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Abstract: Venice, the enchanting Italian city built on a lagoonal environment, faces ongoing
geotechnical challenges due to natural processes and anthropogenic influences. Over the past century,
extensive geotechnical investigations have been conducted to characterize the unique stratigraphy of
Venice’s soils. Some key locations, representative of the city’s diverse soil profiles, have undergone
in-depth analysis, with investigations reaching depths of tens of meters. Three key sites—Malamocco,
Treporti, and La Grisa—were strategically selected to study the complex mechanical properties of
Venetian soils. In this study, we present a comprehensive synthesis of the most significant findings
from the geotechnical investigations conducted throughout the Venetian lagoon over recent decades,
focusing on methodologies for the evaluation of stiffness parameters in highly heterogeneous soil
layers. These results enhance the understanding of geological and geotechnical behaviour of Venice's
subsoil and provide crucial data for developing resilient engineering solutions.
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1. Introduction

The Venice Lagoon, a wetland spanning approximately 550 km?, is in Northeastern Italy along the
Adriatic coast. Figure 1 shows a schematized map of the Venice lagoon. The city of Venice and its islands
occupy merely 8% of this area (yellow areas in Figure 1). Three inlets of different sizes and depths



299

between the lagoon and Adriatic Sea allow tide flowing in and out. While the average water depth is
about one meter, subject to tidal fluctuations, the lagoon’s bottom topography is diverse, featuring tidal
flats, dredged channels, and shallow regions (green, blue, and white areas in Figure 1, respectively).
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Figure 1. The Venice lagoon with the locations of the test sites.

The daily tidal movements within the lagoon consistently affect Venice, progressively eroding the
city’s fragile balance at an accelerating rate. Environmental deterioration is worsening due to the
increasing frequency of flooding in the historic centre, driven by a combination of factors: rising sea
levels caused by climate change, natural land subsidence, and localized anthropogenic subsidence,
particularly between 1946 and 1970 (yearly distribution of tides higher than 1.1 m is reported in
Simonini [1]). The widening gap between sea levels and the elevation of Venice’s islands has led to a
significant loss of land elevation. Since the early 20th century, the city has subsided by about 26 cm,
further highlighting its vulnerability to these environmental pressures. This complex interaction of
natural and human-induced factors continues to present significant challenges for the preservation and
long-term sustainability of this unique urban ecosystem [2].

The delicate balance between the city, its lagoon, and the surrounding environment is under
constant threat from climate change, natural land subsidence, and human-induced geological changes.
To safeguard this UNESCO World Heritage site, in 1973, Italy embarked on an unprecedented journey
to safeguard one of its most treasured jewels. The Special Law for Venice, a groundbreaking piece of
legislation, set in motion a comprehensive strategy to protect this floating city and its surrounding
lagoon from the relentless forces of nature. This plan encompasses four key pillars:

- coastal fortification: the shoreline undergoes a transformation through extensive beach
nourishment programs and strategic reconfiguration of breakwaters. These measures serve as the
first line of defence against coastal erosion and sea storms;

- tilting gate system: at the heart of Venice’s flood protection lies the tilting gate system - a network
of futuristic mobile barriers. These engineering marvels, installed at the lagoon’s three entrances,
stand ready to rise from the depths, creating an impenetrable wall against encroaching high tides;

- ecological renaissance: recognizing the lagoon’s vital role as a living ecosystem, the plan
prioritizes the rejuvenation of salt marshes and wetlands. This initiative not only preserves
biodiversity but also harnesses nature’s own defences against flooding;
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- urban adaptation: within the city itself, a subtle yet crucial transformation is underway. Quaysides
are being elevated, and public spaces in low-lying areas are being ingeniously redesigned to
coexist with rising water levels.

The geological tapestry beneath Venice presents a unique challenge to these interventions. The
geological and geotechnical surveys have revealed the major characteristic of the lagoon’s soil
composition: the predominant element is silt, intricately mixed with varying proportions of clay and
sand. Despite the apparent chaos in the complex and layered soil arrangement, the fundamental
mineralogical properties remain relatively consistent throughout. This uniformity is attributed to the
shared geological origins and the common depositional environment of the Venetian lagoon.

Within this complex geological framework, the accurate quantification of soil stiffness parameters
is crucial for developing resilient engineering solutions [3—5]. The heterogeneous nature of the lagoon
sediments necessitates a comprehensive approach for stiffness characterization, encompassing local
behaviour across stress states and loading conditions.

In this paper, a comprehensive analysis of selected test sites considered representative of
lagoon subsoil stratigraphy is presented to provide a complete characterization of the principal
geotechnical properties of the Venetian lagoon sediments. The tests sites, namely the Malamocco
Test Site (MTS) [6,7], the Treporti Test Site (TTS) [8], and the La Grisa Test Site (LGTS) [9], are
critically examined to provide (i) a general overview of the geological and geotechnical
characterization and (ii) insights in the estimation of the stiffness of the upper soils of the Venice lagoon.

2. Geology of the Venice lagoon

The Venetian Plain, encompassing the Venice Lagoon at its core, is the result of complex
geological processes. Sediments eroded from the ancient Alpine orogeny were transported via fluvial
systems, gradually infilling the extensive basin that would eventually host one of the world’s most
unique urban environments.

During the Pliocene epoch, the paleogeography differed significantly from the present [1]. The
sea level was substantially higher, resulting in the submergence of the Venetian Plain beneath marine
waters. The Pleistocene epoch was characterized by cyclical glacial-interglacial periods. During the
peak of the last Wiscontsinian glaciation, the coastline regressed approximately 200 kilometres from
its current position, exposing large tract of land that is now submerged beneath the Adriatic Sea. The
starting of deglaciation about 15,000 years Before Present (BP) initiated a sea advancement, until
reaching a maximum between 7,000 and 5,000 years BP, with sea levels slightly surpassing those we
observe today. The Venice lagoon formed during this Flandrian transgression, approximately 6,000
years BP, as seawater inundated a pre-existing freshwater basin.

Given this geological background, the subsurface stratigraphy of the Venetian lagoon exhibits
remarkable complexity. The upper 100 m below mean sea level (m.s.l.) comprise a heterogeneous
sequence of sands, silts, and silty clays, deposited during the tumultuous Wiscontsinian glaciations [10].
The Holocene epoch, our current geological age, has contributed to the most recent layers, forming
deposits up to 15 m thick near the surface.

The mineralogical compositions of these sediments include a sand fraction dominated by
carbonates, primarily a mixture of calcite and dolomite crystals, derived from distant mountains.
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Quartz, feldspar, muscovite, and chlorite add to this mineral mixture. The clay fraction is
predominantly composed by illite, kaolinite, and chlorite, indicating the occurrence of complex
weathering processes. This mineralogical assemblage reflects the sedimentary provenance and
diagenetic history of the region [2].

Stratigraphic and sedimentological analyses of numerous sediment cores taken from the
Pleistocene alluvial deposits have revealed a layer of overconsolidated, stiff silty clay. This layer,
commonly known as “caranto” (from the Latin word: caris, meaning stone), is at depths of 3—8 m,
with a maximum thickness of 2—3 m (Figure 2). The “caranto” is characterized as a paleosol composed
of fine alluvial sediments with calcium carbonate nodules of biological origin. This ancient soil layer
shows evidence of alteration due to exposure to air, with oxidation marks indicating fluctuations in the
water table. The presence of calcareous nodules suggests calcic pedogenetic horizons (i.e., very stiff
materials floating in the caranto).
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Figure 2. Position of caranto in the Venice lagoon.

Researchers have conducted radiometric and pollen analyses on samples from above, below,
and within the caranto layer. These researchers have uncovered a significant stratigraphic gap
spanning approximately 17,500 to 7,500 years BP, encompassing the Lateglacial period and part of
the Holocene [11]. During this extended timeframe, the Venetian plain experienced a pause in
sediment accumulation. As a result, the existing alluvial sediments were exposed to atmospheric
conditions, leading to their alteration and the subsequent formation of a soil layer. This process has
played a crucial role in shaping the unique geological characteristics of the Venice lagoon area.

The morphology of the Venice lagoon is a result of extensive human intervention and recent
environmental changes. Since the 12th century, when the first Venetian settlers established themselves
on the islands, major engineering efforts have focused on maintaining efficient sea-lagoon connections
and preserving the city’s insular nature.

AIMS Geosciences Volume 11, Issue 2, 298-317.
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To prevent the lagoon from sediment filling, Venetians undertook significant hydrological
modifications, redirecting major rivers into extensive canals around the lagoon’s periphery. These
human-induced changes have led to a persistent decrease in sediment balance, resulting in a significant
reduction of marshes and wetlands.

3. The Malamocco Test Site (MTS)

The MTS is at the Malamocco inlet (Figure 1) and described in detail by Cola & Simonini [2].
Within a confined area, a comprehensive suite of geotechnical investigations was conducted, including
borings, piezocone tests (CPTU), dilatometer tests (DMT), self-boring pressuremeter tests (SBPM),
and cross-hole tests (CHT). Additionally, a borehole was drilled to facilitate a detailed mineralogical
classification of the soil.

The extensive laboratory testing program at the MTS, elaborated in Cola & Simonini [2], revealed
the highly heterogeneous nature of Venice’s soils. The determination of basic mechanical properties
required a substantial number of tests. Moreover, the high silt content and low-structured nature of the
sediments made them extremely sensitive to stress relief and disturbance during sampling leading to
curves relating the void ratio to the logarithm of effective stress without any clear yielding zone except
a few of more plastic samples, as pointed out by Biscontin et al. [7], thus affecting the evaluation of
stress history and hindering reliable mechanical characterization of the stress-strain-time behaviour.

Figure 3 illustrates the basic soil properties as a function of depth. According to the Unified Soil
Classification System (USCS), the Venetian soils were categorized into medium to fine sand (SP-SM),
silt (ML), and very silty clay (CL). The key findings include:

- predominance of silty and sandy fractions, with soil classes distributed approximately as follows:

35% SP-SM, 20% ML, 40% CL, and 5% medium plasticity clays and organic soils (CH, OH, and

Pt). Notably, 65% of the analysed samples contained over 50% silt.

- sands exhibited relative uniformity, while finer materials showed more gradation. The coefficient
of non-uniformity (U) increased as the mean particle diameter (D50) decreased.

- Atterberg limits revealed average values of liquid limit (LL) = 36.9% and plasticity index (PI)
=14.7%.

- the in situ void ratio eo ranged between 0.7 and 1.0 from 19 m to 36 m below m.s.l.. At greater
depths, it decreased to 0.6-0.75, with higher values attributed to sediments with high organic
content.

3.1. Stress history

To estimate the preconsolidation stress (¢',) and consequently the overconsolidation Ratio (OCR)
on clayey silts samples the results of several oedometric tests was analysed. However, the reliability
of these results was compromised by the gradual transition into the virgin compression regime, which
introduced significant uncertainty in estimating the yielding stress. This uncertainty affected most
samples, with only a few of the more plastic silty-clay specimens providing more dependable results.

Figure 3 illustrates a clear trend of decreasing OCR with depth, determined through the classical
Casagrande’s method applied to oedometric curves provided by the more plastic specimens. The upper
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layers exhibit higher OCR values, primarily attributed to the presence of caranto. As depth increases,

the OCR values diminish, with the deeper strata showing only slight overconsolidation, typically

ranging between 1.2 and 3.7.
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Figure 3. Basic geotechnical properties at the MTS [2].

Attempts have been made to relate soil mechanical properties to the grading characteristics of

cohesionless soils. For instance, Miura et al. [12] proposed separately examining the influence of

variations in Dso or U on the overall mechanical behaviour. A key characteristic of the grading of

Venetian soils is the relative uniformity of sands, while finer materials exhibit greater grading and a

wider range in the grain-size distribution curve. This can be observed by examining the variation of U

as a function of Dso: coarser materials have lower U values, and the range of U increases as Dso
decreases. This trend in the grading of coarse materials is supported by fractal-based studies by
McDowell & Bolton [13], who demonstrated the inverse relationship between Dso and U in crushed

sands, expressed mathematically.

Based on these observations, all available Dso and U data from the MTS investigation were plotted
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against depth in Figure 4. Notably, despite oscillations of approximately two orders of magnitude in
both quantities, the Dso and U profiles generally exhibit opposite trends with depth: As Dso decreases,
U increases, and vice versa.

Given that all Venetian sediments originate from a common parent material, specifically siliceous-
calcareous sand, through crushing and sedimentation, at least down to the very silty clay fraction, it
was developed by Cola and Simonini [2] an improved correlation between mechanical properties and
grading characteristics through a specific grain-size index, /g, defined as:

lgs = —DS(;,/DO (1)

where Dy is a reference diameter equal to 1 mm. This parameter accounts for the coupled and opposite

variations of Dso and U in a single parameter. Some significant mechanical parameters, such as
confined one-dimensional stiffness, have been related to /s [2].
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Figure 4. Grain size index [2].
3.3. Confined one-dimensional stiffness for MTS

As far as compressional soil behaviour is concerned, Figure 5a [7] reports typical compression
curves of CL, ML, and SP-SM, determined from oedometric compression tests.
The curves have been elaborated in terms of constrained stiffness M as a function of vertical

effective stress o', [14]:

M o' mn

Lo (22) )
Dref Dref
where C and m are two experimental constants and p’rr a reference stress (p’rer =100 kPa).
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Figure 5b shows the trend of M as a function of ¢',/p'ref for SM-SP, ML and CL materials. The
parameters C, m fitting the data for the three classes of soil are C = 300, m = 0.34 for SM-SP, C = 90,
m = 0.54 for ML and C = 10, m = 0.95 for CL, respectively.

The experimental constants C and m were related to /s through the following equations:

m=(0.3040.10) — 0.07 - log I;s (4)
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Figure 5. (a) Void index vs. normalized vertical stress for CL soils [7] and (b) normalized
constrained modulus vs. normalized vertical stress for all soils.

Given its (indirect) dependency with soil stiffness, /s may represent a valid parameter to be
used when characterizing other highly heterogeneous soil layers with the same mineralogical origin.
In the following, it will be used to calculate the stiffness of different soil layers in the lagoon. The
calculated values will be validated against the stiffness values deducted from other test sites
measurements in the lagoon.

4.  The Treporti Test Site (TTS)

To investigate the site mechanical properties, an extensive research program was conducted
from 2002 to 2008 [8,15,16]. The object of this study was a large-scale site load test involving the
construction and subsequent removal of a full-scale, earth-reinforced cylindrical embankment on a
typical lagoon soil profile. The project encompassed several stages, beginning with thorough site
and laboratory investigations, and the installation of a sophisticated monitoring system. This was
followed by the embankment’s construction, accompanied by continuous monitoring of ground
displacements and pore pressure variations. The observation period extended for nearly four years
after the embankment’s completion, culminating in its staged removal while closely tracking ground
displacements during unloading.

AIMS Geosciences Volume 11, Issue 2, 298-317.
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The test site was strategically located near the village of Treporti in the northeastern part of the
Venetian lagoon (Figure 1). This location was chosen for its soil profile, representative of the broader
lagoon area. The TTS was investigated through boreholes and geotechnical laboratory testing as well
as through piezocone tests CPTU [17] and dilatometer tests (DMT) [18] including some true-interval
seismic testing installed on CTPU/DMT pushing bars.
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Figure 6. Basic geotechnical properties at the TTS [2].

Basic soil properties determined from laboratory tests are depicted on Figure 6. Features to note are:

- the distribution of soil types extends up to approximately 60 m, with the following proportions:
SM-SP 22%, ML 32%, CL 37%, and CH-Pt 9%;

- the sands in both the upper and deeper layers are relatively uniform, while the finer materials
exhibit more variation. The coarser the materials, the lower the coefficient of uniformity (U) with
Igs values falling within the same range observed at MTS (see Figure 4).

- with the exception of organic soils, the Atterberg limits of the cohesive fraction are similar to
those determined at MTS.

- the saturated unit weight (ysat) shows significant fluctuations with depth and is somewhat lower
than the values measured at MTS. The void ratio (eo) is slightly higher, ranging approximately
from 0.8 to 1.1, with higher values corresponding to layers containing organic material
laminations.

As far as primary loading and unloading-reloading (C., C;), secondary compression (Caue) indexes,

AIMS Geosciences Volume 11, Issue 2, 298-317.
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and vertical and horizontal consolidation coefficients (cv, cn) are concerned, Figure 7 depicts the
determinations provided by the laboratory test and in-situ tests.
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Figure 7. Profiles of compression indices and consolidation coefficients at TTS.

The relevant variation with depth of the coefficient of consolidation (several orders of magnitude)
is characterized by much higher cn with respect to ¢y. The estimate of ¢y from CPTU and DMT
dissipation tests prove once more the relevant soil heterogeneity and the very high capacity of draining
water of these silty soils.

4.1. Monitoring instrumentation and results

The TTS was equipped with a comprehensive instrumentation system to monitor key geotechnical
parameters. This setup included devices for measuring surface vertical displacements, such as
settlement plates, benchmarks, and a GPS receiver at the embankment’s centre. Deep vertical
displacements were tracked using borehole rod extensometers, while vertical strains along four
verticals were measured with special multiple micrometres. Horizontal displacements were monitored
via inclinometers. To assess pore water pressure in fine-grained soils, both Casagrande and vibrating
wire piezometers were employed. This extensive array of instruments enabled a thorough and
continuous assessment of soil behaviour throughout the study, providing valuable data on the complex
interactions between the embankment and the underlying the lagoon soil. A cross section of the soil
profile and monitoring system is given in Figure 8.

AIMS Geosciences Volume 11, Issue 2, 298-317.
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The bank construction began in September, 2002 and was completed in March, 2003. It was
realized using 13 geogrid-reinforced sand layers reaching a total height of 6.5 m. The vertical stress
transmitted to the soil was 106 kPa. It was removed in April, 2008 and monitoring was continued to
the end of 2009. The final outcome of the sand bank is provided in Figure 9.
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Figure 8. Cross section with the monitoring system for TTS.

Figure 9. A general view of the TTS embankment on completion.

The subsoil’s high drainage capacity, clearly shown in Figure 7, led to rapid primary consolidation,
occurring simultaneously with embankment construction. Piezometer readings showed that pore
pressure variations were primarily influenced by daily tidal fluctuations in the adjacent channel rather
than the increasing bank load. The rapid dissipation of excess pore pressures indicates a highly
permeable soil structure, which is crucial for accurate settlement predictions and stability assessments
in the Venetian lagoon environment.
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Sliding Deformeter (SD) n. 3 (S3, along with S1, S2, and S4) measured local vertical strains in 1
m thick layers throughout the loading-unloading sequence. Figure 10 shows the progression of vertical
displacement measured at the centre of the embankment using S3 and the GPS. The total settlement
upon completion of the embankment was 38.1 cm, followed by an additional 12.4 cm of settlement
under constant load, resulting in a total of 50.5 cm. After the embankment was removed, a settlement
recovery of less than 3.0 cm was observed, which highlights the significant irrecoverable strain that
occurs during the compression of these silty-based soils. Maximum horizontal displacements below
the bank perimeter (about 50 mm) were an order of magnitude lower than maximum vertical
settlements during construction, indicating predominantly vertical deformation. This approached a
one-dimensional compression condition beneath the bank centre.
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Figure 10. Evolution of vertical surface settlement in different points below the bank [1].

Figures 1la and 115 illustrate the local and total vertical strains with depth, highlighting
significant contributions from the thin silty clay layer at =<1-2 m depth and the silt layer between 8 and
20 m. Strain decreased with depth, becoming negligible below 35 m.

Figure 12 presents typical field compression curves, plotting vertical strain, €y, against estimated
vertical stress increments for each 1 m layer measured by S3. The curves reveal stiffer soil behaviour
at initial stress increments, followed by a softer response beyond a threshold stress, more pronounced
in silt than in sand. Post-construction, the deformation process exhibited significant creep, followed
by a very stiff unloading response. Creep behaviour was deeply investigated; in addition to the estimate
from laboratory tests shown in Figure 7, the field trial provided a deeper insight on secondary
compression, as discussed in detail by Tonni and Simonini [17] and Tonni et al. [19].
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Figure 11. Local a) e and total b) settlement under the bank centre [1].

This analysis provided crucial insights into the complex mechanical behaviour of Venetian lagoon
soils under varying load conditions, essential for accurate geotechnical modelling and design in this
unique environment. Since the strain in the ground developed primarily in the vertical direction, the
curves shown in Figure 12 were interpreted as field large odometer (with a thickness of 1 m) curves,
with the threshold stress considered to be the preconsolidation stress. However, as mentioned, these
field large odometers are not true odometers, since the stress paths during loading cross above and
below the one-dimensional compression condition. This data enabled the estimation of OCR by
comparing this site preconsolidation stress ¢’vy with the vertical effective one o’vo. The soils had OCR
values ranging from 1.5 to 2.5 for the Holocenic soils and less than 1.3 for the Pleistocene ones.
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Figure 12. Field compression curves (left) and OCR profile (right) [2].
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4.2. Soil stiffness from the field compression test for TTS

The SD settlement measurements enabled the estimation of key mechanical soil properties,
circumventing both scale effects and stress relief issues associated with sampling. This approach was
particularly valuable for assessing the mechanical response of silts, which are notably sensitive to
disturbance. Additionally, it enabled for the direct measurement of sand stiffness, a parameter often
challenging to accurately determine through conventional laboratory testing. In-situ data from full-
scale loading provided more representative and reliable soil characterization, enhancing the accuracy
of geotechnical analyses for the complex Venetian lagoon subsoil.

In fact, in situ normalized stiffness (M/c'y)site, being M = (AG’v/Agy) site, Was plotted by Simonini
et al. [2] for the central S3 against the normalized against the current vertical stress (6'v/6'vy)site induced
by the increasing embankment load. Figure 13 focuses on the silty layer, which contributed most
significantly to total settlement. A sharp variation in the (M/c'v)sie trend is evident at the
preconsolidation stress, delineating overconsolidated (OC) and normally consolidated (NC) behaviour.
These field data are compared with normalized constrained modulus (M/c'y)iap from laboratory
odometric tests. Notably, field data intersect the laboratory trend, showing significantly higher stiffness
before yielding stress and lower values beyond (¢'v/c'vy)iab. This discrepancy likely stems from
disturbance and stress relief during sampling, highlighting the value of in-situ measurements for
accurate soil characterization in the Venetian lagoon context.
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Figure 13. Site and laboratory normalized tangent stiffness vs. normalized vertical stress [2].

Given the accuracy of in situ measurements from the TTS, the method developed for MTS by Cola
and Simonini [2] is applied to TTS and the results compared against initial tangent stiffness (Misit) and
secant stiffness at maximum load (Msec-max 10ad) calculated from the measurements reported in Figure 12.

To validate the methodology developed for evaluating soil stiffness at MTS, Equations (2), (3)
and (4) are used to estimate one-dimensional stiffness using the grain size index /s also for the TTS.
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Stiffness is calculated for all layers, and the comparison between field-derived and calculated values
demonstrates a satisfactory agreement with field-derived secant stiffness at maximum load (Figure 14).
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Figure 14. Vertical stiffness at TTS.
5. La Grisa Test Site (LGTS)
5.1. Monitoring instrumentation and results

To investigate the consolidation processes and stiffness characteristics of natural salt marshes,
experimental tests were conducted at the La Grisa salt marsh test site [9]. The test site is in the
southern part of the lagoon as shown in Figure 1; a plan view of the testing system is provided in
Figure 15.

We utilized eight 500-liter polyethylene tanks arranged in two rows on the marsh surface. These
tanks, placed on reinforced geotextile and wooden pallets, were filled with seawater from a nearby
lagoon canal. The setup ensured uniform load distribution and minimized buoyancy effects during high
tides. The total load of 40 kN, spread over 4.0 m?, enabled the assumption of nearly one-dimensional
strain conditions in the central area. This configuration accounted for local heterogeneities in marsh
deposits, including effects of halophytic vegetation.

A monitoring system measured vertical displacements and groundwater pore-pressure at
various depths and locations. Five sensors were strategically placed (Figure 16): Three at the load
centre (CO at surface, C10 at 0.1 m, and C50 at 0.5 m depth), one at the edge, and one at an
intermediate position. The other two were inserted into the soil at the edge of the loaded area (E10)
and in an intermediate position (M10) at 0.1 m depth. This arrangement captured the soil deformation
profile, with maximum values expected at the centre. A local benchmark network provided
independent verification of surface movements.

The soil below the tanks, reported in Figure 17, is characterized by the presence of a sequence of
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upper silty deposits passing upward to organic clays, intermediate alternating yellowish and greyish
sandy to silty deposits and deeper deposits formed by clay, peaty clay, and peat with reed and shell
fragments. Grain size distributions are in the range of those typical of the lagoon silts. The shallowest
part is characterized by an increasing organic content.
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Figure 15. Plan view of the field test at the La Grisa Test Site [9].
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Figure 16. Three-dimensional scheme of the loading system and a view of the LGTS [9].
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a) silty deposits passing upward to organic clays
b) alternating yellowish and greyish sandy to silty deposits
c) clay, peaty clay and peat with reed and shell fragments

Figure 17. Soil profile at the LGTS [9].
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Figure 18. Loading sequence and vertical displacement measurement [9].

Figure 18 illustrates the loading sequence and vertical displacements recorded by various sensors.
The initial loading phase of 5.6 kPa, maintained for 24 hours, resulted in a maximum surface settlement
of 10.2 mm at CO and 1.1 mm at C50. After unloading, a clear rebound was observed. Following a 24-
hour zero-load period, the load was increased to 11.3 kPa for 72 hours. This led to further settlements,
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with CO recording a total of 32 mm and C10 measuring 18 mm from the experiment’s start. It is
important to note that the measurements from CO, the shallowest sensor, may be disturbed by the
presence of organic materials and vegetation. Accounting for this, the stiffness values calculated for
the uppermost 10 cm of soil, may be larger than that at long term.

5.2. Soil stiffness from field compression test for LGTS

On the basis of the above measurements and assuming nearly vertical deformation along the
centreline below the tanks, it is possible to calculate the vertical secant stiffness in the soil from the
surface down to 0.50 m for the loading increment from 0.0 to 5.6 kPa and from 5.6 to 11.3 kPa. The
results of the calculation are plotted in Figure 19, together with the stiffness evaluated from traditional
odometric tests, performed for three samples taken at depths of 0.20, 0.65, and 0.80 m.

For the sake of comparison, an evaluation of M using equations (2), (3), and (4) is reported on the
same graph. It is interesting to note that, also for this test site, the stiffness calculation using the grain
size index Igs is relatively good. Moreover, it can be noted that range of stiffness measured using the
odometric cell (dotted area in Figure 19) is well above the measured via the field tests. This could be
due to the effect of friction at the interface soil-steel circular ring of the odometer cell, that may lead
to a stiffer vertical response at very low stress levels.

These results demonstrate that, notwithstanding the stratigraphic variations and differing in situ
test regimes, the methodology developed for the MTS exhibits applicability to the LGTS due to the
shared geological characteristics of the soil.
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Figure 19. Stiffness as a function of vertical effective stress.
6. Conclusions

The study reveals that Venetian subsoil primarily consists of non-plastic silt irregularly mixed
with clay and sand. This soil, derived from the degradation of original sands, interacts mainly through
mechanical than electrochemical forces. Venetian clays, except for some surface organic layers, are
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low-activity materials predominantly mixed with silt and sand. This characteristic has enabled a unified
approach to describe its mechanical behaviour, enabling approximate estimates of properties like one-
dimensional stiffness based on grain size distribution.

The experimental sites at Malamocco, Treporti, and La Grisa provided a unique opportunity to
understand these poorly structured soils, highly sensitive to stress relief during sampling. Accurate
assessments of current stiffness, which is crucial for estimating settlements in heterogeneous soil profiles,
were possible only through large-scale load tests at Treporti and La Grisa (for low stress level). These
tests were essential for a precise mechanical characterization of the highly heterogeneous Venetian silts
and in establishing and validating a common simplified methodology to calculate soil stiffness.
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