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1.  Introduction  

Salt marshes are dynamic 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 crucial for 

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 regulation an especially valuable service as climate change intensifies storms 

and sea-level 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 significantly to climate mitigation efforts [1]. 

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 migratory birds. The salt marsh 

sparrow, for example, depends on high-elevation marshes for nesting, while species like the 

eastern black rail and loggerhead sea turtles benefit from the marshôs shelter and resources. Salt 

marshes also enrich coastal waters through nutrient cycling, supporting adjacent ecosystems, 

and sustaining fisheries that are economically important to coastal communities [2,3]. 

Despite their critical ecological functions, salt marshes are increasingly threatened by both 

anthropogenic and natural factors. Human activities such as freshwater diversion, land-use 

change, urban expansion, and pollution have led to habitat fragmentation, reduced 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 change 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 rate of 1ï2% per year, with 

approximately 35% of global salt marshes disappearing between 1970 and 2015 due to these 

compounding pressures [4,5,6]. 

A key factor influencing the long-term survival of salt marshes is their ability to keep pace with 

relative sea-level rise, which depends on their vertical accretion rates. This accretion process 

involves the accumulation of sediments and organic matter, with 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 their own weight 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 organic-rich layers 

are more compressible than mineral layers. As a result, marsh platforms composed of softer, 

organic sediments are particularly prone to subsidence, impacting the marsh's ability to 

maintain elevation in the face of sea-level 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 subsidence rates. Studies 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 decreases, which can lead to increased vulnerability to 

external pressures, like tidal inundation and storm surges [8]. 

Furthermore, the preconsolidation stress, the maximum past pressure experienced by the soil is 

crucial in determining how salt marsh sediments respond to ongoing compaction. If external 

stresses, such 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 elevation. Field studies in Greatham 

Creek and other UK salt marshes illustrate that sediment composition, heterogeneity, and high 

organic content significantly influence 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 vulnerability to sea-level rise 

[9,10,11]. 

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 naturally accrete at rates that can 
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keep up with current and projected sea-level rise. Understanding the geomechanical properties 

of salt marsh soils, particularly their susceptibility to autocompaction, is thus essential for 

conservation efforts. Studies indicate that addressing these factors through 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 changes [12]. 

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 sediments. Studies 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 organic-rich sediments have 

a higher potential for compaction, 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 characteristics of salt marsh sediments [11]. 

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 soil samples are collected 

from their natural environment. In salt marshes, which are typically composed of loosely bound 

soils, this disturbance can lead to inaccuracies, making it challenging to gauge the compaction 

behavior accurately in lab conditions. To address this issue and obtain a more precise 

understanding of the hydro-geomechanical properties governing salt marsh compaction, 

researchers have turned to in-situ testing [12]. 

In the Venice Lagoon, a series of in-situ 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 time, allowing researchers 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 such as sea-level rise, land subsidence, and changes in 

sediment supply. The findings from these in-situ experiments are critical for assessing the fate 

of salt marshes in the context of ongoing environmental changes [12]. 
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The aim of this thesis is to further analyze these in-situ 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 element approach 

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 description of 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 hydro-geomechanical 

characteristics of salt marshes, highlighting the most influential parameters in their compaction 

processes and informing future conservation and management efforts aimed at preserving these 

critical coastal ecosystems [13]. 
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2. Study Area: the Venice Lagoon 

The experiments were conducted across several salt marshes in the Venice Lagoon, specifically 

at La Grisa, Lazzaretto Nuovo, and Le Saline (Figure 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 smaller creeks and unvegetated zones. These dynamic water and 

sediment processes are essential for the ecological functions of the lagoon. The presence of 

small ponds, channels, and vegetation in these areas 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 composition in these 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 presence of low-lying 

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

The sediment stratigraphy in these salt marshes differs from site to site, depending on the 

quantity and type of sediment that accumulates over time. Due to continuous deposition and 

natural compaction, salt marshes represent an ever-evolving landscape. The newly 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 sites La Grisa marsh is located in the southern basin near Chioggia,  Lazzaretto Nuovo 

and Le Saline in the northern basin. Each site exhibits distinctive stratigraphy and 

geomechanical characteristics. These properties will be explored further in subsequent sections. 
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Figure 1. 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 Grisa, Lazzaretto Nuovo, and Le Saline salt 

marshes to examine soil stratigraphy 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 remnants, 

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 distinct differences in soil 

composition and stratigraphy. 
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2.1.1  La Grisa 

 

Figure 2. 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 with a 20-30 cm layer of silty 

deposits interspersed with plant remains, followed by silty-sand 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 Brenta River, 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 this sediment supply, leading to a greater accumulation of 

organic material in the marshôs upper layers. This shift has resulted in the organic-rich surface 

layer seen today. 

 

Figure 2. Soil 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 water-borne sediments. 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 3). 

Beneath the initial organic-rich layer (0ï20 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 (20ï40 cm), silt (40ï55 cm), and sandy silt (55ï145 cm) (Fig 3.). The lowest 

section (145ï200 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. 

 

Figure 3. Soil stratigraphy at Le Saline 
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2.1.3 Lazzaretto Nuovo 

At Lazzaretto Nuovo, the soil stratigraphy reveals a dynamic salt marsh environment shaped 

by lagoonal processes. The uppermost 25 cm consist of an organic-rich layer containing plant 

roots and decomposed vegetation, reflecting recent biological activity and sediment 

accumulation. Beneath this, a peaty/sandy layer (25ï50 cm) transitions into a sandy 

intermediate layer (50ï100 cm), indicating increasing sediment grain size with depth. Below 

100 cm, silty clay dominates, signifying lower energy depositional environments, while the 

deepest layer (150ï200 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 this marsh. The surrounding lagoon channels 

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

 

   Figure 4. Soil stratigraphy at Lazaretto Nuovo 
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2.2  Geotechnical Analysis and Soil Behavior in Salt Marshes 

Geotechnical evaluations were conducted at La Grisa, Le Saline and Lazzaretto Nuovo where 

a few soil samples were collected and analyzed in the laboratory using traditional geotechnical 

testing methods. However, as mentioned earlier, the representativeness of 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 preliminary insights into the geomechanical properties of 

salt marshes. These insights are instrumental 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 deformation response. The 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 sample remains 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 real-world 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 the geomechanical 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 the in-situ experiments 

conducted in three marshlands located within the Venice Lagoon, Italy, and charcterized by 

different depositional environments. During the experiment, marsh compaction was monitored 

under a controlled loading condition. 

3.1 Description of Loading Test 

 

Loading tests were conducted at the 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 displacements. The 

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 a radius of 16 cm, corresponding to a loading area of 

approximately 0.055 mĮ. The compact size of the loading area ensured that the applied load 

primarily affected the upper soil layers, resulting in deformation concentrated within 

approximately the first 0.2 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 additional 15-30 minutes. A digital sensor, 

attached to steel bars connected to the steel cylinder, recorded vertical displacements during 

both the loading and unloading stages.  

 

 
 

Figure 5. 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. 

 

 3.1.1 In situ Loading Tests at Le Saline 
 

 
Figure 6. 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 scaled-down loading tests were conducted between 06/09/2022 and 

10/09/2022, with the results of vertical displacements shown in Fig 9. In these results, "D" and 

"S" represent the deep and shallow tests, respectively. For the initial two tests (LS1 and LS2), 

the applied load was reduced by one-third (using two disks rather than three) and was applied 

only at the marsh surface level. Except 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 same location. 

Table 1. Coordinates of Experiment Locations at Le Saline. CRS stands for coordinate reference system. 

Le Saline CRS Lattitude Longitude 

LS1        WGS 84 / 

UTM zone 33N 

45Á 30' 19.91" N 12Á 28' 21.68" E 

LS2 45Á 30' 19.89" N 12Á 28' 21.84" E 

LS3 45Á 30' 20.33" N 12Á 28' 21.65" E 
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LS4 45Á 30' 20.50" N 12Á 28' 22.38" E 

LS5 45Á 30' 20.29" N 12Á 28' 22.17" E 

LS6 45Á 30' 19.35" N 12Á 28' 20.74" E 

 

Each plot demonstrates a similar pattern, where rapid displacement 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 depth of 20 cm (D-deep). 

 

Figure 7. Shallow Test at Le Saline 
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Figure 8. Deep Test at Le Saline 

 

Excluding test LS5, 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. For test LS5, the 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 be attributed to plant roots, which 

enhance soil stiffness [17]. This effect is further supported by the results of LS5 (D), where the 

displacements at 20 cm below the depth where root density decreases were comparable to those 

in other tests. 

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

representing a deformation, ⱦ =  = 0.05 =  5% where H is the soil layer thickness. A rough 

calculation of the oedometric modulus ὓ  which represents the inverse of soil compressibility, 

can be given by ὓ   = 
Ў

Ў
 = 

Ȣ

Ȣ
 = 0.214 MPa. 
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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 tests LS6 (S) and LS3 (S). For the remaining shallow 

tests, rebound was roughly one-third 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. 

 
Figure 9. Displacements measured in time during the loading tests performed in six different sites of Le 

Saline salt-marsh. 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 test, respectively. 

The experimental setup (illustrated in Fig 5) included 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 glass layer 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 smaller-scale tests, 

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 deformation occurs predominantly near 

the surface. When 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 elastic theory and Boussinesqôs solution, the stress intensity decreases with depth 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 deformation. The geometry of the loading area (such as the 

circular shape) has a limited impact on soil deformation at depth, as the most significant effects 

are concentrated in the upper soil layers. Furthermore, the short duration of the loading phase 

(50 minutes) is not allowed to graph the characterization of viscous deformation. 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 controlled 50 minutes 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 layers, which 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 soil, reducing 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 test locations. 
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3.1.2 In situ Loading Tests at La Grisa 

 

At La Grisa, downscaled tests were carried out on March 30, 2023, at two different locations 

within the marshland (see Figure 10). For each test, vertical displacements were measured 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. 

 

Figure 10. 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. 

  

Table 2. Coordinates of Experiment Locations at La Grisa. CRS stands for the coordinate reference 

system. 

La Grisa CRS Lattitude Longitude 

LG1  WGS 84 / UTM 

zone 33N 

45Á15'21.03"N 12Á12'43.58"E 

LG2  45Á15'19.11"N 12Á12'44.75"E 
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Figure 11. Shallow Test at La Grisa 

 

 

 
Figure 12. Deep Test at La Grisa 

 

 

The first test, LG1, was conducted in the marsland interior, while the second test, LG2, took 

place on a relatively higher site at a bound of a creek.. Results from these tests are presented in 

Fig 10. 
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Figure 13. 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 for deep and shallow test, respectively. 

 

In test LG1 (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 test LG2 differed from 

the patterns observed both at Le Saline and in the first La Grisa test. In this case (Fig 13), the 

greatest vertical displacement on the surface (10 mm) was actually smaller than 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 higher inorganic content. 

In the shallow test LG1S, compaction within the top 20 cm reached 15 mm, corresponding to a 

deformation of ⱦ=7.5%, which was higher than that observed at Le Saline. The calculated 

oedometric modulus, ὓ =  = 
Ў

Ў
 =
Ȣ

Ȣ
= 0.143 MPa, aligned with expected values for 

similar soil types under similar stress conditions. Based on this comparison, it can 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 for tests LG1 and LG2, 

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 upper soil layers inhibit 

excessive compaction by reinforcing the soil structure. This natural reinforcement helps reduce 

the soilôs vulnerability to auto-compaction, a progressive densification under sustained or 

repeated loading. Roots also enhance the elasticity of the soil, allowing it to recover a greater 



20 
 

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 

concentratio of 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 around creek edges 

compared to the more organic-rich interior marsh. Furthermore, the vegetationôs ability to 

stabilize the soil is crucial in the context of rising sea levels. As tidal pressures increase, root 

systems not only resist vertical displacement but also contribute to long-term soil elevation 

maintenance, thereby reducing the risk of land subsidence. Overall, vegetation plays a dual role: 

enhancing immediate load response through increased elasticity and offering long-term 

resilience against climate-induced changes. 

 

3.1.3 In situ Loading Tests at Lazzaretto Nuovo 

 

A few loading tests were conducted on June 30, 2023, at Lazzaretto Nuovo, located in the 

central part of the Venice Lagoon, to evaluate the displacement behavior under a controlled 

load.  

 

Figure 14. Locations of the loading experiments at Lazaretto 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 cases, the 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 WGS 84 / UTM 

zone 33N 

45Á 27ǋ 30.8ǌ N 12Á 22ǋ 54.3ǌ E 

LN2 45Á 27ǋ 31.0ǌ N 12Á 22ǋ 54.3ǌ E 

 

The loading phase lasted for 45 minutes, followed by a 30 minute unloading phase to measure 

rebound. Two distinct tests were conducted: one on the undisturbed soil surface and another 

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

 

Figure 15. Shallow Test at Lazzaretto Nuovo 
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Figure 16. 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 rebound of 4.2 mm, 

resulting in a residual displacement of 7.3 mm. The second shallow test showed a lower 

maximum displacement of 6.5 mm. The rebound in this case was 4.2 mm, leading to a residual 

displacement of 2.3 mm. Despite 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, leading to greater 

deformation and a higher residual displacement. The increased stiffness of the soil in the second 

test area can be attributed to a greater proportion of inorganic material. 

 

Figure 17. Displacements versus time during the loading tests performed in two different sites of 

Lazzaretto Nuovo salt-marsh. Tests are encoded using the LN stands for Lazzaretto 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 test LN1S, compaction within the top 20 cm reached 11 mm, corresponding to a 

deformation of ⱦ=5%, which is close to the average displacement observed at Le Saline, but 

smaller than that seen in La Grisa. A rough calculation of the oedometric modulus ὓ  which 

represents the inverse of soil compressibility, is estimated in  ὓ =  = 
Ў

Ў
 = 

Ȣ

Ȣ
 = 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 patterns are very close to each other for two shallow test in lazzaretto nuovo 

saltmarsh. It is approximately 4.3 mm for both tests. 
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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. In soil 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 interaction of the porous structureôs deformation and the movement of pore fluid 

is addressed by the consolidation theory, commonly referred to as poroelasticity [16]. 

 

Initially, Terzaghi [17] developed this theory for one-dimensional cases, later extended to three 

dimensions by Biot [18][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 any volume 

change in a soil element must result from a net fluid movement relative to the solid particles. 

This assumption closely approximates the behavior of soft soils, such as clay and soft sand, 

which are highly compressible (with deformations reaching several percent) and where the 

individual constituents solid particles and fluid are 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, which are critical in engineering applications 

such as the development of deep oil and gas reservoirs [16]. 

 

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 state. A portion 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. Thus, the soil's load-bearing 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 two models are interlinked, forming 

a coupled system of equations [16]. 

 

4.1.1 Flow model 

 

The water movement in a porous medium is controlled by Darcy's law [20] according to which 

the water flux is proportional to the hydraulic gradient through a constant called hydraulic 

conductivity: 

▲ ▓ɳὬ τȢρ 

Where: 

¶ ▓ is the hydraulic conductivity tensor 

¶ Ὤɳ is the gradient of the hydraulic head with Ὤ ᷿ Ὠᾀ᷿ײ -where p is pore ײ

water pressure and z is vertical coordinate. 

¶  ɳis the differential operator: . 

Assuming the soil is fully saturated (all the pores are filled with water) Darcy's velocity can be 

rewritten as: 

○ ὲ○ ○ τȢς 

If the soil is completely saturated only two phases are present and assuming that solid grains 

are uncompressible and water has compressibility ‍ the state equations for the solid and the 

liquid phase respectively are: 

‎  const τȢσ

‎ ‎ Ὡ ὴ ὴ τȢτ
 

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: 

 ᶯ ρ ὲ‎○
‬ ρ ὲ‎

‬ὸ
τȢυ

 ᶯὲ‎○
‬ὲ‎

‬ὸ
τȢφ
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Manipulating them, using Darcy's law to express the velocity of the fluid with the assumption 

of ○▼ π, the state equation for the fluid, the flow model is obtained: 

ᶯ▓ ᾀɳ
ὴɳ

‎
ὲ‍
‬ὴ

‬ὸ

‬‭

‬ὸ
τȢχ 

Where ‭ is the volumetric deformation of the porous medium: 

‭ ‭ ‭ ‭
‬ό

‬ὼ

‬ὺ

‬ώ

‬ύ

‬ᾀ
◊ɳ 

Equation 4.7 represent 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 directions όȟὺȟύ and pore-water pressure ὴ. It's necessary to 

introduce a new set of equations able to express deformations in function of pore-water pressure 

change through the equilibrium equations. 

 

4.1.2 Geomechanical 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: 

 

                                         

 
‬„ ȟ

‬ὼ

‬† ȟ

‬ώ

‬† ȟ

‬ᾀ
π

‬†tot ȟ

‬ὼ

‬† ȟ

‬ώ

‬„ ȟ

‬ᾀ
π

                                                 τȢψ  

                                             
‬†ÔÏÔ ȟ

‬ὼ

‬† ȟ

‬ώ

‬„ ȟ

‬ᾀ
π       

 

This set of equation is expressed in terms of total stresses: „  indicate 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 become symmetric meaning that † †. 

 

Total stresses are related to effective stresses by the Terzaghi's principle [17] according 

following equations: 
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„ ȟ „ ‌ὴ† ȟ † † ȟ †

„ ȟ „ ‌ὴ† ȟ † † ȟ †

„ ȟ „ ‌ὴ † ȟ † † ȟ †
τȢω 

where: 

 

¶ „ represent the normal effective stress and † the shear stress 

¶ ὴ is the pore-water pressure 

¶ ‌ is the Biot's coefficient which is given by ‌ ρ grain 
 with ὅgrain  compressibility of 

the solid grains and ὅ compressibility of the porous medium. At shallow depths, the 

compressibility of solid grains ὅgrain  is much lower than the compressibility of the 

porous medium ὅ, resulting in ‌ ρ. 

 

Eqs. 4.9 are sobstituted in eqs. 4.8 to obtain the Cauchy equilibrium equations in terms of 

effective stresses: 

                                                          

‬„

‬ὼ

‬†

‬ώ

‬†

‬ᾀ

‬ὴ

‬ὼ
‬†

‬ὼ

‬†

‬ώ

‬„

‬ᾀ

‬ὴ

‬ᾀ

                                                      τȢρπ    

                                                           
‬†

‬ὼ

‬†

‬ώ

‬„

‬ᾀ

‬ὴ

‬ᾀ
                                                           

                                            

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

needed to describe the mechanics of the soil behaviour: 

 

¶ soil is assumed isotropic; 

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

first order can be neglected; 

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

incompressible; 

¶ 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 tensor „ and the strain tensor ‭ for an elastic isotropic 

medium: 

 

ụ
Ụ
Ụ
Ụ
Ụ
ợ
„
„
„
†
†
† Ứ
ủ
ủ
ủ
ủ
Ủ

Ὁ

ρ ’ ρ ς’

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ρ ’ ’ ’ π π π
’ ρ ’ ’ π π π
’ ’ ρ ’ π π π

π π π
ρ ς’

ς
π π

π π π π
ρ ς’

ς
π

π π π π π
ρ ρ’

ς Ứ
ủ
ủ
ủ
ủ
ủ
ủ
ủ
Ủ

ụ
Ụ
Ụ
Ụ
Ụ
ợ
‭
‭
‭
‭
‭
‭ Ứ
ủ
ủ
ủ
ủ
Ủ

τȢρρ 

 

Hook's law 4.11 links stresses to deformations using only two parameters in case of elastic 

isotropic medium: Ὁ is the Young's modulus representing the longitudinal stiffness and ’ is the 

Poisson ratio which express the transversal one. 

 

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

to the De Saint-Venant principle: 

 

‭
‬ό

‬ὼ
„ ς‘

‬ό

‬ὼ
‗‭

‭
‬ὺ

‬ώ
„ ς‘

‬ὺ

‬ώ
‗‭

‭
‬ύ

‬ᾀ
„ ς‘

‬ύ

‬ᾀ
‗‭

‭ πȢυ
‬ό

‬ώ

‬ὺ

‬ὼ
† ‘

‬ό

‬ώ

‬ὺ

‬ὼ

‭ πȢυ
‬ό

‬ᾀ

‬ᾀ

‬ὼ
† ‘

‬ό

‬ᾀ

‬ύ

‬ὼ

‭ πȢυ
‬ύ

‬ώ

‬ὺ

‬ᾀ
† ‘

‬ὺ

‬ᾀ

‬ύ

‬ώ

τȢρς 

 

Where ‘ and ‗ are called Lame's constants which are functions the physical parameters Ὁ and 

’ȡ‘  and ‗  

 

Stress-strain relationship provided by Hook's law (Eqs. 4.11) are sobstituted in eqs 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: 

 

        
                                    ‘ɳ ◊ ‗ ‘

‬ꜗ

‬ὼ

‬ὴ

‬ὼ

               ‘ɳ ◊ ‗ ‘
‬ꜗ

‬ώ

‬ὴ

‬ώ

                                                                     τρσ 

                                             ‘ɳ ◊ ‗ ‘
‬ꜗ

‬ᾀ

‬ὴ

‬ᾀ
              

 

Eqs. 4.13 represent the structural model in four unknowns: όȟὺȟύȟὴ. Eqs. 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 non-elastic case, the nonlinear law describing the relationship between stress and strain, 

expressed in differential terms is Ὠ„ Ὀ„Ὠ‭ [21]: 
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Ὀ„ is the constitutive matrix of the isotropic medium and it is funcion of the stress for 

nonlinear materials. The coefficient  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 compressibility ὅ  : 

 

ρ

ὅ

Ὁρ ’

ρ ’ ρ ς’
τȢρυ 
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In our model, Cm is a nonlinear hysteretic function of the vertical stress ů and ɜ is a constant. 

The function linking compressibility and vertical stress is the constitutive law which as been 

defined consistently with the results of the oedometric tests on soil 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 model are less computationally intensive 

then coupled ones. The advantage of a fully coupled model is that itôs more accurate especially 

when the forcing factor directly affects the stress field. The numerical model implemented in 

this thesis to solve the Biotôs consolidation equations is a 3D fully coupled mixed finite element 

model developed by Ferronato et al. [22] and then by Castelletto et al. [23]. Equations 4.1, 4.7, 

and 4.13 form a coupled partial differential system defined on a 3-D domain in which the 

unknowns are the displacements ό όȟὺȟύ) the pressures ὴ and the fluxes ή. 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 order Raviartï

Thomas mixed space, while linear hexahedral FEs are used for the displacements. The second 

such choice is that a mixed formulation for the flow problem is element-wise mass conservative 

meaning that mass balance at element scale is respected on the contrary of what happen with 

standard finite element method. The lowest-order continuous, lowest-order RaviartïThomas, 

and piecewise constant spaces are used for the approximation of displacement, Darcyôs 

velocity, and fluid pore pressure, respectively. The finite elements method is a Galerkin 

variational method [24]: 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 centroids, defined by the discretization. 

 

4.2.1 Variational 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 this step 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 domain ɱ is discretized in ὲ elements with ὲ  nodes and ὲ faces. The unknowns of the 

fully coupled model are: 

 

¶ vector of displacements in the 3 directions ◊ όȟὺȟύ  calculated for each node 

¶ water flux ▲ across each element face 

¶ pore-water pressure ὴ computed on the baricenter of each element 

 

The variational formulation is described following the article from Ferronato et al. [22]. Model 

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 

Ὢ to the differential equation must have on the boundary of the domain, while Neumann 

boundary conditions specify the normal derivative of the unknown function at a boundary. 

Boundary conditions, on the 3D domain ɱ with frontier ɜ can be written as: 

 

ừ
Ừ

ứ
◊●ȟὸ ◊ ●ȟὸ  over ɜ
Ɑ ●ȟὸ▪● ◄ ●ȟὸ  over ɜ
ὴ●ȟὸ ὴ ●ȟὸ  over ɜ

○●ȟὸẗ▪● ▲ ●ȟὸ  over ɜ

τȢρφ 

 

Initial conditions are expressed as: 

◊●ȟπ ◊ ●
ὴ●ȟὸ ὴ ●

τȢρχ 

In Eqs. 4.16 and 4.17 ɜ᷾ɜ ɜ᷾ɜ ɜȟ„tot  is the tensor of total stresses function of 

position and time, ▪ is the outer normal to ɜ function of position and ● is the position vector in 

the 3D space. 

 

The displacement vector ◊●ȟὸ is approximated in a functional space generated by continuous 

piecewise linear polynomials ὰ, where Ὥ ρȟȣȟὲ , recalling that ὲ  is the 

total number of nodes in the domain, ὲ is the number of elements, ὲ is the number of faces. 

The medium displacement ◊●ȟὸ is hence defined as: 
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Pore-water pressure ὴ, which is computed in the baricenter of each element, is approximated in 

the space of piecewise constant polynomials as: 

 

ὴ●ȟὸḗ Ὤ●ὴײײ ὸ ▐ ●▬ὸ τȢρω 

 

where Ὤὼ is the basis function equal to one for the j-th element and equal to 0 elsewhere. 

The Darcy's velocity vector ▲ across each element face is approximated in the lowest order 

Raviart-Thomas mixed space: 

 

▲●ȟὸḗ ◌ײײ ●ή ὸ ὡ ●▲ὸ τȢςπ 

 

ή ὸ represent the water flux across the faces of the elements of the mesh and ◌ ὸ are 

vectorial functions defined in ᴙ  associated with the k -th face that belongs to the j -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 energy in the domain by applying 

the virtual work principle: 

 

ȟⱭײꜗײ Ὠɱ ȟ╫Ὠɱ◊ײײ ȟ◄Ὠɜ◊ײײ τȢςρ 

where: 
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¶  ꜗis the vector of deformations defined as ꜗ ὄ◊ with ὄ the strain elastic matrix 

¶ ◄ is the normal tension 

¶ ╫ is the volumetric force acting on the porous medium 

¶ ὺ apex identifies the virtual variables 

¶ „  is the total stress vector 

 

According to Terzaghi principle introduced before Eq. 4.9, total stress vector can be rewritten 

as: 

 

Ɑ Ɑ ‌ὴ░ τȢςς 

 

with ░ being the Kronecker delta in vectorial form ρȟρȟρȟπȟπȟπ  and Ɑ is the effictive stress 

vector Ɑ „ȟ„ẗ„ȟ†ώȟ†ᾀȟ†ᾀ Ὀ  ꜗwhere Ὀ is the elastic constant matrix defined 

in Eq. 4.11 Equation 4.21 becomes: 

 

ὄὈὄὨɱײײ ◊ ‌ὄ░▬Ὠɱײײ ὔ╫Ὠɱײײ ὔ◄Ὠɜײײ τȢςσ 

 

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

given: 

 

ὑ◊ ὗ▬ █ τȢςτ 

 

where: 

 

¶ ὑ  ὄὈὄὨɱײ᷿

¶ ὗ  ‌ὄ╘▐Ὠɱײ᷿

¶ █ ὔ╫Ὠɱײ᷿ ᷿  ὔ◄Ὠɜײ

 

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 applying a standard 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 approximations τȢρψȟτȢρωȟτȢςπ 

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

 

ɳ▐ײײ ẗ▲Ὠɱ ▐ײײ
‬ὲ‍ὴ

‬ὸ
Ὠɱ ▐ײײ

‬‌ɳẗ◊

‬ὸ
Ὠɱ ὪὨɱ▐ײײ τȢςυ 

 

ὡײײ ▓ ▲Ὠɱ ὡײײ ὴɳὨɱ π τȢςφ 

 

Where the Biot's coefficient ‌, fluid compressibility ‍ and the porosity ὲ are assumed to be 

constant in time and Ὧ  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 semi-discrete 

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

 

ὄ▲ ὖ▬ ὗ◊ █ τȢςχ
ὃ▲ ὄ▬ █ τȢςψ

 

with: 

 

¶ ὃ ὡײ᷿ ▓ ὡὨɱ is the mass matrix which is multiplied by the the Darcy's velocity 

▲ 

¶ ὄ  ⱷ▐Ὠɱ is the coupling matrix between velocity and displacements and ⱷ is aײ᷿

vector with components equal to ÄÉÖ◌  where ὲ is the number of faces. 

¶ ὖ  ὲ‍▐▐Ὠɱ, the capacity matrixײ᷿

¶ █ and █ are vectors containing known terms: █ █ ὪὨɱ and▐ײ᷿  

᷿ ὴὡײ ▪Ὠɜ 

 

The original system composed by PDEs is now expressed by differential-algebraic Equations 

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

 

4.2.2 Numerical implementation 

 

The system of differential-algebraic equations 4.24, 4 .27 and 4.28 is integrated in time using 

the —-method: the time interval is divided in ὲ subintervals Ὅ ὸȟὸ  with ὲ
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πȟρȟȣȟὲ ρ 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 

ὸ and ὸ ὸ ɝὸ with coefficients ρ — and — respectively. Making an example an 

intermediate instant † is given by: 

 

† —ὸ ɝὸ ρ —ὸ τȢςω 

 

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

solution obtained is the following: 

 

    

—ὑ◊ ὗ▬ ρ — ὗ▬ ὑ◊ █ —█            

╠◊ 0▬

ῳὸ
—║▲ ρ — █ ║▲

╠◊ 0▬

ῳὸ
—█

τȢσπ 

                                 —ὃ▲ ὄ▬ ρ — ὄ▬ ὃ▲ █ —█  

 

 

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

algebraic system: 

 

ꜝ◑ █ τȢσρ 

 

where 

ꜝ
ὖ ὗ ‎ὄ
ὗ ὑ π
‎ὄ π ‎ὃ

◑
▬

◊
▲

█

█
█

█
τȢσς 

 

and 

                    █ ɝὸ ‎ █ ὄ▲ ὗ◊ ὖ▬ ‎█

█ ʕὑ◊ ὗ▬ █ █
                                            τȢσσ   

                   █ ῳὸ‎ ὃ▲ ὄ▬ █ ‎█                      

 

 

With ‎ —ɝὸ and ‪ . 
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The non linearity is solved using an explicit scheme meaning that the soil compressibility ὅ  

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 paricular as  ꜝis 

a non-symmetric matrix, a global Bi-Conjugate Gradient Stabilized (Bi-CGStab is is one of the 

best known Krylov subspace methods) algorithm has been applyed ὸ solve 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 solution ● and then the algorithm 

procedure is repeated until convergence that is when the prescribed residual is obtained. The 

convergence of iterative method can be accelerated by using preconditioners [26]. 

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 that ὖ A has a small condition number than 

A. In this case, a block preconditioner 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 Grisa, Lazzaretto Nuovo, and Le 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 into the modeling approach. 

 

5.1  3D domain 

 

 

Figure 18. 3D mesh of the model domain 

  

The initial step in setting up the model involves defining the domain and discretizing it. A 

surface area of 2 m Ĭ 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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quadrilateral elements into hexahedral elements. This process resulted in a 3D domain with 

dimensions of 2 m Ĭ 2 m Ĭ 2 m 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 the simulation. 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 of 47,688 nodes, 44,758 elements, and 137,490 faces. 

 

5.2 Initial 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 nodes, elements, 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 equation „ = ‎Ĭ z, where 

‎= 9 kN/mį represents the specific weight of the soil (assumed to be homogeneous), and ᾀ 

denotes the depth. 
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Figure 19. Load applied on the surface nodes of the 3D mesh. The load is imposed 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 the in-situ loading and unloading operations conducted 

during the experiments. In 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 considering that ὃ 

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 area of ὃ/2, and the central nodes have 

an influence area equal to ὃ. 
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Dirichlet boundary conditions are implemented as follows: 

 

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

¶ Horizontal displacements are constrained to zero at the bottom and along the lateral 

boundaries. 

¶ Pressures are set to zero (atmospheric pressure) on the surface faces and follow a 

hydrostatic distribution along the lateral boundaries. 

¶ 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 trial-and-error procedure to 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 homogeneous, meaning that a single set of 

parameters is sufficient to describe its behavior. The parameters defining the hydro-

geomechanical properties of each layer include hydraulic conductivity (Ὧ), which is considered 

isotropic; Poissonôs ratio (’); Youngôs modulus (Ὁ); constitutive law parameters; and the 

parameter ὅ, which represents the ratio between compressibility during loading and unloading 

conditions. Porosity (ὲ) and preconsolidation stress („) are treated as constants across the 

entire domain. For the simulations, ὲ is fixed at 0.44, while „ varies between the three 

simulated sites. Among the soil parameters, stiffness and hydraulic conductivity have the 

greatest influence on the results. 

 

Each layer is modeled as either linear elastic or elasto-plastic. For linear materials, the soil 

stiffness is represented by a constant Youngôs modulus. In contrast, for nonlinear materials, 

stiffness is calculated as a function of preconsolidation stress („), constitutive law parameters, 

and ὅ. 
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The selected layering must accurately represent field conditions. In the La Grisa, Lazzaretto 

Nuovo, and Le Saline 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 cm. The 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 loading-unloading cycle. In contrast, at greater depths (e.g., below the 25 cm), the soil 

responds more linearly to loading-unloading 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 of overlying 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 conditions, distinguishing between 

linear and nonlinear material behaviors. 

 

5.4.1 Linear Elastic Behavior 

 

The simplest constitutive model is linear elasticity, where the relationship between stresses and 

strains is governed by constant coefficients namely, Youngôs modulus (Ὁ) and Poissonôs ratio 

(’). These parameters are stress-independent, implying that the soilôs volume decreases under 

loading but is fully recovered upon unloading. This model, however, is a simplified 

representation and does not capture the behavior of natural soils under typical loading 

conditions. 

 

5.4.2 Nonlinear Elasto-Plastic Behavior 

 

In reality, shallow soils exhibit a nonlinear elasto-plastic response. Their behavior is elastic 

under vertical effective stresses („) that are smaller than a specific threshold known as the 

preconsolidation stress („). The preconsolidation stress represents the maximum effective 

vertical stress the soil has experienced in the past. When „ 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 elasto-plastic soil responses. For nonlinear materials, the calculation of soil stiffness 

depends on the current effective stress and the preconsolidation stress, which determines 

whether the soil is in a virgin loading  or unloading condition. 

 

5.4.3 Stiffness Computation for Nonlinear Materials 

 

Virgin Loading Conditions ( „᷄|<|„|) 

Under virgin loading conditions, the preconsolidation stress („ ) is updated. The oedometric 

modulus (ὓ) and soil compressibility (ὅ ) are calculated using an empirical relationship: 

 

                               ὓ ὥ„ ὧ   ὅ   = 
   
                                                                   (5.1) 

 

Here ὥ, ὦ, and ὧ are empirical coefficients obtained through experiments. 

 

Unloading Conditions ( „᷄|<|„|) 

When unloading occurs, soil compressibility is determined through a two-step process: 

 

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

point („ȟ ) using the virgin loading formula: 

 

 ὅ  = 
   
                                                                                                  (5.2) 

 

2. Dur ng unload ng, compress b l ty decreases by a factor of ὅ >1 def ned as the rat o of 

compress b l t es n load ng and unload ng. The compress b l ty dur ng unload ng s: 

         

                               ὅ
 
                                                                                        υȢσ 

 

The parameter ὅ reflects the sharp decrease in compressibility upon transitioning from loading 

to unloading. A higher ὅ results in a greater difference between loading and unloading 

compressibilities 



43 
 

 

Soil Stiffness (Ὁ) 

Finally, soil stiffness (Ὁ) is derived from soil compressibility and Poissonôs ratio: 

.              

 Ὁ                                                                                                (5.4) 

 

Since stiffness is inversely proportional to compressibility (Ὁθ 1/ὅ ), it is lower during 

loading compared to unloading. Consequently, permanent deformations accumulate after 

each loading-unloading cycle. 

 

Initialization of Soil Stiffness 

The initial stiffness (Ὁ) is determined by the preconsolidation stress („) and the initial stress 

state („ ). Depending on whether „  is greater or less than „: 

¶ If  „ =‎ᾀ < „: 

Initial compressibility is given by the unloading formula with „ȟ  = „  - „. 

¶ I f „ Ó„: 

Initial compressibility is calculated using the virgin 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 impact of various 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 outcomes is a critical 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: 

 

¶ Hydraulic conductivity , which predominantly influences both the magnitude and 

progression of pore-water pressure and consequently affects the displacement over time. 

¶ Soil stiffness, characterized by parameters such as the Youngôs modulus for elastic 

materials, preconsolidation stress („), and the constitutive law parameters (ὥ,ὦ,ὧ) along 

with the parameter ὅ, which govern the 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 pore-water pressure, is discussed in the subsequent sections. It is important 

to note that this sensitivity analysis was not conducted under the assumption of a 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 modeled system. 

 

6.1 Hydraulic conductivity  

 

Hydraulic conductivity (Ὧ) is a key property of porous materials that influences soil 

consolidation. When Ὧ values are low, the excess pore pressure generated by the applied load 

is higher and dissipates more slowly, leading to a prolonged consolidation process. Figure 20. 

illustrates the modeled soil behavior in terms of vertical displacements for different hydraulic 

conductivity values during the both phases. A load of 10.7 kPa is applied for 45 minutes then 

removed. While hydraulic conductivity does not impact the maximum settlement 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 hydraulic 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, thereby extending 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 higher hydraulic conductivity, dissipation occurs 

more rapidly, leading to a less distinct curve, as observed in Figure 20. The obtained plot 

correspond to the La Grisa 1S. 

 

Figure 20. Effect of hydraulic conductivity Ὧ, 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 ὥ, ὦ, and ὧ of 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. Figure 21 illustrates the model's behavior, focusing on the 

vertical displacement of the marhs surface at the center of the loaded area under loading-

unloading cycles for different values of ὥ, the first parameter of the constitutive law. 

 

According to Eq. 5.1, increasing ὥ 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 similar trend can be observed for the other parameters, ὦ and ὧ, where an increase 
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in ὦ or a decrease in ὧ likewise enhances soil stiffness by reducing compressibility. 

 

 

Figure 21. 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 parameter ὥ of the 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 changes with 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 during unloading. 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 effectively. Theoretically, 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 significantly affect soil behavior, the impact in the nonlinear upper layers would 

be less predictable, as their stiffness is strain-dependent and varies with the loading conditions. 

 

6.3 Parameter ╒► 
 

The parameter ὅ represents the ratio at the load inversion point between the compressibility in 

the loading and unloading phases, as defined in Eq. 5.3. Figure 22 illustrates the results obtained 
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from modeling the Le Grisa experiment, where the ὅ value for the top soil layer (0 to 0.12 m 

depth) was set to 2 and 8. The vertical displacement of the marsh surface below the center of 

the loaded area is provided in millimeters. 

 

As the value of ὅ increases, the difference between compressibility during loading and 

unloading phases becomes more pronounced. As the value of ὅ increases, the soil becomes 

stiffer, leading to a decrease in the maximum displacement until the effective stress overcome 

the preconsolidation values. This increased stiffness also results in less recovery of vertical 

settlement when the applied load is removed. Consequently, higher values of ὅ cause the soil 

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

recovery during unloading. 

 

 

Figure 22. Effect of the parameter ὅ 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 experienced. In the La Grisa experiment, a single preconsolidation stress value was 

applied to all non-elastic materials. Within the nonlinear soil layers, the preconsolidation 

threshold is exceeded due to the depth-dependent propagation of the load and the varying initial 

stress distribution in the domain („ =‎ᾀ). 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 preconsolidation 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 does not exceed „ , the 

soil compressibility during loading and unloading remains equal. 

Figure 23 illustrates the displacement of the marsh surface at the center of the loaded area for 

the La Grisa 1S experiment model. As 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. 

 

 

Figure 23. Effect of preconsolidation stress on the displacement 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 
 

Once the hydro-geomechanical parameters are selected for each layer, the simulation performed 

by the 3D simulator described in Section 5 and solving the coupled flow and equilibrium 

equations provides the distribution of various variables across the entire domain at each time 

step, including displacements in the ὼ, ώ, and ᾀ directions, variations in pore-water pressure, 

effective stress, and water flux. In the all simulations conducted for the La Grisa, Le Saline, and 

Lazzaretto Nuovo experiments, a time step of 60 seconds was chosen as an optimal balance 

between computational efficiency and result accuracy.  

The most relevant physical variable is the vertical displacements calculated at each domain 

node. These quantity can be directly compared with the observations recorded during the in-

situ experiments using displacement transducers. To compare the modeled and measured 

displacements the comparison has been performed considering the soil displacement of the 

marsh surface at the center of the loaded area. For the deep experiment, the top 0.2 m of soil at 

the experimental site was carved out, and the load was applied to this prepared section. The 

displacement is determined as the model and measured data at the soil surface.  

The comparison between the model output and recorded data in terms of soil displacement for 

the three modeled sites is presented in the following sections. The subsection provides the 

stratigraphy used in the model and the set of parameters for each layer, which were determined 

through a trial-and-error calibration procedure. 

 

7.1 La Grisa 

 

The layering chosen for the model of the La Grisa in-situ experiment was based on the results 

of the stratigraphic analysis described in Section 2. The 3D mesh consists of 7 different 

materials, with only the two most superficial soil layers (organic layers that are ranging from 0 

to 0.23 m in depth), represented in dark blue and light blue in Fig 24 being modeled using an 

elasto-plastic relationship. The 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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Figure 24. Model layering at La Grisa. The differently colored volumes indicate the different layers. 

The shallowest organic layers are modeled as nonlinear soil layers, and the remaining volume (3-7) by 

a linear elastic relation. 

 

The calibration process enables the selection of the parameter set that represents best the 

measured data. Table 4 summarizes the optimal set of main parameters used for the LG1S 

simulation. Poisson's ratio (ɜ) is set to 0.2 for the soil layers. The porosity is fixed at 0.44 

throughout the entire domain. 

 
Table 4. Calibrated set of parameters for the LG1S model. 

Layer Depth (m) k (m/s) E 

(MPa) 

Constitutive law ὅ 

(-) 

ɜ 

Organic 0-0.12 5 Ŀ 10ī6 / ὓ  =5(„ Ȣ  3.0 0.20 

Organic 0.12-0.23 2.5 Ŀ 10ī4 / ὓ  =6(„ Ȣ  2.0 0.20 

Peaty 

Sand 

0.23-0.33 2.0 Ŀ 10ī5 2.0 / / 0.20 

Sand 0.33-0.55 2.0 Ŀ 10ī5 2.0 / / 0.20 

 Silty Clay 0.55-0.68 8.0 Ŀ 10ī6 2.0 / / 0.20 

Silty Clay 0.68-0.88 8.0 Ŀ 10ī6 3.0 / / 0.20 

Sandy Silt 0.88-2.00 1.0 Ŀ 10ī5 4.0 / / 0.20 
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Preconsolidation stress is set to 4 kPa for the entire domain, which is lower than the applied 

load in loading phase. The Ὁ values for the linear elastic layers are set to 2 MPa for the 

intermediate layers, with depths ranging from 0.23 to 0.68 m. The soil stiffness of the deeper 

layers (0.68ï2 m) is assumed to increase with depth (Table 4). Since no displacement records 

are available below 0.3 m, and the load effect becomes negligible as depth increases, values 

from the literature have been used [15], [27]. The soil stiffness of the second soil layer is 

approximately close the first layer. The stiffness of the two most superficial layers is about one 

order of magnitude smaller than that of the intermediate underlying soil layers. 

The soil hydraulic conductivity ranges from 10ī6  to 10-4 m/s and decreases with depth. The 

upmost layer is two order of magnitude less permeable than the underlying soil for LG1S. As 

previously mentioned, four tests were conducted at La Grisa salt marsh at the locations specified 

in Table 2. 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 locations are identical. 

The calibrated parameters for different soil layers in the first shallow test conducted at La Grisa 

are presented in Table 4. For the remaining three tests, the calibrated parameters for the topmost 

layer are presented in Table 5, with the values for the deeper units that remained unchanged 

and are provided in Table 4. 

 

Table 5. Values of the calibrated parameters for the topsoil layer in the other three tests conducted at La 

Grisa. Tests are encoded 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      ὅ (-)    ɜ 

LG2S 0-0.12     1 Ŀ 10ī6    /      ὓ  =9(„ Ȣ  9 0.20 

LG1D 0-0.12     5 Ŀ 10ī6    /      ὓ  =6(„ Ȣ  10 0.20 

LG2D 0-0.12     1 Ŀ 10ī6    /      ὓ  =6(„ Ȣ  3.5 0.20 

 

The soil stiffness in the second shallow test is higher compared to the other tests. In LG2S and 

LG1D, the ὅ 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 in ὅ reduces the recovery of vertical settlement after 

unloading, the higher ὅ 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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7.1.1 Displacement 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 in-situ experimental measurements. This comparison considers the 

displacement behavior of the marsh surface at the center of the loaded area. In the deep loading 

tests, an initial excavation of 0.2 m was performed before loading. This situation is also valid 

for the deep tests conducted in Le Saline and Lazzaretto Nuovo. By incorporating both loading 

conditions, the modelôs ability to capture soil behavior across different stratigraphic conditions 

has been systematically analyzed. As shown in Figure 25, 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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In Figure 25, the modeled displacement results are compared with the measured compaction 

obtained from displacement transducers. The recorded data is represented by a dark blue profile 

and show a certain creep deformations that caanot by reproduce by the adopter simulator (as 

discussed in Section 5.5). The model output is shown in orange.  

The model effectively captures the heterogeneity of soil properties, as both the simulated 

superficial displacement closely align with the recorded data. The plastic constitutive law 

applied to the top two layers successfully reproduces the measured displacements for all tests. 

However, the model slightly overestimates the recovery for LG2S and LG2D. Since the La 
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Figure 25. Vertical displacement of shallow ((a),(c)) and deep (b),(d) soil layers, underneath the center 

of the loading area during both phases of the La Grisa experiment. In dark blue the recorded data, in 

orange the model output.                                                     
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Grisa salt marsh is fully saturated, the time-dependent evolution of displacement due to loading 

is directly related to pore-water pressure dissipation within the soil, as governed by the 

boundary conditions described in Section 5.2. This process is strongly influenced by the soilôs 

hydraulic conductivity. The curves observed immediately after loading and just before reaching 

the maximum displacement, as shown in the graphs in Figure 25, are 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 also 

reflect this dependency. Upon loading, water is expelled from the soil due to the applied stress, 

while during unloading, water re-enters 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 maximum rebound. This discrepancy may 

be attributed to changes in the soilôs porous structure that occur during loading, which could 

alter the hydraulic conductivity in the unloading phase. Since hydraulic conductivity governs 

the rate of water movement within the soil, a different 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 loading-unloading cycle but instead evolve due to the applied stress 

and subsequent deformation. 

The time step used in this study is 60 seconds. Reducing the time step further could improve 

the modelôs ability to capture the curve more accurately during the loading phase. However, 

this would significantly increase both the simulation time and computational effort. Therefore, 

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

efficiency. 
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7.1.2 Model outcomes 

 

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

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

 

Figure 26. Vertical displacements, in m, over time, during the loading phase of 10.7 kPa and unloading 

phase at La Grisa along a vertical section parallel the y-axis in the middle of the loading area. The upper 

0.5 m of the domain are shown only. 

Since the loading is applied instantaneously 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 constant. Following a short period 

after the application of the load, the excess pore pressure fully dissipates, leading to the vertical 

displacement reaching its peak and it become constant until end of the loading phase. Following 

the unloading, the generated negative (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 area would need 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 smaller and others larger. Furthermore, each node located on the surface 

of the loaded area experiences a load that is applied to one-quarter of the area of the four 
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surrounding mesh elements. As a result, nodes that are surrounded by smaller mesh elements 

on the surface are subjected to higher 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 among the nodes, rather than being 

distributed proportionally to the area of the surrounding mesh elements. The next step of this 

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

mesh elements. 

 

Figure 27. Variation of excess pore-water pressure, in MPa, over time, during the loading phase LG1S 

along a vertical section parallel to the y-axis in the middle of the loading area. The upper 0.5 m of the 

domain are shown  only. 

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 pore-water pressure, in MPa, over time, during the unloading phase 

LG1S along a vertical section parallel to the y-axis in the middle of the loading area. The upper 0.5 m 

of the domain are shown only. 

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 unloading phase. 

 

7.2  Le Saline 

 

A number of 10 tests were conducted at Le Saline salt marsh at the locations specified in Table 

1. Among these, six were shallow tests, while the other four 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 in-situ experiment comprises seven different materials. Among 

these, the two uppermost soil layers (ranging from 0 to 0.20 m in depth) are simulated by an 

elasto-plastic constitutive relationship (Figure 29). The remaining soil layers are considered 

linear elastic materials. Table 6 provides 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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Figure 29. Model layering at Le Saline. The colors indicate different layers. Two uppermost clayey silt 

layers are modeled as nonlinear soil layers, and the remaining zones (3-7) constitute the linear elastic 

soil layers. 

Soil layers are assigned a Poissonôs ratio (ɜ) equal to 0.2  and  porosity is constant at 0.44 

throughout the domain. The model calibration has suggested an initial preconsolidation stress 

equal to 2 kPa for Le saline 4S, 5S, 4D, 5D and 4 kPa for Le  Saline 1S, 2S, 3S, 6S, 3D, 6D.  In 

both the cases, the value is lower 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 conducted 0.2 m below 

the surface, where the soil has experienced the the weight of the overlying layers. 

The Young modulus for the nonlinear soil layers increases with depth. For the intermediate soil 

layers (0.2ï1.45 m depth), Calibration provides that Ὁ 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 layer in the case of LS2S is 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 underlying layer (Table 6). 
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Table 6. Calibrated set of parameters for the LS2S model. 

Layer Depth (m) k (m/s) E 

(MPa) 
Constitutive law ὅ (-) ɜ 

Clayey silt 0-0.10 5 Ŀ 10ī6 / ὓ  =6(„ Ȣ  3.5 0.20 

Clayey silt 0.10-0.20 9.0 Ŀ 10ī5 / ὓ  =13(„ Ȣ  2.5 0.20 

Clayey silt 0.20-0.40 3.0 Ŀ 10ī6 2.0 / / 0.20 

Silt 0.40-0.55 3.0 Ŀ 10ī6 2.3 / / 0.20 

Sandy Silt 0.55-0.70 1.0 Ŀ 10ī6 2.7 / / 0.20 

Sandy Silt 0.70-1.45 2.0 Ŀ 10ī7 3.0 / / 0.20 

Silty Clay 1.45-2.00 1.0 Ŀ 10ī7 20.0 / / 0.20 

 

The hydraulic conductivity (Ὧ) varies between 10ī7 and 10ī5 m/s, increasing with depth to align 

with recorded (under)overpressure values observed during the loading and unloading cycles. 

The second soil layers (clayey silt) exhibit significantly higher permeability compared to the 

deeper soil layers.  

The calibrated parameters for different soil layers in the second shallow test conducted at Le 

Saline are presented in Table 6. For the remaining  tests, the calibrated parameters for soil 

layers, except for the topmost layer, remained unchanged. The calibrated parameters for the 

topmost layer in the other tests are presented in Table 7. It is important to note that for the deep 

tests, we first remove 0.2 m of soil from the surface. 

                                                                
Table 7. 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      ὅ(-)    ɜ 

LS1S 0-0.10    9 Ŀ 10ī6 /      ὓ  =3(„ Ȣ  3.65 0.20 

LS3S 0-0.10    2 Ŀ 10ī6 /      ὓ  =6(„ Ȣ  3.65 0.20 

LS3D 0-0.10    1 Ŀ 10ī6 /      ὓ  =12(„ Ȣ  2.65 0.20 

LS4S 0-0.10    2 Ŀ 10ī6 /      ὓ  =6(„ Ȣ  3.65 0.20 

LS4D 0-0.10    2 Ŀ 10ī6 /      ὓ  =8(„ Ȣ  2.65 0.20 

LS5S 0-0.10    2 Ŀ 10ī6 /      ὓ  =4(„ Ȣ  3.65 0.20 

LS5D 0-0.10    2 Ŀ 10ī6 /      ὓ  =13(„ Ȣ  2.65 0.20 

LS6S 0-0.10    2 Ŀ 10ī6 /      ὓ  =6(„ Ȣ  3.65 0.20 

LS6D 0-0.10    2 Ŀ 10ī6 /      ὓ  =7(„ Ȣ  2.65 0.20 
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The hydraulic conductivity values range from 9 Ĭ 10-6 m/s to 1 Ĭ 10-6 m/s, demonstrating a 

certain variability in Ὧ between 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 deeper level. 

The oedometric modulus (ὓ ρȾὅ ) varies significantly, with the values of parameter ὥ 

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 is generally higher for the shallow soil (3.65) compared to the deep 

soil (2.65), indicating that the near-surface layers are less elastic, i.e. they rebound less, during 

the unloading phase. This difference suggests that the shallow soil is more susceptible to 

permanent volume reduction when subjected to stress changes, likely due to higher porosity, or 

a different soil composition compared to the deeper layers. In contrast, the lower ὅ value in 

the deep soils implies that they are more consolidated, which is typical for subsurface layers 

that have been subjected to greater overburden pressure over time. These findings highlight the 

spatial and depth-dependent variability in soil properties, which plays a critical role in 

determining the mechanical response of the soil to applied loads. 

 

7.2.1 Displacement below the load center 

 

Figure 30  shows a comparison between the vertical displacement of the marsh surface at the 

center of the loaded area as obtained by the model and measured from displacement transducers. 

The recorded data is represented by a dark blue profile, while the model output is shown in 

orange. 
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                                              (h) 

 

 

                                                (j) 

 

 

                                                             (k) 

Figure 30. 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 

(a), (b), (c), (e), (g), (j) and deep experiments in (d), (f), (h), 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 

displacement closely align with the recorded data. The plastic constitutive law applied to the 

top two layers allows to successfully reproduce the measured compaction for all tests except 

5D and 6D where a mor evident viscous deformation has been recorded. Moreover, the model 

slightly overestimates the reboud at load removal for the experiments 2S, 4S, and 4D. Since the 

Le Saline salt marsh is fully saturated, the time-dependent displacement evolution due to 

loading is directly governed by water overpressure dissipation within the soil, as dictated by the 

boundary conditions outlined in Section 5.2. This process is highly influenced by the soilôs 

hydraulic conductivity. The curves observed immediately after loading and just before reaching 

maximum displacement, as illustrated in Figure 30, 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 water to flow away from the loaded soil (causing a decrease 

of porosity and, consequently, compaction), whereas during unloading, water ñre-entersò the 

system below the previously loaded zone, significantly affecting the soilôs mechanical behavior. 

Notably, the model captures the loading-phase curves with a good accuracy, apart 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 Grisa. It is 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 increases continuously over 

time, with a smoother transition with respect to the other tests. This indicates that the expulsion 

of water from the soil takes longer compared to the other tests, suggesting that the hydraulic 

conductivity in the regions where these two tests were conducted significanly decreases over 

time following the porosity decline and/or a significant viscous deformation took place. The 

elast-plastic simulator with fixed Ὧ values is unable to reproduce this behavior.  

Additionally, a very small recovery is observed during the unloading phase in these two tests. 

A potential reason for the minimal recovery during unloading could be an extremely low 

hydraulic conductivity of the soil, which leads to slower water re-entry into the soil after the 

load is removed. Another possible explanation could be the high degree of soil consolidation at 

depth, which reduces the soilôs ability to rebound effectively under unloading conditions. 
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7.3 Lazzaretto Nuovo 

 

The Lazzaretto Nuovo in-situ experiment is represented using three distinct materials. Among 

these, only the top soil layer (extending from 0 to 0.25 m in depth) is modeled as elasto-plastic 

materials (Fig 31), with the remaining soil layers that are assumed as 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 Table 8. 

 

Figure 31. Model layering at Lazzaretto Nuovo. The variable 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 Poissonôs ratio (ɜ) for the soil layers is set to 0.20, while the porosity remains uniform at 

0.44 throughout the domain. The initial preconsolidation stress is calibrated at 4 kPa across the 

entire domain, which is lower than the applied load during the loading phase of the experiment. 

The Young modulus for the nonlinear soil layers increases with depth. In the intermediate soil 

layer (0.25ï1.45 m depth), Ὁ equates 2.3 MPa, whereas for the more consolidated material at 

greater depths, it reaches 10 MPa.  
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Table 8. Set of parameters for the LN1S model. Tests are encoded using the LN stands for Lazzaretto 

Nuovo. 1 is the test number and S stands for shallow test. 

Layer Depth 

(m) 

k (m/s) E (MPa) Constitutive law ὅ 

(-) 

ɜ 

Clayey 

Silt 

0-0.25 1 Ŀ 10ī6 / ὓ  =230(„

χȢυς„ πȢςπ 

3.0 0.20 

Sand 0.25-1.45 0.5 Ŀ 10ī6          2.3 / / 0.20 

Silty Clay 1.45-2.00 0.5 Ŀ 10ī7 10.0 / / 0.20 

 

The attempted parameters for different soil layers in the first shallow test conducted at 

Lazzaretto Nuovo are presented in Table 8. For the other tests, the parameters for soil layers, 

except for the topmost layer, remained same with those provided in Table 8. Conversely, the 

parameters for the topmost layer varies andare presented in Table 9. It is important to note that 

for the deep test, we first remove 0.2 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 

(MPa)        

Constitutive law      ὅ (-

)    

ɜ 

LN1D 0-0.2     1 Ŀ 10ī6    /     M= =571.8(„ ςω„

τȢς 

2 0.20 

LN2S 0-0.2     1 Ŀ 10ī6    /      ὓ =230(„

χȢυς„ πȢς 

3 0.20 
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7.3.1 Displacement below the load center 
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                                                       (c) 

Figure 32. Vertical compaction of shallow [(a.),(b.)] and deep [(c.)] soil layers, underneath the center of 

the loading 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, the observed rebound of 

1.2 mm in the deep test which is relatively small cannot 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 displacement 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 adjustments aimed at improving the fit with field data. Achieving a 

good match would require assigning unrealistically high values to key parameters (such as a 

and Cr), 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 its surface by new sediments, 

whether natural or artificial. This thesis aims to investigate the hydro-geomechanical behavior 

of shallow marsh deposits in the Venice Lagoon. The study analyzes the results of experiments 

conducted at three different locations, designed to replicate laboratory oedometer tests, along 

with geological surveys and geotechnical 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 

coastal system varies significantly across different locations and is heavily influenced by the 

properties of the soil forming the marshland, particularly the specific depositional environments 

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, during three site experiments. This 

simulation was used to assess and quantify key hydro-geomechanical parameters, with soil 

stiffness (Ὁ) and hydraulic conductivity (Ὧ) being the most significant. 

In these simulations, soil stiffness (Ὁ) was defined using a nonlinear elasto-plastic constitutive 

model for shallow depths (approximately 0.2ï0.3 m from the surface), incorporating factors 

such as preconsolidation stress („), effective stress („), and recompression index (ὅ). For 

deeper layers (beyond 0.2ï0.3 m), a linear elastic constitutive model was applied. The 

simulations were conducted using a 3D discretized domain to accurately represent soil 

stratigraphy based on geological survey data. Parameter calibration was performed to ensure 

consistency with observed vertical displacements from in-situ experiments. 

The application of the model across the three site experiments revealed distinct stiffness 

characteristics for each salt marsh, particularly within the shallow soil layers. Among the sites, 

some tests conducted at Le Saline exhibited the highest stiffness. Despite these differences, 

some common trends were observed. Specifically, Hydraulic conductivity decreased with 

increasing depth.. Overall, the implementation of the nonlinear constitutive model provided a 

reliable simulation of vertical soil compaction in shallow layers.  
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The modeling approach applied in this research successfully reproduced the vertical 

displacements observed during the field experiments conducted at La Grisa and Le 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 stratigraphic composition of each site. 

The preconsolidation stress („) varied between sites and was adjusted to fit the recorded field 

data. For example, „ was set to 4 kPa at La Grisa and for some tests at La Saline, 2 kPa for the 

other tests at Le Saline, reflecting differences in the loading 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 conditions. A key observation was that 

deeper tests required higher preconsolidation stress values, as they accounted for the weight of 

the overlying soil. 

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 Grisa, Ὧ values for the most superficial layers ranged 

from 10  to 10  m/s, whereas at greater depths, Ὧ decreased, indicating a more compacted and 

less permeable soil structure. At Le Saline, Ὧ values followed a similar trend, with a range of 

10  to 10  m/s, signifying a gradual reduction in permeability with 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 attributed to the effects 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 generally lower 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 allow for lower elastic rebound, 

leading to a less pronounced 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 displacement 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 overall average 

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 layers, particularly 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 stiffness, resulting in lower displacement values. 

However, localized variations in sediment characteristics, salinity-induced soil structure 

modifications, and root reinforcement can contribute to deviations from this trend. The lower 

displacement observed in Le Saline 3D, for instance, may be a result of higher sediment 

compaction, presence of more unorganic material or 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 mm. This 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 compressibility and a higher proportion of elastic deformation, allowing for more 

pronounced recovery upon unloading. Deeper layers are typically more compacted and 

overconsolidated, leading to a smaller proportion of plastic deformation and a increased ability 

to recover after unloading. The minimal recovery in the deep test at Le Saline 5D suggests that 

most of the displacement in this layer was due to irreversible deformation. Furthermore, the 

very limited recovery observed in both Le Saline 5D and 6D cannot be captured by the 

numerical model. Possibly, a more advanced constitutive relationship would be implemented 

to more accurately account 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 displacement progression suggests a 
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delayed consolidation response, likely due to a larger creep component and/or a lower 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 extends over 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 conductivity, pore 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-dependent consolidation effects in low-permeability 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 unloading phase curves 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 the current model, a single hydraulic conductivity value is 

used for both loading and unloading. Therefore, to improve model accuracy, the 

implementation of a phase-dependent 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 of providing a 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 structure are 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 shallow tests at Lazzaretto 

Nuovo. Given the observed limitations such as the model's insensitivity to parameter variations 

and its tendency to overestimate both displacement and rebound, it is evident that modifications 

to the constitutive framework are necessary. Future study will involve exploring alternative or 

enhanced constitutive models that can more accurately capture both the loading and unloading 

behavior of soft soils. Additionally, calibration strategies that improve the modelôs 

responsiveness to parameter adjustments will 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 marshes. For the displacement 

values obtained from the large-scale 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 large-scale test, it was observed that the parameter values for LG1S 

and LG2D were quite similar to those from the large-scale test model. However, the 

ὅ parameter value for LG1D was found to be five times larger in this study. Additionally, the 

parameter values for ὥ and ὅ in LG2S were determined to be three times greater in this study 

compared to the large-scale test model results. 

For the Le Saline site, the constitutive law parameters obtained from the current numerical 

model for the LS2S, LS3S, LS3D, and LS6S tests are either identical or very close to those 

determined in the large-scale test model. However, in the large-scale test model, a 

preconsolidation stress of 2 have been used in determining the parameters, whereas in this 

study, a value of 4 was adopted for the same tests, and the parameters were derived accordingly. 

For the LS4S test, the determined constitutive law parameters and the preconsolidation stress 

value are identical to those in the large-scale test model. Similarly, for the LS4D and LS5S 

tests, both the ὅ  parameter and the preconsolidation stress value are the same with the large-

scale test model. However, the a parameter values for these two tests were found to be 

approximately 30% lower than those obtained in the large-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 non-uniform stress distribution and 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 influence soil response, 

potentially offering practical insights for applications in environmental and geotechnical 

engineering, particularly in marshland or other vegetated soil systems where root-soil 

interactions play a critical role. 
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