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Synonyms

Lake deposits

Definition

Lakes are dynamic and complex systems, whose depositional
processes and sedimentation are affected by climatic and
tectonic events (Scott et al. 2012 and the references herein).
In addition, the great physicochemical variability among
lakes, in terms of origin, size, morphology, catchment size,
and water biochemistry influence the nature and the rate of
lacustrine deposits’ formation (Schnurrenberger et al. 2003).
The lake system, in comparison with other depositional envi-
ronments such as rivers, is characterized by low energy (Rust
1982). This depositional condition allows the fine particles to
settle out with a variable organic component, making lacus-
trine sediments prevalently characterized by silt, fine sand,
and clay mixtures. Nevertheless, near the margin, the lake
system presents higher-energy depositional environments,
such as alluvial and fluvial-lacustrine features (i.e., alluvial
fans, alluvial floodplain and deltas). For these reasons, sandy
and gravelly interbedded deposits can occur within the finer
sediment bodies, especially in the proximal areas of a lake
system, where the abovementioned boundary conditions
are present (Rust 1982; Scott et al. 2012). Due to the high
variability of physicochemical properties of the lake systems
distributed worldwide, many lacustrine deposits vary from
meters to hundreds of meters in depth comprising fine
soils that range from sand to clay including organic clay.

The mechanical properties of such soils are quite variable,
depending on the dominant soil fractions, the type of clay
mineral content and the organic matter. Commonly, such soils
show high compressibility and lowmechanical resistance that
can induce subsidence under static loading (that is a plastic
progressive settlement) and liquefaction under dynamic load-
ing when the groundwater is shallow.

Engineering Properties of Fine Deposits in
Lacustrine Environment

In terms of engineering geological characterization, the focus
must be put on the properties of fine and very fine-grained
soils (clay and silt), although frequently sand and locally
gravel can be interbedded within the lacustrine soils. Thus,
hereinafter, the most relevant parameters that affect the main
properties of fine soils (Table 1) are introduced and their
reference values provided.

Fine soils are characterized by grain dimensions less than
0.06 mm. Lacustrine deposits therefore are commonly made
up of clay and silt mixtures that can be both inorganic and
organic. Although silt consists of very small grains, it is
characterized by grains not flaky particles in contrast to clay.
This implies that silt develop fine deposits with granular
character. Nonetheless, when silt is mixed with clay it can
be described through the same parameters as clay, whereas
when it is mixed with sand and gravel it contributes to reduce
permeability because the small silt grains find places within
the gravel and sand voids thereby increasing the packaging.
Nevertheless, silt can be described through the granular soil
parameters.

For sand and gravel, the most relevant property is the
relative density (Dr). It is the index that quantifies the degree
of packing between the loosest and the densest possible state
of coarse-grained soils. It is defined as follows:
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Dr ¼ emax � e

emax � emin

e ¼ Vv

Vs
(1)

where emax is the maximum void ratio (loosest condition), and
emin is the minimum void ratio (densest condition), and e is
the measured void ratio. The void ratio (e) is defined as the
ratio between the void volume and the solid component.
Table 2 shows the relative density range values for the loose
or dense state of the soil (Terzaghi and Peck 1948) as well as
some other typical ranges of values of physical and mechan-
ical properties. In lacustrine soils, Dr values are less than
65 but can vary from site to site.

Furthermore, the main relevant resistance parameter of
granular soils (gravel, sand, and silt) is the shear strength
according to the Mohr-Coulomb failure criterion for cohe-
sionless soils (Coulomb 1776):

tf ¼ s0 • tan ’0ð Þ (2)

where s0 is the effective stress and ’0 is the internal friction
angle. Suggested ’0 values are listed in Table 3.

In contrast, when the fine fractions are considered (silt and
clay), they are classified based on the Atterberg limits and the
Casagrande plasticity chart (Fig. 2). Clay soils (whose parti-
cles size is less than 2 mm) have flaky particles to which water
adheres, thus the plasticity is relevant together with the con-
sistency limit in order to estimate the swelling (relevant
phenomena in expansive clays) and the compressibility
(heavily affecting organic clays and quick clays) capacity
under static conditions. In the dynamic behavior of fine
soils, the plasticity index affects the shape of the Damping
function with the shear strain D(g) and the Shear Modulus
Reduction Curve G(g)/Gmax. The Atterberg limits are strictly
related to the mineral content of the clay fraction and consists
of threshold values of water content between different phys-
ical states of the soil (Table 4):

1. The liquid limit wLL marks the passage from plastic to
liquid state.

2. The plastic limit wPL marks the passage from semisolid to
plastic state.

3. The shrinkage limit wSL marks the passage from solid to
semisolid state.

Lacustrine Deposits, Table 1 Grain size dimensions of soils and ranges of values of natural g unit weight and the void ratio e

Term Particle size (mm) Equivalent soil grade g (kN/m3) Void ratio e

Coarse-grained 2–60 Gravel 18–23 0.3–0.7

Medium-grained 0.06–2 Sand 16–21 0.3–1.0

Fine-grained 0.002–0.06 Silt 16–21 0.5–1.0

Very fine-grained <0.002 Clay 14–21 0.4–2.3

Peat 10–13 3.0–19.0

Lacustrine Deposits, Table 2 Medium to coarse-grained size classification based onDr and corresponding range of values of the blow count of the
Standard Penetration Tests Nspt and the friction angle f

Dr Description Nspt (30 cm) Friction angle (deg)

0–15 Very loose 0–4 25–28

15–35 Loose 4–10 29–32

35–65 Medium dense 10–30 33–35

65–85 Dense 30–50 36–40

85–100 Very dense Over 50 up to 100 41–45

Lacustrine Deposits,
Table 3 Typical values of
j0 for granular soils

Soil type j0 (deg)
Gravel with some sands 34–48

Sand with rounded grains

Loose 27–30

Medium 30–35

Dense 35–38

Sand with angular grains

Loose 30–35

Medium 35–40

Dense 40–45

Silt 26–35

2 Lacustrine Deposits



The range of water contents over which the soil deforms
plastically is known as the plasticity index:

Ip ¼ wLL � wPL

Another important parameter especially when silt and clay
mixtures are detected is the activity A, that is:

A ¼ IP
Clay fraction %ð Þ

This latter ratio A was introduced by Skempton (1954),
who noted that for soils with a particular mineralogy the
plasticity index is linearly related to the amount of the clay
fraction. The proportion of clay mineral flakes (<2 mm size)
in a fine soil affects its current state, particularly its tendency
to swell and shrink with changes in water content. The degree
of plasticity related to the clay content is called the activity of
the soil. Thus, clay can be classified according to its IP and
A values as shown in Table 5. The A values of a soil are
influenced by the compositional minerals. Some reference
values for A can be suggested for the commonest clay min-
erals: Smectite, 1–7; Illite 0.5–1; Kaolinite 0.5; Allophane
0.5–1.2.

Another useful parameter to describe the mechanical
properties of lacustrine soils is the consistency index Ic:

Ic ¼ 1� IL where IL ¼ w� wPL

IP

In Table 6, the ranges of Ic values are reported together
with the undrained shear strength su that represents the most
relevant mechanical parameter for fine soils under undrained
conditions. It represents the minimum value of fine soil resis-
tance under static loading. Many lab and in-field testing
methods have been conceived to measure su, such as the
shear Vane test (VST), the undrained unconsolidated triaxial
test (UU-TX), and the Piezocone Test (CPTu), among others.
The lacustrine silt and clay range between 0.25 and 1.00 Ic
values and accordingly show su less than 50 kPa and a number
of blow counts less than 8. One example of lacustrine clay
soils are the deposits of Mexico City. Mexico City lacustrine
deposits are clay rich in Allophane. This implies a large
plasticity index, a low resistance, and a very low consistency.

In order to classify inorganic and organic fine soils, the
Casagrande’s plasticity chart is commonly used (Fig. 1). The
soils with LL lower than 30% shows low plasticity; those with
LL ranging from 30% to 50% show a medium plasticity, and

Lacustrine Deposits, Table 4 Typical limit liquid, plastic limit, and shrinkage limit values of different clay minerals

Soil prevalent mineral component Liquid Limit – LL (%) Plastic Limit – PL (%) Shrinkage Limit – SL (%)

Montmorillonite 100–900 50–100 8.5–15

Nontronite 37–72 19–27

Illite 60–120 35–60 15–17

Kaolinite 30–110 25–40 25–29

Hydrated Halloysite 50–70 47–60

Attapulgite 160–230 100–120

Chlorite 44–47 36–40

Allophane (undried) 200–250 130–140

Lacustrine Deposits,
Table 5 Soil classification
according to the activity
index A and the plasticity
index Ip

IP Soil property A Soil property

0–5 Not plasticity <0.75 Inactive

5–15 Low plasticity 0.75–1.25 Normal

15–40 Intermediate plasticity >1.25 Active

>40 High plasticity

Lacustrine Deposits, Table 6 Some guide values of the consistency index Ic, the undrained shear strength su measured through the field vane test
and blow count numbers Nspt from Standard Penetration Test

Ic value Soil classification Undrained shear strength su (kPa) Nspt

<0.25 Very soft <12 0–2

0.25–0.50 Soft 12–25 2–4

0.50–1.00 Medium 25–50 4–8

1.0–2.0 Stiff 50–100 8–16

2.0–4.0 Very stiff 100–200 16–32

>4.0 Hard �200 Over 32
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when LL is higher than 50%, the soils show high plasticity.
Furthermore, high compressibility is suggested when LL is
greater than 50%, whereas low compressibility is commonly
recognized when LL is lower than 50%. Accordingly, from
Fig. 1 it is evident that the higher the liquid limit LL, the
higher the compressibility and the lower the soil resistance.
The organic clay shows very high plasticity and consequently
high compressibility and the worst mechanical resistance
among fine soils although the plasticity indexes are largely
variable.

Furthermore, it is well known that clay and silt, due to their
very low permeability, act as aquicludes or aquitards. Perme-
ability in soils is defined as the property which permits the
seepage of water (or other fluids) through its connected voids.
It was found experimentally by Darcy that for laminar flow of
water through soil, the rate of flow v is proportional to the
hydraulic gradient i by the permeability coefficient k:

v ¼ k • i (3)

According to Darcy’s seepage simplified model, Table 7
shows the minimum and maximum values of Darcy coeffi-
cient of permeability k measured for fine soils. Gravel is
highly permeable (k � 4�10�3 m/s), whereas clay is practi-
cally impermeable. Thus, lacustrine soils show a low perme-
ability that reduces as the clay content increases.

Darcy permeability coefficient in fine deposits can be
measured both in the laboratory with permeameter devices
and in field testing, using the Lefranc test. Finally, in order to
calculate the Darcy permeability coefficient of clay, a relation
with the void ratio and the plasticity index has been proposed
by Nishida and Nakagawa (1969) as follows:

e ¼ 0:01PI þ 0:05ð Þ• 10þ log10 kð Þð Þ (4)

where PI is the plasticity index, k is the permeability index for
clay (cm/s), and e is the void ratio of clay. Some updates for all
types of inorganic silt and clay is provided by Chapuis (2012).

Examples of Lacustrine Litho-Technical
Successions from Worldwide Sites

Lacustrine deposits are located in many different climatic
areas and are often associated with many large urban areas.
Due to their high compressibility and weak mechanical prop-
erties, they show many geotechnical problems: (1) large sub-
sidence under constant load, such as in Taipei city (Taiwan,
China), orMexico city (Mexico); (2) large swelling-shrinkage
phenomena that impacts those cities situated on glacial lacus-
trine deposits as case of the city of Regina (Canada) and the
city of Edmond (Oklahoma, USA); (3) in seismic areas, the
liquefaction hazard must be taken into account in soft fine
deposits as well as the amplification phenomena, as in the
Fucino Basin (AQ, Italy), Campotosto Lake (AQ, Italy); or
the Peligna valley basin (AQ, Italy). Some physical and
mechanical characterizations of the abovementioned lacus-
trine deposits are provided by Rodríguez-Rebolledo et al.
(2015), Fredlund (1975), Calabresi and Manfredini (1976),
Desiderio et al. (2012), Boncio et al. (2017), and Vessia and
Russo (2017). From these case studies, some lithotechnical
successions are summarized in Fig. 2.

The first case is from glacial Lake Regina lacustrine silt
and clay, whose thickness ranges from 4 to 15 m (Fredlund
1975). They are made up of about 10 m of montmorillonite

Lacustrine Deposits,
Fig. 1 Casagrande plasticity
chart. (1) cohesionless soil;
(2) CL-ML: inorganic clay, low
plasticity; (3) OL-ML: inorganic
silt of low compressibility; (4) CI:
inorganic clay, medium plasticity;
(5) MI-OI: inorganic silt and
organic clay, medium plasticity;
(6) CH: inorganic clay, high
plasticity; (7) MH-OH: inorganic
silt and organic clay, high
compressibility. A-line: separates
the more clay like materials from
silty materials, and the organics
from the inorganics. U-line
indicates the upper bound for
general soils
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clay (about 80%) and overlie 5 m of silt (about 60%) that in
turn sit upon till deposits comprising by clay, silt, and sand.
The LL of Regina clay varies between 60% and 80%, the IP
varies between 30% and 60%: it is an inorganic clay with high
plasticity. The activity coefficient is 0.7 with a very high swell
potential. As the water content increases from 25% to 40%,
the undrained shear strength decreases from 206 to 35 kPa.
Conversely, the silty soils are characterized by the LL that
varies between 30% and 40% and IP varying between 15%
and 20%. The Casagrande plasticity chart suggests the silt is
inorganic silty with low compressibility.

The second case is the Lake zone of Mexico City. Here the
lacustrine soils are covered by a dry crust of 5 m overlying

three clay strata that are 5–40 m thick. The upper 25 m
contains two clays that overlie a harder layer of 2 or 3 m
made of sandy silt or clay, located at 30 m depth. Under this
hard layer there is another lower clay stratum about 8 m thick.
Here, the lacustrine sediments comprise highly plastic soft
clay interbedded with layers of silt, sand, and sandy gravel of
alluvial origin. According to field studies by Rodríguez-
Rebolledo et al. (2015), this clay has a very high water content
(with the void ratio varying between 7 and 10), the unit weight
is 11 kN/m3, a low cone resistance in the CPTu and practically
a nil blow count in an SPT test. Undrained shear strength
su increases with depth, with a mean value of 20 kPa in the
upper part of the clay and 80 kPa at 30 m depth.

Lacustrine Deposits, Table 7 Darcy coefficient of permeability k (Data source: http://geotechdata.info/parameter/permeability.html)

Soil Description k min (m/s) k max (m/s)

Clayey gravel, clayey sandy gravel 5.00E-09 5.00E-06

Poorly graded sand, gravelly sand, with little or no fines 2.55E-05 5.35E-04

Silty sand 1.00E-08 5.00E-06

Clayey sand 5.50E-09 5.50E-06

Inorganic silt, silty or clayey fine sand, with slight plasticity 5.00E-09 1.00E-06

Inorganic clay, silty clay, sandy clay of low plasticity 5.00E-10 5.00E-08

Organic silt and organic silty clay of low plasticity 5.00E-09 1.00E-07

Inorganic silt of high plasticity 1.00E-10 5.00E-08

Inorganic clay of high plasticity 1.00E-10 1.00E-07

Compacted silt 7.00E-10 7.00E-08

Compacted clay – 1.00E-09

Organic clay of high plasticity 5.00E-10 1.00E-07

Lacustrine Deposits,
Fig. 2 Typical successions of
lacustrine deposits stratigraphy at
THREE sites: (a) Regina city
settled on the glacial Lake Regina
(Canada) that are expansive clay;
(b) Mexico City (Mexico) located
upon very weak clay; (c) Fucino
basin (Italy) made up of hundreds
of meters of clay and silt mixtures.
In legend: 1. Top soil and/or
anthropogenic fill; 2. Lacustrine
deposits; 3. Sandy and gravelly
deposits
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The final example, the Fucino basin, is characterized by
hundreds of meters of lacustrine deposits, although near the
borders of the basin (where several cities exist, i.e., Avezzano
city that was destroyed by the 1915 Fucino Earthquake),
gravel and sand are interbedded with fine silt and clay soils.
A recent study by Boncio et al. (2017) measured the physical
and mechanical properties of the upper 20 m for these lacus-
trine soils: the LL ranges from 27 to 47 and the Ip varies from
2 to 11, meaning that these soils vary from inorganic silt
to organic clay with low plasticity and compressibility. The
undrained shear strength is about 25 kPa and the shear veloc-
ity values increase with depth from 100 m/s to 250 m/s up
to 14 m.

Summary and Conclusions

Lacustrine deposits are characterized by weak soils, with a
very low permeability, sometimes expansive and very com-
pressible especially when they are rich in organic matter and
plastic clay minerals. A range of values of the most relevant
engineering geological parameters were reviewed and further
elaborated using three case studies. Examples considered
show typical lithological successions and common physical
and mechanical properties of lacustrine deposits, although in
the case of expansive clays, they must be mechanically char-
acterized through the unsaturated soil theory and its variables.
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