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[11 A fully coupled thermohydromechanical (THM) finite element approach is

used here to model the groundwater and saturation response of a typical salt marsh
of the Venice lagoon (Italy) subjected to both tide fluctuation and flooding.

The soil forming the marsh, whose relevant material parameters have been
measured experimentally in the laboratory, is assumed to be an homogeneous
multiphase porous medium, in a thermodynamic equilibrium state both in fully
saturated and partially saturated conditions. More particularly, the study is aimed

at analyzing separately the various couplings of several factors such as soil stiffness,
water conductivity, capillary suction, and humidity exchange with atmosphere
including also the occurrence of marsh flooding on the overall mechanical response
of the marsh subjected to tidal oscillations of very narrow amplitude. From the
analysis carried out so far, the numerical approach adopted here seems capable of
describing most of the relevant features of marsh behavior, thus showing the importance
of THM couplings to explain the groundwater pressure evolution induced by lagoon
tide cycles. In addition, the model seems to provide some interesting explanations
concerning the evolving instability of marsh scarps, which is one of the main causes
of the rapid overall deterioration of the typical Venice lagoon landscape.
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1. Introduction

[2] The landscape typifying the tidal environment of the
Venice lagoon is largely made up of salt marshes and
wetlands (Figure 1), largely covered by halophytic vegeta-
tion (i.e., adapted to live in salty environment) and subjected
to tidal fluctuation, with periods of submersion depending on
tidal cycle amplitude and local topography.

[3] The eustatic rise of sea level, natural and/or man-
induced regional subsidence, the latter being particularly
important between 1946 and 1970 [Butterfield et al., 2003],
and the increasing anthropic pressure have caused consid-
erable environmental damage to the lagoon ecosystem,
including relevant changes to the sediment balance of the
basin and vanishing of large marsh areas. From the begin-
ning of the last century, the whole salt marsh surface has
halved and trends would indicate that the marshes should
completely disappear over the next 50 years. Moreover,
instability of scarps and surface sediment erosion (Figure 2)
play key roles in the equilibrium of such delicate environ-
mental system and often require engineered interventions to
preserve the existing morphology.

[4] The importance of the Venice lagoon ecosystem stim-
ulated relevant studies on its morphodynamics and evolution
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as a consequence of various forcing actions [e.g., Rinaldo
et al., 1999a, 1999b; Marani et al., 2004, 2007; Feola
et al., 2005]. These studies are particularly relevant for the
design of any technical intervention for safeguarding such
a delicate and unstable environment.

[5] Groundwater response to water fluctuations in tidal
environments has been investigated by several researchers
[e.g., Sun, 1997; Jiao and Tang, 1999; Li et al., 2000; Li
and Jiao, 2002]. Using a finite element approach based on
Richard’s equation, Ursino et al. [2004] showed recently
the great relevance of the unsaturated subsurface ground-
water regime with respect to the growth of halophytic
vegetation in areas cyclically subjected to tidal inundation,
such as in the Venice lagoon salt marshes.

[6] The present paper enhances a previous attempt by
Cola et al. [2005] to model the groundwater and saturation
response of a typical lagoon marsh subjected to both tide
fluctuation and inundation by using a coupled thermohy-
dromechanical (THM) model.

[7] The soil forming the salt marsh is assumed to be a
multiphase porous medium, in a thermodynamic equilibrium
state in fully saturated and partially saturated conditions. The
multiphase material is modeled as a deforming porous
continuum where heat, water, and gas flow are taken into
account [Gawin and Schrefler, 1996; Lewis and Schrefler,
1998]. Particularly, the gas phase is modeled as an ideal gas
composed of dry air and water vapor, which are considered as
two miscible species. Phase changes of water (evaporation-
condensation, adsorption-desorption) and heat transfer
through conduction and convection, as well as latent heat
transfer are considered. The independent variables are the
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Figure 1. View of the Venice lagoon marshes.

solid displacements, capillary pressure, gas pressure, and
temperature. Small strains and quasi-static loading condi-
tions are assumed.

[8] To characterize marsh soils as carefully as possible in
order to evaluate the model parameters, geotechnical inves-
tigations have been concentrated in a typical lagoon marsh
area, with soil profile reconstruction, permeability and com-
pressibility measurements in both saturated and unsaturated
condition. In the same area the tide-induced water pressure
evolution in the upper layers of the marsh was monitored by
using some special piezometers.

[0] This paper presents the results of numerical analysis
showing the relevance of coupling effects on the overall
saturated and unsaturated groundwater response of the salt
marsh subjected to both tide fluctuation and inundation.
Evapotranspiration of the marsh surface has also been sim-
ulated. This phenomenon requires evaporation of the water to
be taken into account in the multiphase model, for which a
nonisothermal formulation is needed, as proposed in the
paper. Influence on the distribution of stress field on the
long-term stability of marsh scarp is also discussed.

2. Properties of the Venice Lagoon Soils

[10] The plain surrounding the Venice lagoon was formed
throughout the Pleistocene as a consequence of fluvial
transport of sediments coming from the erosion of the
surrounding Alps. The lagoon origin is traced around
6000 years ago, during the Flandrian transgression, with
the seawater diffusing into a preexisting lacustrine basin.
Both continental and marine sediments therefore coexist in
the lagoon area with the typical ground profiles being the
consequence of such a complex geological history.

[11] The first Venetian citizens, settled on the main
islands inside the lagoon around XII century subjected this Figure 2. View of Saint Felice marsh border.
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Figure 3. Basic properties of shallow soils and permeability profile along vertical SF2.

unequaled geological site to an intensive human action,
mostly concerned with sediment dredging and land filling in
order to conserve efficient communications both inside the
lagoon basin and with the open sea.

[12] The sediments forming the whole Venice lagoon
basin share a common geological origin and similar depo-
sitional environments, resulting in a narrowly varying min-
eralogical composition. In terms of particle size, a
predominant silt fraction is mostly combined with clay
and/or sand in a chaotic interbedding and interdigitation of
different sediments: typical soil profiles are therefore char-
acterized by highly heterogeneous layering of mixes of sand,
silt, and clay-sized soil particles with the presence, in some
cases, of shell content and thin peaty layers.

[13] Comprehensive geomechanical characterization of
such heterogeneous and complex materials has been recently
carried out by Cola and Simonini [2002], Simonini [2004],
Simonini et al. [2007], and Biscontin et al. [2007]. More
particularly, from experimental investigation carried out so
far it turned out that the mechanical soil behavior can be
described in terms of frictional (typical of coarse-grained
fraction) rather than of electrochemical (typical of fine-
grained fraction) interaction among the sediments, with the
exception of a very few cases of more plastic clays [Cola and
Simonini, 2002].

3. Salt Marsh Geotechnical Characterization
and Constitutive Equations

[14] The marsh selected for the experimental investiga-
tion and in situ monitoring is located on the north side of the
Saint Felice channel.

[15] In order to characterize, as carefully as possible, soils
forming the upper part of the marsh (about the first meter
from the ground level), undisturbed samples were manually
collected. Then, laboratory tests were carried out in order to
determine the grain size distribution, natural water content
(w,), organic content (O¢), in situ density (), porosity (1)
and in situ void ratio (e,) and to reconstruct profiles of these
properties as precisely as possible.

[16] Figure 3 depicts soil profile and the main basic
indices of the soils. As already mentioned, the soils are a

mixture of sand, silt and clay (see first column) with a
predominant silty fraction (about 60—70%) and a small
content of clay (the fraction with diameter smaller then
2 pm is about 10—18%). The mean diameter D5 is around
0.03 mm, while the 10% of material has diameters less then
0.003 mm (see column 2). The organic material, composed
of residuals of small root and plant fragments, varies
between 2 and 8% of the dry weight of the soil (column
3). Porosity and void ratio (columns 4 and 5) are relatively
high compared with the typical values of the deeper soils,
and their variations are conditioned by the organic content: a
small increase of the Oc, observed especially in the
shallowest 15 cm of the profile, gives increments of about
50% of the void ratio.

[17] Figure 3 summarizes some experimental values of
the stiffness £ and saturated hydraulic conductivity Ay gar.
Because of the small stress range induced by tidal forcing
and no evident material damage, a linear elastic material
model will be used to describe the soil skeleton response in
the numerical analyses:

E Ev
= de + (
1+v

do’ 1+ )1 —20)

de: 1)1 (1)

where o’ is the modified Cauchy effective stress tensor, also
called generalized Bishop stress tensor [Nuth and Laloui,
2008], € is the small strain tensor and 1 is the second-order
identity tensor. Young modulus £ and Poisson ratio v are
material parameters.

[18] The values of stiffness E reported in Figure 3 were
estimated from one-dimensional compression tests at a
stress level corresponding to the site overburden stress, in
both loading (E)y.q) and unloading (E,10aq) conditions. As it
is evident in Figure 4, in which a typical 1-D compression
curve for the marsh soils is depicted, a great difference in
stiffness values measured in loading and unloading
condition, being the first 1 order of magnitude smaller
(1.0 to 1.5 MPa) than the second (5.0 to 25.0 MPa). Poisson
ratio was assumed v = 0.20, which is a typical small-strain
value for Venetian materials according to Cola and Simonini
[1999].
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Figure 4. Typical one-dimensional compression response.

[19] The experimental retention curve of a typical shallow
clayey silt sample [Ceron, 2005], determined using the
mercury intrusion porosimeter technique developed by
Romero et al. [1999], is shown in Figure 5. To note that
mercury porosimeter allows to measure reliable suction
pressures at low water saturation degrees (S,,), whereas
approaching S, = 1, where suction pressure vanishes,
experimental data conflicts with the expected response of
soil. Therefore, in order to exclude unreasonable material
behavior approaching Sy, = 1, the measured trend has been
fitted by the equation (plotted in Figure 5)

o 0.845
S, =1-0344 (i—) 2)

a

being p° the suction or capillary pressure (p, = 100 kPa).
[20] Water conductivity ky s, determined on saturated
samples using falling head tests in oedometer cell at

100
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Figure 5. Experimental and analytical retention curves.
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Figure 6. Water conductivity from tests and analytical
relationship.

overburden effective stress, lies between 3 x 10~% m/s and
9 x 1077 m/s. The effect of partial saturation on water
conductivity k,, investigated in the full range of saturation,
was measured on a typical soil sample, over a large range of
vertical effective stress in isothermal condition, by means of
a special laboratory odometer cell developed for testing
unsaturated soils [Ceron, 2005]. Note that at full saturation,
the soil conductivity decreases from 3 x 107% m/s to 2 x
10~ m/s as according to the decrease of porosity induced
by the increasing applied mean effective stress.

[21] It is important to notice the significant effect of
saturation on k,, even for small variation of S,. The
equation fitting the experimental data, sketched in the
Figure 6, is

kw = kw.sat (Sw)s (3)

In absence of direct measurements of gas conductivity, the
relationship of Brooks and Corey [1966] in isothermal
condition has been selected for the evaluation of the gas
relative permeability £*(S,,) (see equations (10) and (11)).

[22] The gas phase in the soil is a mixture of dry air and
water vapor, both assuming to behave as ideal gases.
According to the equation of the state of perfect gas (the
Clapeyron equation) and Dalton’s law, the pressure of dry
air p** with density p*%, water vapor p#" with density p*",
and moist air p® with density p° are

P = p*RT/M,  p* = p*"RT /M, 54;
P=p Y = 5

where M, and M,, are the molar mass of dry air and of
water, respectively, and T is the temperature.

[23] In the partially saturated zones, the equilibrium water
vapor pressure p°" is obtained from the Kelvin-Laplace

equation
“M,,
) (©)
pw R T

P = Desp -
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Figure 7. Layout of pore pressure transducers at the marsh border.

where the water vapor saturation pressure p*'”*, depending
only upon the temperature, is calculated from the Clausius-
Clapeyron equation.

4. In Situ Water Pressure Measurements

[24] Figure 7 sketches a schematic layout of the pore
pressure measurement system installed into the ground at
the Saint Felice marsh [Simonini and Cola, 2002]. The
water pressure was monitored at two depths, namely, at 0.56
m and 1.06 m below the mean marsh ground level (MGL),
and at distance of 3 m and 6 m from the marsh border.

[25] Standpipe piezometers were provided by a special
water pressure transducer, equipped with a remote recording
system. An additional water pressure transducer measured
the tide oscillation in the nearby channel.

[26] Water pressure was continuously measured for
some months during 2002 and then transformed in total
head referred to the mean marsh ground level assumed at
+0.30 m above the mean sea level (MSL).

[27] Figure 8 shows a typical tidal cycle for a 14-day-long
interval. The tidal fluctuation, not constant over the moni-
toring period, submerges the marsh only in a few of

episodes whose duration does not exceed some hours. Note
also the occurrence of relatively long intervals during which
the tide remains below the marsh surface.

[28] In order to depict the typical marsh hydraulic
response in different submersion/no-submersion conditions,
only a portion of the semicycle of Figure 8§, i.e., the interval
7 days long from 13 to 20 March 2002, is proposed again in
Figures 9 and 10 and compared with the total head
evolution measured in the ground over at two different
distances from the marsh border, namely, at 3.0 and 6.0 m.
It is worthwhile to notice that at the submersion occurrence,
the water table in the ground suddenly increases as a
consequence of a vertical water flow, highlighted by the
two different water levels measured in the transducers
located along with the same vertical. On the contrary, at
negative tidal fluctuation, the water pressure shows a
significant delay and damping remaining the water pressure
always positive up to a depth about 0.30 m below MGL,
even for tides approaching —0.80 m. In addition, it is
interesting to notice that, in no-submersion long periods
(i.e., from 9th to 12th day in Figures 9 and 10), the oscillating
water table gradually decreases according to the tidal fluc-
tuation in the nearby channel. On the base of the piezometer
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Figure 8. Tide level in the channel monitored by TP-E in the period 7—21 March 2002.

5of 16



W00C05 COLA ET AL.: COUPLED THM ANALYSIS OF VENICE LAGOON W00C05
Time (day)
6 7 8 9 10 11 12 13
20 L 1 n 1 " 1 n 1 " 1 L 1 1

Mean Ground Level +0.30 m above M.S.L.

fA

Total head above M.G.L. (cm)

I
|
|
[

TP-E (Channel)

.go-| Distance from border: 3 m
J==—== TP-A: depth 56 cm
100 TP-B: depth 106 cm

T T T
14/03 15/03 16/03

Interval: 13-20 March 2002
18!’03 1 9:’03 20}03

T
17/03

Date (dd/mm)

Figure 9. Tide level in the channel compared with total head monitored by TP-A and TP-B in 7-day

interval.

readings, showing the permanence of a shallower water table
in the inner zone of the marsh, ground dewatering seems to
be controlled mainly by the horizontal flow. Evapotranspi-
ration may cause an additional flow in vertical direction.
However, this is not so clearly appreciable from site readings
carried out in March, which is characterized by low humidity
and temperature gradients in the Venice lagoon.

[20] It is important to note that the water pressure evolu-
tion discussed above is due to a selected short time interval,
being the usual water pressure trend in the range +0.60 m
above MSL, with the oscillation amplitude typically con-
trolled by the 28-day moon cycle. Under very low atmo-
spheric pressure and blowing southeast wind, tide may
exceptionally rise above 1.0 m above MSL.

5. Mathematical and Numerical Model

[30] The thermohydromechanical behavior of the marshes
is modeled using a coupled finite element model for non-

isothermal multiphase materials [Gawin and Schrefler,
1996; Lewis and Schrefler, 1998; Sanavia et al., 2006].
This model derives from the mathematical model developed
by Lewis and Schrefler [1998] and Schrefler [2002] using
averaging theories by Hassanizadeh and Gray [1979a,
1979b, 1980].

[31] In this model, the porous medium is treated as
multiphase system composed of a solid skeleton (s) and
open pores filled with water (w) and gas (g) (in partially
saturated conditions) or only with water (in saturated
conditions). The gas is assumed to behave as an ideal
mixture of two species: dry air (noncondensable gas, ga)
and water vapor (condensable one, gw).

[32] At the macroscopic level the porous media material is
modeled as a deformable continuum in which constituent has
a reduced density according to its volume fraction. The
constituents are assumed to be isotropic, homogeneous,
chemically nonreacting and immiscible, with the exception
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Figure 10. Tide level in the channel compared with total head monitored by TP-C and TP-D in 7-day

interval.
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of the latter for dry air and vapor. At micro level, the porous
medium is constituted of incompressible solid and water
constituents. Several phenomena are taken into account
including water flow due to pressures gradients, heat con-
duction and convection, vapor diffusion and latent heat
transfer, as a result of the phase exchange of water inside
the pores.

[33] Fluids, solid and thermal fields are coupled; the fluids
are in contact with the solid. All the constituents are taken to
have the same temperature because the local thermal equi-
librium between solid, gas and liquid phases is assumed.

[34] The state of the medium is described by capillary
pressure p“(x, £), gas pressure p°(x, t), temperature 7(x, ?)
and displacements of the solid matrix u(x, f), where x is the
vector of the spatial coordinates and ¢ is the current time (for
a detailed discussion about the chosen primary variables,
see Sanavia et al. [2006]). In the partially saturated zones
water is separated from its vapor by a concave meniscus
(capillary water). Because of the curvature of this meniscus
the sorption equilibrium equation gives the relationship
among the capillary pressure p“(x, ) and the gas and water
pressure, p°(x, #) and p"(x, 1), respectively,

pe=p°=p" (7)

Water pressure is defined as compressive positive for the
fluids, while stress is defined as tension positive for the
solid phase.

[35] Moreover, as usual in multiphase materials theory, the
motion of the fluids is described in terms of motion relative to
the solid. This means that a fluid relative velocity with respect
to the solid v™* = v" — v, with m = g, w is introduced.

[36] The four balance equations of the model are summa-
rized in the following. The linear momentum balance equa-
tion of the mixture in terms of total Cauchy stress o(x, ?)
assumes the form

divo+pg=0 (8)

where p is the density of the mixture p=[1 — n]p’ + nS,,p" +
nSgp®, with n(x, ¢) the porosity and S,,(x, ) and S,(x, 7) the
water and gas degree of saturation, respectively (S,, +S; = 1);
g is the gravity acceleration vector.

[37] The total Cauchy stress is decomposed into the
effective and pressure (equilibrium) parts following the
principle of effective stress:

o=0 —|Sp* +Sup" |1 =0 — |pf—S.p°1 9)

This generalization of the Bishop stress [Nuth and Laloui,
2008] using saturation as weighting functions for the partial
pressures was introduced by Schrefler [1984] using volume
averaging for the bulk materials and is thermodynamically
consistent [Gray and Hassanizadeh, 1991; Gray and
Schrefler, 2001] (and recently also Borja [2004]). On the
contrary, Gray and Schrefler [2001] showed that the Bishop
parameters, area fraction, instead of saturations as weighting
factors [Bishop and Blight, 1963] are not thermodynamically
consistent without additional terms (see Schrefler [2002] as
well). This equation was also derived from continuum
thermodynamics by Hutter et al. [1999] using mixture theory
by Ehlers et al. [2004] within the framework of the theory of
porous media and by Coussy [2007] in case of isodeforma-
tion assumption and porous media with disconnected
networks using a Lagrangian saturation concept.
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[38] The decomposition of equation (9) permits a straight-
forward transition between saturated and partially saturated
conditions. Moreover, it enables to take into account the
direct change in the effective stress by any increase in
capillary pressure and enables a natural repercussion of
the hydraulic hysteresis observed in (S,, — p°) plane into
(p° — p') representation [Nuth and Laloui, 2008], where p’ is
the mean effective pressure.

[39] The mass conservation equation for the solid
skeleton, the water and the vapor is

» S, W ve 1. [Ou op”
nlp” — " 5 +[p Sw—pg”Sg}dlv(E) +nS, gi

MM, '
— div (pg M2 Dg”grad( >>

T W kkrw w W
—dw(p - [erad(p") — p g])

. or

a (M ) 7)) = B G =0 (10)
where k(x, t) = k(x, 1)1 is the intrinsic permeability tensor
[L%], K™(x, #) is the water relative permeability parameter,
and " (x, #) is the fluid viscosity (7 = w, g). D" (x, ) =
DZ" 1 means the effective diffusivity tensor of water
vapor in dry air and My(x, ) is the molar mass of gas
mixture. [,q(x, f) combines the solid-liquid cubic
thermal expansion coefficients (By.e = [1 — n]B,[Sep™" +
P"Su] + nB3up"S,).

[40] Similarly, the mass balance equation for the dry air is

2 Oy " Ou op%*
—np* —— +png <a)+nSg o

div(ngM

~ div (pg“ ferad () — pggl)

s, O =0 (i

where Dg“ (x, £) = D5” 1 is the effective diffusivity tensor of
dry air in water vapor. The quantities S,,(x, 1), S(x, 1),
K™ (x, 1), and K'%(x, ) are defined at the constitutive level, as
described in section 3. Both inflow and outflow in
equations (10) and (11) have been described using the Fick
law for the diffusion of the vapor in the gas phase and by
the Darcy law for the water and the gas flows.
[41] The energy balance equation of the mixture is

oT [ KE™

(0G0 | () + grad(p) + ] arad(7)

— div(x pgrad(T)) — pCs {

-grad(T) =

arad) ]|

—1iyap AHygp (12)
where (pC,). (x, ?) is the effective thermal capacity of
porous medium, C,; (x, 7) and C3 (x, t) are the specific heat
of water and gas mixture, respectively, and Xz (x, ) is the
effective thermal conductivity of the porous medium. The
right-hand side term 7,,,,, AH,,, considers the contribution
of the evaporation and condensation. This balance equation
takes into account the heat transfer through conduction and
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convection as well as latent heat transfer [see Gawin and
Schrefler, 1996; Lewis and Schrefler, 1998] and neglects the
terms related to the mechanical work induced by density
variations due to temperature changes of the phases and
induced by volume fraction changes. The interested reader
can find a new model including the effects of the air dissolved
in water in the work by Gawin and Sanavia [2008].

[42] The model of equations (8)—(12) recovers that of
Biot [1941] assuming water saturated material under
isothermal conditions. Moreover, using Biot’s phenomen-
ological approach, it is possible to derive the model of this
work extending the one of Biot by including nonisothermal
and partially saturated conditions [see Lewis and Schrefler,
1998, section 2.6].

[43] The initial conditions for the full fields of primary
state variables at the reference time ¢ = f, in the whole
domain (B) and on its boundary (9B) are defined as

pg:p.(g;’ pc:p87 T:T()a u = up, on, BUOB.

[44] The boundary conditions (BCs) are of Dirichlet’s
type on OB for t > tq:

p? =p° on 0By, p°=p°ondB,,
(13)

T:YA“onOBT7 u =1 on 0B,

or of Cauchy BCs type on OB for ¢ > f:
(pv& — p*v&") -n = ¢*“ on OB,
(P5VE + PV 4 pEvE) e = B (0™ — p&) + ¢*" + ¢" on OB,
— (,owvahmp — )\(,ffVT) n=0o.(T —Ts)+4¢" on OB1,
o-n=ton 0B},

(14)

where n(x, f) is the unit normal vector, pointing toward the
surrounding gas, ¢%(x.1), ¢2"(x.f), ¢"(x.f), and ¢’ (x,t) are
the imposed fluxes of dry air, vapor, liquid water, and the
imposed heat flux, respectively, and t(x, 7) is the imposed
traction vector related to the total Cauchy stress tensor
o(x,0); p5 (x,t) and T, (x,f) are the mass concentration of
water vapor and the temperature in the far field of
undisturbed gas phase, while a.(x,f) and [.(x,f) are
convective heat and mass exchange coefficients.

[45] As pointed out in section 3, the mechanical behavior
of the solid skeleton is assumed to be linear elastic. For the
interested reader, the elastoplastic formulation is developed

Bidimensional scheme of marsh used in numerical analysis.

by Sanavia et al. [2006] within the classical elastoplasticity
theory for geometrically linear problems, where the return
mapping and the consistent tangent operator is derived for the
Drucker-Prager model in isothermal conditions for isotropic
linear hardening/softening and volumetric-deviatoric non-
associative plasticity (the formulation for geometrically
nonlinear problems is developed in the work of Sanavia et
al. [2002]). Moreover, a nonisothermal elastoplastic model is
proposed by Sanavia et al. [2008], following the work by
Laloui and Cekerevac [2003] and Laloui et al. [2005].

[46] In the finite element formulation, the balance equa-
tions (8), (10)—(12) are discretized in space and time by using
the finite element method for coupled problems, as described,
e.g., by Lewis and Schrefler [1998] or Zienkiewicz et al.
[1999].

[47] In particular, after spatial discretization by applying
the Galerkin procedure within the isoparametric formulation,
a nonsymmetric, nonlinear and coupled system of semi-
discretized equation is obtained. After time integration by
the generalized trapezoidal method, the nonlinear system of
algebraic equation is linearized, thus obtaining the linear
equations system that can be solved numerically.

[48] Details concerning the matrices and the residuum
vectors of the linearized equations system can be found in
the work of Sanavia et al. [2006]. Owing to the strong
coupling between the mechanical and the pore fluid
problem, a monolithic solution is preferred using a Newton
scheme [Bianco et al., 2003].

[49] The Galerkin procedure has been selected for the
numerical solution of the governing equations even in pres-
ence of convective terms in the energy balance equation of the
mixture (12) to solve slow phenomena, in which the convec-
tive terms remain small as compared to the diffusion term [see,
e.g., Zienkiewicz and Taylor, 2000a, section 3.12.3] for the
case of convective-diffusion equations). This is also
confirmed by the computed Peclet number [see, e.g.,
Zienkiewicz and Taylor, 2000b, section 2.2], which is
proportional to the ratio between the convective velocity
and the diffusion term, thus turning out very small for the
cases analyzed here.

6. Domain Geometry, Initial and Boundary
Conditions of the Marsh

[s0] The Saint Felice marsh is a relatively narrow penin-
sula, laterally confined by two streams. Taking into account
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its relevant geometrical ratios and the symmetry of problem,
the Saint Felice marsh was modeled as a two-dimensional
domain, as shown in Figure 11.

[s1] The spatial domain is discretized with eight-node
Serendipity finite elements of equal size for the solid
displacements, temperature, gas pressure and capillary pres-
sure. Full numerical integration is selected. This element
violates the LBB condition (or the equivalent patch test for
mixed formulations [Zienkiewicz and Taylor, 2000a]), but
convergence, consistency, and stability of the numerical
solution are guaranteed because the undrained limit state
due to very small permeability is never approached [see,
e.g., Lewis and Schrefler, 1998]. Moreover, the numerical
solution is accurate, in the sense that the phenomenon
analyzed in this work is essentially a consolidation problem
that can be solved exactly, according to our experience,
using this type of element for both mean effective stress and
water pressure.

[52] The soil forming the marsh is assumed to be an
homogeneous, isotropic material, characterized by specific
gravity of soil particles equal to 2.7 and by porosity of 44%.

[53] To investigate the influence of soil stiffness on the
coupled behavior, two reasonable soil skeleton stiffness
were selected for the analyses, namely, £ = 1.2 MPa and
E = 12 MPa, which are typical values in loading and
unloading condition. Moreover, to evaluate the effect of a
further increase of soil stiffness, an elastic modulus E =
120 MPa (i.e., very rigid soil skeleton compared to the
induced stress levels) was also used.

[s4] The effect of water conductivity was analyzed assum-
ing two values of k., representing the lower and upper
limit of the experimental data range, i.e., ky st = 1076 m/s
and kg gt = 1078 m/s. Other relevant parameters have been
selected according to the constitutive equations described in
section 3.

[s5] The numerical model requires the initial distribution
of stresses, capillary and gas pressures and temperature in
equilibrium with the thermohydraulic boundary conditions.
These initial distributions were obtained by performing a
preanalysis with uniform gas pressure (equal to the atmo-
spheric pressure) and with water pressure according to a
horizontal water table at 0.42 m below MGL and taking into
account the gravity forces.

[s6] In order to evaluate the effect of stiffness and water
conductivity on the overall marsh behavior, a first group of
numerical tests were carried out applying a sinusoidal
forcing cycle, composed of two semidaily £0.42 m ampli-
tude oscillations, thus reproducing a lagoon tide not sub-
merging the marsh.

[57] A second group of tests was then performed to
investigate the influence of marsh flooding, by increasing
the amplitude of the forcing tide up to £0.57 m.

[s8] Third, in order to investigate the behavior over a
longer period, in which a typical full inundation is followed
by some days of nonsubmersion, additional numerical
analyses have been performed. These have run over a whole
of 96 h (4 days) composed by first 24 h of inundating
tidal cycles and 72 subsequent hours of nonsubmerging
cycles.

[s9] Finally, to evaluate the possible influence of evapo-
transpiration, an additional analysis was performed by
imposing a relative humidity of 75% to the undisturbed
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gas phase in contact with the mash surface; this value is
kept constant throughout the simulation over 96 h.

[e0] Table 1 summarizes the range of variation of
parameters and/or relevant boundary conditions.

[61] It is important to point out that the numerical
simulations carried out so far use as forcing action a simple
sinusoidal tide, which is different from the measured water
table excursion depicted in Figures 9 and 10. This choice is
particularly aimed, in this context, at analyzing separately
the various couplings of several factors such as soil stiff-
ness, water conductivity, capillary suction, humidity ex-
change with atmosphere including also the occurrence of
marsh flooding, on the overall mechanical response of the
marsh, discussing the role of experimentally measured soil
parameters and of the relevant boundary conditions. For a
simulation of the measured water table excursion, now
possible on the basis of the performed model calibration,
other important factors such as air temperature and rainfall
require additional experimental measurements to be included
into a fully coupled analysis, that has been already planned as
future development of the research.

7. Numerical Results: Water Pressure and
Saturation Oscillations

7.1. Influence of Water Conductivity and Soil
Stiffness

[62] In order to investigate the influence of relative
water conductivity and to calibrate overall marsh response
to groundwater seepage, two first numerical analyses were
carried out with ky ga = 10~° m/s and ke sat = 10~® m/s and
an unique value of soil stiffness, namely, £ = 12 MPa.

[63] Figure 12 sketches the evolution of water pressure
(expressed in terms of total head) and saturation degree at
two significant points (A and B), located at the same
depth of 0.42 m below MGL and at increasing distance
of x = 1.0 m and x = 3.0 m from the marsh outer border.
Figure 13 displays the results obtained in the analyses at
constant conductivity (kygsat = 10°° m/s) but variable soil
stiffness (£ = 1.2, 12 and 120 MPa), again evaluated at
points A and B.

[64] From these results some interesting observations can
be drawn:

[6s] 1. With higher water conductivity, the steadily
symmetrical water pressure oscillation in the ground shows
relevant damping and delay with respect to the external
forcing cycle. On the contrary, with smaller conductivity,
the marsh appears to behave as impermeable, being the
free water surface already stable at both points A and B,
irrespective of the distance from marsh border. In this case
the marsh remains, at that depth, fully saturated throughout
the tidal cycle.

[66] 2. The oscillation amplitude calculated at point B in
the case of higher conductivity seems to properly approach
the field measurements depicted in Figure 9. This result
appears to support the hypothesis that higher conductivity
characterizes the marsh soil at larger scale, even though
smaller values were measured in laboratory. These appar-
ently conflicting aspects may be justified considering that
the natural Venetian sediments are highly interstratified
with the presence of thin sand or silty sand laminations,
effecting an overall increase of permeability in horizontal
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Table 1. Relevant Soil Properties and Boundary Conditions

COLA ET AL.: COUPLED THM ANALYSIS OF VENICE LAGOON

Soil Parameter or Selected
Boundary Condition Values Comment
Soil elastic stiffness (MPa) 1.2 Loading stiffness
12 Unloading stiffness
120 Almost rigid
Water conductivity in 10°¢ Maximum
saturated condition (m/s)
1078 Minimum
Tidal oscillation (m) +0.42 Marsh not submerged
+0.57 Marsh flooded
Duration of simulation (h) 24 Not submerged
96 24 h flooding tidal cycles
followed by 72 h of
nonsubmerging cycles
Humidity exchange Yes/No 24 h flooding tidal cycles

with atmosphere followed by 72 h of

nonsubmerging cycles

WO00C05

direction [Cola and Simonini, 2002]. On the basis of such
considerations, Ay, sat = 10~ m/s is assumed, in this context,
to govern the seepage flow in all the following numerical
analyses.

[67] 3. The two extreme values of stiffness measured in
laboratory, i.e., £ = 1.2 MPa and E = 12.0 MPa, provide
significant differences in groundwater and saturation
regime, at both points A and B. In addition, it is interesting
to note that any further stiffness increase (£ = 120 MPa)
does not produce any appreciable variation in the total head
oscillation. Comparing the numerical simulations with site
groundwater measurements, it is possible to point out that
the real soil stiffness may probably lie in the range between
the two values assumed here, thus confirming the
effectiveness of the selected elastic moduli.

[68] 4. The Sy, oscillation follows the water pressure
response. With ky ¢ = 10~° m/s, the vadose zone expands
in accordance with the negative water fluctuation, reaching
the smallest value of 0.95 at the ground surface. During

—20m g 80m No flooding tide
042m? : . Uﬂvﬁ No humidity exchange
Soil stiffness
E =12 MPa

20 —
B Mean Ground Level

Total head above M.G.L. (cm)

- Point A
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-100
s _
o A
= .
- 099
=) L
E L
» _
—— Channel —— Kkysat=10® m/s
.97 ——— e e : = e e
0 3 6 9 12 15 18 21 24 0 3 6 9 12 15 18 21 24
Time (hour) Time (hour)

Figure 12. Total head and water saturation degree calculated in the analyses with different saturated

water conductivity.
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Figure 13. Total head and water saturation degree calculated in the analyses with different soil stiffness.

positive oscillations of channel water level, the marsh
reaches full saturation also close to the ground surface.

7.2. Response Under Flooding

[69] Figure 14 shows the oscillation of groundwater
table and saturation degree at points A and B in the case
of marsh inundation, for both relevant stiffness £=1.2 MPa
and £ = 12.0 MPa. In these analyses, no humidity exchange
with the atmosphere is allowed to take place.

[70] Marsh inundation is marked by a sudden increase
of water pressure at both points A and B, due to water
infiltration from above which completely saturates the soil.
The positive peak of the forcing cycle and related ground-
water pressure are almost coincident in the case of higher
stiffness, independently form the distance from the marsh
border. On the contrary, a more deformable soil skeleton
reduces the influence of submerging tide, thus giving a
minor increase of water pressure in the ground.

[71] The associated oscillations of S, even though
varying within a small range, are characterized by similar

response, with the soil deformability acting as significant
damping factor.

[72] After the peak, the groundwater pressure decay is
marked by a completely different trend with respect to the
case of increasing tide. In other words, under flooding tide,
seepage from above recharges the ground, whereas, under
descending tide the free water table in the marsh decreases
at much slower rate. The permanence of a shallower water
table is, again, strongly dependent on marsh ground
deformability, which narrows the range of water pressure
decay.

[73] Figure 15 depicts the trends of p™ and S, over a
longer period, in which a typical marsh inundation is
followed by some days of nonsubmersion. The evolution of
free water table along with the days after flooding displays,
in absence of humidity exchange with atmosphere, a
relevant rate of drainage and water outflow toward the
channel, as effectively measured in the field. The dischar-
ging trend is clearly appreciable at point B, where, in the
case of higher deformability, the groundwater oscillation
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Figure 14. Total head and water saturation degree calculated in the analyses with marsh flooding.

almost vanishes. This is, of course, due to the more effective
horizontal water outflow toward the nearby channel, which
drains the groundwater from the inner zone of the marsh
toward a steadily oscillating long-term condition (see
Figure 12). Saturation degree at points A and B oscillates
slightly in accordance to water table excursion.

[74] Keeping in mind the necessary simplifications used
in modeling such a complex marsh soil behavior as far as
the relevant boundary conditions, the results of these
numerical analyses seem to match the basic features of
the real groundwater oscillations, for the typical situation of
flooding followed by some tidal cycles oscillating below
the marsh surface.

7.3. Humidity Exchange With Atmosphere

[75] The above discussed situation rapidly changes when
evapotranspiration is added as boundary condition to the
marsh surface. Its effect can be clearly appreciated in
Figure 16, at both points A and B. After flooding, the
emptying of the marsh affected by the horizontal outflow
toward the channel is dramatically increased by the evapo-

transpiration toward the atmosphere, leading to a water
table below the assumed mean water level after 96 h. As
far as the groundwater table deepens, the unsaturated zone
rapidly increases, reaching also point B at larger distance
form marsh border.

[76] The calculated water table excursion does not
apparently seem in accordance with that observed on site,
where the gradual decrease of groundwater pressure does
not overcome the minimum tide oscillation. However, it
must be noticed that the data shown in Figures 9 and 10
are referred to a seasonal period (i.e., early spring) in
which a relatively high aerial humidity, coupled with a low
Sun irradiation, features the Venice lagoon climate. For
these reasons it seems that the water pressure evolution
calculated in absence of significant evapotranspiration
describes more properly the measured trends.

[77] However, based on suitable calibration of humidity
exchange boundary condition along with the seasons of the
year, the model could be used to predict water pressure and
saturation degree in any period. For example, in the test
here examined, the vertical water flow predicted by the
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Figure 15. Total head and water saturation degree calculated along a 4-day period.

numerical model across the marsh surface turns out equal to
about 4 mm/d, which may be a value characterizing an
intense summer evapotranspiration on the salt marsh [Dacey
and Howes, 1984].

8. Numerical Results: Stress Field

[78] It is important to analyze, in this context, the coupled
response of the soil skeleton subjected to the groundwater
and saturation oscillations discussed in section 7. This
analysis may help in understanding the evolution of the
stability of marsh scarp which tends, at long term, to collapse
into the channel and then to be eroded by the stream. Marsh
surface of the Venice lagoon has been consistently reduced in
the last century leading to the execution of some interven-
tions to protect the typical lagoon environment against
dramatic erosion processes.

[79] To interpret stress state evolution under the forcing
cycle, it is convenient to represent the induced stress field in

terms of octahedral stresses, that is, the mean effective
stress o', = —1/3(0”:1) and the octahedral shear stress 7., =

1/31/5(0’ : 1) — 3(o’T : 0’), because these scalar quantities
(or similar) are invariants with respect to the reference
system and, therefore, typically used to describe yield
criteria for frictional materials.

[so] For the case of 96 h simulation with no humidity
exchange, Figure 17 shows the trend of ¢’ and 7,
(together with their ratio 7,./0’,) at two relevant points C
and D, the first one located in the middle of the marsh scarp
and the second at its base. Figure 17 (right) displays the
mean effective stress oscillations against those of shear
stress for the full period of simulation.

[s1] The mean effective stress oscillates at both point C
and D, being the major excursion at point C, whereas at point
D no significant variation is observed. In addition, it may
occur that o’ ,, becomes occasionally negative at point C. On
the contrary, higher shear stress oscillations are concentrated
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Figure 16. Effects of humidity exchange with atmosphere along a 4-day period.

at the base of the marsh scarp, where ¢’y is not particularly
influenced by the variation of groundwater pressure.

[s2] To guarantee the stability of the typical marsh slope
(approaching the verticality) a cohesive strength component
is, of course, required. It must be kept in mind that in Venice
lagoon silts, whose major contribution to shear strength is
due to friction, a weak cohesion may be ascribed to several
different coexisting factors, such as capillary pressure in
aerated zone, plant roots, very small cementation or diage-
netic effects, which can easily vanish.

[83] Accumulation of shear and volumetric deformation
induced by cyclic oscillation of shear and mean effective
stresses may contribute to the decrease of cohesion, leading
to a progressive failure that could propagate from the bottom
of the scarp up to the tension crack observed in the shallower
part of the marsh. Of course, to model this phenomenon it is

necessary an elastoplastic analysis, that is planned as future
research.

9. Conclusions

[s4] A coupled THM analysis of Venice lagoon salt
marshes has been studied by using a multiphase finite
element approach, whose constitutive parameters have
been selected on the basis of careful site and laboratory
investigation.

[s5] From the analyses carried out so far, the difficulty
in modeling such a complex time-dependent boundary
value problem was immediately evident, conditioned by
many factors, among others the narrow amplitude of tidal
oscillation, the very low effective stresses, the extremely
small hydraulic gradients and effect of partial soil satu-
ration. Nevertheless, the numerical approach adopted here
seems capable of describing most of the relevant features
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Figure 17. Stresses evolution near the marsh border during a 4-day-long period.

observed on site, thus showing the great importance of
thermohydromechanical couplings to explain the ground-
water pressure evolution induced by lagoon tide cycles.

[s6] Despite the simplifications used in modeling the soil
behavior, the results of the coupled numerical analyses
seem to provide some interesting explanations concerning
the evolving instability of marsh scarps, which is one of the
main causes of the rapid overall deterioration of the typical
Venice lagoon landscape.
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