which plays a critical role in
determining the mechanical response of the soil to applied loads.

7.2.1Displacement below the load center

Figure30 shows a comparison betwethe vertical displacement of the marsh surface at the
center of the loaded area as obtained byrth@elandmeasured from displacement transducers.

The recorded data is represented laek blueprofile, while the model output is shown in

orange
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Figure30. Simulated versus measured land displacement of the marsh surface underneath the center of
the loaded area during both phases of the Le Saline experiment. Shallow experiments are provided in
(@), (b), (), (e), (9), (j) and deep experiments in (d) (), and (k) . In dark blue the recorded data, in
orange the model output.
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The model effectively captures the heterogeneity of soil properties, as the simulated superficial
displacementlosely align with the recorded data. The plastic constitutive law applied to the
top two layersallows tosuccessfully reproduce the measured compadtioall testsexcept

5D and 6Dwhere a mor evident viscous deformation has been recdviiedover the model

slightly overestimates theboud at load removédr the experiment&S, 4S, and4D. Since the

Le Saline salt marsh is fully saturated, the taependent displacement evolution due to
loading is directly governed by wataverpressurdissipatiorwithin the solil, as dictated by the
boundary conditions outlined in Section 5. 2.
hydraulic conductivity. The curves observed immediately after loading and just before reaching
maximum displacement, as illuated in Figure @, exhibit a clear dependence on hydraulic
conductivity. A similar trend is evident during the unloading phase, where the curves recorded
just after load removal and prior to reaching peak rebound also reflect this relationship. During
loading, the applied stress forces wateflow awayfrom the loadedoil (causing a decrease

of porosity and, consequently, compactjomhereas during unloading, waf@e-enter® the
systenmbelow the previously loaded zane si gni fi cantly affecting th
Notably, the model captures the loadplgase curves withgoodaccuracyapart from 5D and

6D.

Moreover, it can be stated that the curves observed during the recovery phase of unloading are
better captured in the case of La Grikas evident that for 5D and 6D, the model does not
capture the field values accurately. As can be observed from the graphs representing the field
data, the displacement during the loading phase for 5D and 6D incoeedigiouslyover

time, with a smoother transition with respect to the other.t&sis indicates that thexpulsion

of water from the soil takes longerropared to the other tests, suggesting that the hydraulic
conductivity in the regions where these two tests were condsigeificanly decreases over

time following the porosity declinand/or a significant viscous deformation took pladee
elastplastic simulator with fixedvaluesis unable to reprodudhis behavior.

Additionally, avery smallrecovery is observed during the unloading phase in these two tests.

A potential reason for the minimal recovery during unloading coul@drbextremely low
hydraulic conductivity of the soil, which leads to slower wateen®y into the soil after the

load is removed. Another possible explanation could be the high degree of soil consolidation at
depth, which r educ e deflediively utnder unléadingadnditiorist y t o r

64



7.3Lazzaretto Nuovo

The Lazzaretto Nuovan-situ experiment is represented usthgeedistinct materials. Among
these, only the top soil layer (extending from 0 td®Rin depth)s modeled as elastplastic
materials (Fig31), with the remaining soil layethatareassumeds linear elastic materials. A
summary of the calibrated parameters employed in the simulation for each material, including

the thicknesses of the various soil layers, is provided in Bable

-Clayey Silt
[ Jsand
[___Isity Clay

Figure31. Model layering at Lazzaretto Nuovo. Tveriable zone indicates the different materials. Only
topmost layer is modeled as nonlinear soil layer, and the remaining 2 zones constitute the linear elastic
soil layers.

The Poissonods rati o ( 20)whifethe potodityerensmiosi uhiforin aty e r s
0.44 throughout the domain. The initial preconsolidation stresdilwatedat 4 kPa across the

entire domain, which is lower than the applied load during the loading phase of the experiment.
TheYoung modulugor the nonlinear soil layers increases with depth. In the intermediate soill
layer (0.51 1.45 m depth)D equate®.3 MPa, whereas for the more consolidated material at

greater depths, it reach#3 MPa.
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Table8. Set of parameters for the LN1S model. Tests are encoded using the LN stands for Lazzaretto
Nuovo. 1 is the test number andtands for shallow test.

Layer Depth k(m/s) | E(MPa) Constitutive law o} 3
(m) ] ()
Clayey | 0025 | 1L '§q / 0 —=230Q, 3.0 | 0.20
Silt
] X ¢ T
Sand 025145| 0.5 '§ 2.3 / / 0.20
Silty Clay | 1.45200| 05L "1 | 100 / / [0.20

The attemptedparameters for different soil layers in tfiest shallow test conducted

at

Lazzaretto Nuovare presented in Tab& For theothertests, the parameters for soil layers,

except for the topmost layer, remairsane withthoseprovided in Table8. Conversely, the

parameters for the topmost laye@ries andre presented in Tab® It is important to note that

for the deep test, we first remo@e m of soil from the surface.

Table 9. The parameters for the topsoil layer in the tests LN1D and PL2S conducted at Lazzaretto

Nuovo.
La Grisa | Depth(m) | k(m/s) | E Constitutive law 0 (-3
(MPa)
LN1D 0-02 1L "9 / M= —=571.4, C® 2 |0.20
8
LN2S 0-0.2 1L T8 0 —=230Q, 3 [0.20
X® ¢ T
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7.3.1Displacement below the load center
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Figure32. Vertical compaction of shallow [(a.),(b.)] and deep [(c.)] soil layers, underneath the center of
theloading area during both phases of the Lazzaretto Nuovo experiment. In dark blue the recorded data,
in orange the model output.

The model used fails to provide an adequate fit for the test results obtained from Lazzaretto
Nuovo. Although the maximum displacement and loading curve in the deep test are well
represented, the rebound is overestimated by the model. Specifically, éneeoliebound of

1.2 mm in the deep tegthich is relatively smaltannot be accurately captured by the model,
similar to the cases of Le Saline 5D and 6D. Likewise, although the LN1S test shows a better
fit compared to LN2S in terms of both maximum displment and rebound, the model still
overestimates both parameters. These results suggest that the model fails to reproduce field
measurements accurately for both shallow tests. Furthermore, the model appears to be relatively
insensitive to parameter adjostnts aimed at improving the fit with field data. Achieving a
good match would require assigning unrealistically high values to key parameters (such as
andCr), which would not reflect physical reality.
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8. Conclusive discussion

Salt marshes play a crucial role in maintaining the fragile balance of the Venice Lagoon. One
of the key factors determining the survival of coastal marshes under rising relative sea levels
(RSL) is their capacity to increase in thickness in response to sea level changes. This means
that the marsh must be able to support the load imposed on itseshyfatew sediments,
whether natural or artificial. This thesis aims to investigate the hyeloanechanical behavior

of shallow marsh deposits in the Venice Lagoon. The study analyzes the results of experiments
conducted at three different locationesigred to replicate laboratory oedometer tests, along
with geological surveyandgeotechnical investigations. Primary consolidation of the marsh
soil has been examined by simulating loading experiments through a poromechanical model
based on mixed finite elements. The findings highlight that soil compressibility within the same
coasth system varies significantly across different locations and is heavily influenced by the
properties of the soil forming the marshland, particularly the specific depositionairenents

where marshes develop and thicken.

A poromechanical simulator utilizing mixed finite elements has been employed to model the
primary consolidation process, excluding the creep phase, duringstteregperiments. This
simulation was used to assess and quantify key hyelomechanical parameters, with soil
stiffness '©) and hydraulic conductivity@ being the most significant.

In these simulations, soil stiffnes®)(was defined using a nonlinear elaptastic constitutive

model for shallow depths (approximately 023 m from the surface), incorporating factors
such as preconsolidation stréss), effective stress, (), andrecompression inde¢o ). For

deeper layers (beyond 023 m), a linear elastic constitutive model wasplied. The
simulations were conducted using a 3D discretized domain to accurately represent soll
stratigraphy based on geological survey data. Parameter calibration was performed to ensure
consistency with observed vertical displacements fresitinexgriments.

The application of the model across the thsdge experiments revealed distinct stiffness
characteristics for each salt marsh, particularly within the shallow soil layers. Among the sites,
some tests conducted at Le Saleénibited the highest stiffness. Despite these differences,
some common trends were observed. Specificéllydraulic conductivity decreased with
increasing depthOverall, the implementation of the nonlinear constitutive model provided a

reliable simulation of vertical soil compactionshallow layers.

69



The modeling approach applied in this research successfully reproduced the vertical
displacementsbserved during the field experiments conducted at La @nidhe Saline. The
comparison between simulated and measured data highlights the spatial variability of soil
compressibility within the same coastal system. This variability is closely linked to differences
in depositional environments and the specific graphic composition of each site.

The preconsolidatiostress ( ) varied between sites and was adjusted to fit the recorded field
data. For example, was &t to 4 kPa at La Grisandfor some tests at La SalingkPafor the

othertestsat Le Saline, reflecting differences in tleading history of these salt marshes.
However, applying a single value across the entire domain, as permitted by the simulation,
appears insufficient to accurately represent the compaction characteristics of soil layers at
varying depths, each with distinct initial consolidation conditidnkey observation was that
deeper tests required higher preconsolidation stress values, as they accounted for the weight of
the overlying soll

The analysis of hydraulic conductivity further revealed notable variations across different soil
layers. The uppermost layers exhibited higher permeability, facilitating rapid dissipation of
excess pore pressure during loading. At La Giésalues for the most superficial layers ranged
from 10 to 10 m/‘ecreasédeindieating a mdre compaced aed  d e
less permeable soil structure. At Le Saliiyalues followed a similar trend, with a range of

10 t o 10 agraddakreducton ig pernfeabilityvgth depth.

In the experiments conducted at Le Saline, the displacement measured in shallow tests is
generally greater than that in deep tests. Additionally, the recovery observed in shallow tests is
higher compared to deep tests. This difference can be attributetthetoeffects of
preconsolidation and soil stiffness. In shallow layers, the soil is typically less consolidated due
to lower overburden stress, making it more compressible and prone to larger deformations.
Moreover, the stiffness of shallow soil is generddiwer compared to deeper layers, which

have undergone greater consolidation and exhibit higher resistance to deformation. As a result,
the higher compressibility and lower stiffness in shallow layers allole¥eer elastic rebound,

leading to desspronounced recovery compared to deeper layers.

In the tests conducted at La Grisa, although the displacement observed in LS1S is greater than
that in LG1D, the displacement in LG2D is larger than that in LG2S. This deviation from the
expected trend, where shallow tests typically exhibit greater despkat than deep tests, can

be attributed to the influence of plant roots in the soil. In shallow layers, the presence of dense

root networks increases soil reinforcement, enhancing its structural integrity and reducing its
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susceptibility to deformation. In contrast, deeper layers generally contain fewer roots, resulting
in lower reinforcement and greater displacement under applied loads.

The observed maximum displacement among the experiments was recorded as 18 mm in Le
Saline 5S and 16 mm in La Grisa 1S. Conversely, the lowest displacement in deep tests across
the three salt marshes was measured at 7 mm in Le Saline 3D, while the averafje
displacement in deep tests was found to be approximately 10 mm. These variations can be
primarily attributed to differences in soil composition, consolidation state, and biological
influences such as vegetation and root structures. Shallow lggetisularly in salt marsh
environments, tend to be more unconsolidated and influenced by organic matter, leading to
greater deformation under applied stress. In contrast, deep layers generally exhibit higher
preconsolidation pressures and increased esffnresulting in lower displacement values.
However, localized variations in sediment characteristics, salimityced soil structure
modifications, and root reinforcement can contribute to deviations from this trend. The lower
displacement observed ineLSaline 3D, for instance, may be a result of higher sediment
compaction presence of more unorganic materal stronger structural bonding due to
prolonged depositional history, reducing its susceptibility to deformation compared to other
deep test locations.

The Le Saline 5S test exhibited the highest displacement among the experiments, with a
recovery of 6 mm during unloading. However, the deep test conducted at the same location
showed a significantly lower recovery of only 1 mihis contrast can be explained by the
differences in soil stiffness, consolidation state, and the elastic rebound capacity of shallow and
deep layers. In shallow sediments, lower overburden pressure results in a looser soil structure
with greater compredsility and a higher propouin of elastic deformation, allowing for more
pronounced recovery upon unloadinQeeper layers are typically more compacted and
overconsolidated, leading tesenallerproportion of plastic deformation andreereagd ability

to recover after unloadin@he minimal recovery in the deep test at Le Saline 5D suggests that
most of the displacement in this layer was due to irreversible deformaticthermore, the

very limited recovery observed in both Le Saline 5D andcddibnot be gatured bythe
numerical modl. Possibly, a more advanced constitutive relationship would be implemented
to more accuratelsiccount for the irreversible deformation and complex soil behavior observed

in these deep layers.

As observed from the field data graphs, the displacement during the loading phase for Le Saline
5D and 6D continues to increase over time, unlike the other tests where displacement rapidly

reaches a maximum and then stabilizes. This prolonged displacprogression suggests a
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delayed consolidation response, likely dua targer creep component and/doaer hydraulic
conductivity in the tested regions. In soils with low hydraulic conductivity, the expulsion of
pore water occurs at a slower rate, resulting in a more gradual dissipation of excess pore
pressure. Consequently, the deformation process extevel a longer period, as the soil
continues to settle while water drains from the pore spaces. In contrast, in tests conducted in
regions with higher hydraulic conductivitgpre water is expelled more rapidly, allowing the

soil to reach its maximum displacement earlier in the loading phase. The inability of the current
model to replicate this behavior indicates that the model may not adequately account for the
time-dependentconsolidation effects in loywermeability soils, highlighting the need for
incorporating a more refined representation of hydraulic conductivity and pore pressure
dissipation in the numerical framework.

The field test results from La Grisa and Le Saline indicate that the model effectively captures
the displacement curve observed during the loading phase for both sites. However, while the
model performs relatively better in approximating the unloadingepbasves at Le Saline
compared to La Grisa, it still fails to accurately replicate the unloading behavior in both cases.
This discrepancy suggests that the hydraulic conductivity governing the unloading phase differs
from that of the loading phase. In therrent model, a single hydraulic conductivity value is
used for both loading and unloading. Therefore, to improve model accuracy, the
implementation of a phastependent hydraulic conductivity should be considered.

In the deep test conducted at Lazzaretto Nuovo, the model successfully captured the maximum
displacement; however, it significantly overestimated the rebound. For the other two shallow
tests, it became evident that the current model is not capable oflipgpai reliable fit, as it

shows limited sensitivity to parameter adjustments. These results indicate that a proper match
between the model and the test data cannot be achieved under the current configuration.
Therefore, modifications to the model struetusire necessary to improve its predictive
capability.Next steps of this study will focus on improving the current modeling approach to
achieve a better agreement with field observations, particularly for shallovatéstzzaretto

Nuova Given the observed limitatiossich as the model's insensitivity to parameter variations
and its tendency to overestimate both displacement and reloigreVident that modifications

to the constitutive framework are necessary. Futudywill involve exploring alternative or
enhanced constitutive models that can more accurately capture both the loading and unloading
behavior of soft soi |l s. Additionally, cal i
responsiveness to parameter adjustsetit be investigated to ensure more reliable simulation

outcomes under varying test conditions.
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A large-scale loading test, with a similar loading value but on a larger and different scale, was
previously conducted at both the La Grisa and Le Saline salt maFshethedisplacement
values obtained from the largeale test, soil parameter characterization for the constitutive
law has been conducted using the same numerical model applied in this study.

When comparing the soil parameter values determined in this study with those obtained from
the model analysis of the largeale test, it was observed that the parameter values for LG1S
and LG2D were quite similar to those from the lasgale test modelHowever, the

0 parameter value for LG1D was found to be five times larger in this study. Additionally, the
parameter values fabandd in LG2S were determined to be three times greater in this study
compared to the larggcale testnodel results

For the Le Saline site, thepnstitutive lawparameters obtained from the current numerical
model for the LS2S, LS3S, LS3D, and LS6S tests are either identical or very close to those
determined in thelargescale test modelHowever, in thelargescale test modela
preconsolidatiorstressof 2 have beerused in determining the parameters, whereasig th
study, a value of 4 was adopted for the same tests, and the parameters were derived accordingly.
For the LS4S test, the determinezhstitutive lawparameters and the preconsolidation stress
value are identical to those in tlergescale test modelSimilarly, for the LS4D and LS5S

tests, both thé parameter and the preconsolidation stress value are theagtmike large

scale test modelHowever, the a parameter values for these two tests were found to be
approximately 30% lower than those obtained inlainge-scale test model

This study also highlighted a limitation related to load distribution in the numerical model. The
uniform assignment of load to nodes within the circular loaded area, regardless of the
surrounding mesh element sizes, led to -ooifform stress distributiorand localized
displacement anomalies. Future work should address this issue by implementing a load
distribution approach proportional to the area of the surrounding mesh elements, to improve
modeling accuracy.

Future investigations could expand upon these findings by experimenting with varying disk
sizes, loading intensities, and durations. Such studies would provide a more comprehensive
understanding of how loading area geometry and test parameters infludncesgonse,
potentially offering practical insights for applications in environmental and geotechnical
engineering, particularly in marshland or other vegetated soil systems whersoitoot

interactions play a critical role.
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