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Abstract: The Geoenvironmental Engineering
Group of the University of Castilla-La Mancha,
Spain, is developing a computational tool, M4B,
for describing the influence of environmental
loads on the deformational behavior of soils and
its interaction with building foundations. This
tool comprises a set of algorithmic files in text
format which can be implemented in Comsol
Multiphysics® by using the Multiphysics node.
There are two different kind of files: databases
and function files. Databases include an
extensive relation of reaction rates and
thermodynamic parameters for the prediction of
dissolution and precipitation of mineral phases.
Function files include hydraulic and mechanical
constitutive models, with some innovative
numerical strategies for the prediction of stress-
strain behavior under elastic-plastic paths. To
illustrate the M4B scope, the simulation of an
excavation (considering short and long term
behavior under a changing hydro-thermal-
mechanical and chemical environment) is shown
in this work.

Keywords: Soil-structure interaction, coupled
geomechanics problems.

1. Introduction

The prediction of soil behaviour and its
interaction with building structures should deal,
in some circumstances, with complex physical
and chemical coupled processes, such as
dissecation due to evaporation, volume changes
related to suction variations, dissolution or
precipitation of mineral phases, or changes in the
chemical activity. Some of these issues can be
solved with computer programs that are available
for the modelling of coupled multiphysics
problems. The main problem related with some
of these programs is the limited accessibility to
the equations for the user. In some other cases,
such as with “in house” developed software, the
modification or introduction of new equations

can become a very difficult issue due to the long
time needed for their development, instead of
their versatility.

The use of a multiphysics solver such as
Comsol Multiphysics (CM) facilitates the
development of numerical models involving
several processes due to its great flexibility in the
implementation of equations formulated by the
user. The performance of this computer program
can be greatly extended by the user through the
definition of the equations needed for the
solution of an specific problem. This paper
describes the equations included in M4B, a tool
containing a series of algorithmic files with the
definition of the equations for the solving of
complex geotechnical problems involving
multiphysics couplings and running under CM
environment. Furthermore, an example problem
is presented where M4B is used.

2. Equations contained in M4B databases
2.1 Hydraulic Equations

The water content condition is characterized
by solving the water mass balance equation:

A"

D,
(1] ;;" +m"V-v, +V-(p"q")=0
t

where vy is the velocity of the solid skeleton, and
m", p" y ¢V are the mass of water per unit
volume, the density, and the water flux,
respectively. D/D, is the material time derivative.
The mass of water is defined as[2:

21 m“=nS p) +nS,p

being n the porosity, and p " and pg" the
densities of water in liquid and gaseous phase,
respectively. Sy is the liquid degree of saturation,
and Sg is the gas one, being Sg =1- S.. SL is
obtained as function of matric suction by a
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retention curve, that must be obtained
experimentally for each type of material. Brooks
and Corey [1] or van Genuchten [2] models are
included in M4B.

The mass water flux is defined as:

[3]
0"q" =

w KLkr\z/ w
-p; T(VPL +pgVz)-n tD,V- p.

L

where the first term in right hand side describes
the advective flux of water, obtained by Darcy’s
law. Ky, t4, P. y p_ are intrinsic permeability,
dynamic viscosity, liquid pressure and average
density of the phase, respectively. k. is the
relative permeability, and V, is the gradient
related to the vertical coordinate, z. The second
term describes de dispersive flux of water
vapour. This flux is defined by Fick’s law, Dy
being the efective coeficient of molecular
diffusion in a porous medium, a function of
temperature, gas pressure, tortuosity and degree
of saturation. The density of water vapour is
obtained as:

4 =
(4] o RT

being Wy the molecular weight of water, R is the
universal constant for ideal gases, T is the
temperature and P, is the vapour pressure. It can
be obtained as [3]:

51 P, =HP/

H being the relative vapour pressure, and P the
equilibrium vapour pressure with free water,
which is exclusively dependent on temperature.
The relative vapour pressure is obtained from:

6] H =exp[ Wy s }
P.RT

where s is the matric suction, defined as the
difference between liquid and gas pressure
(s=P.-Pg). If gas pressure is considered as

constant, suction changes are only related to
liquid pressure variations.

2.2 Thermal Equations

The temperature field is solved by the energy
conservation equation:

(7] 9 [E]+V(,)=r?
ot

E being the internal energy of the material, I the
heat flux, f € the source/sink term. The internal
energy of the porous media is the sum of the
internal energies of each phase, solid Es, liquid
E; and gas Eg:

81 E=E;+E +E,

91  Eg=cops(1-n)T

[10] E, =c)p/S,nT

(111 E, =c}piS,nT +1plS,n

where ¢/ is the specific heat of the component j
in phase i and [ is the latent heat of
evaporation/condensation. The heat flux is

composed of the fluxes of the different phases,
plus an advective component:

(2] I =i .+ +1, +1,

The conduction heat flux is governed by
Fourier’s Law:
(13] i, =-AT)VT
being A the thermal conductivity. In a
multiphysics medium, this value can be obtained

as an averaged contribution of the different
phases as:

_ q-nS;n (l*SL)n
(141 A=A A
The following equations are used to define

the advective components of heat flux related to
soil, liquid and gas movement:

(7] Iy =Ep (l_”)"Av
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[16] 1,=q)E, +E,v,
[171 1,=q)E,+E,v,
2.3 Chemical Equations

The following equations define the mass
balance of each chemical species:

M+Vji =nS, (R, +R")
ot
[18]
amMIN,i _ V.p 4 RMN
FY My iV - Vs ;

where C; is the concentration of the species,
myn; the amount of precipitated material, R; y
RM™ are the net production rates of chemical
species i as a consequence of chemical reactions
and sorption or  precipitation/dissolution
processes, respectively. The resolution of these
equations implies a high computational effort
due to the different rates between the fluxes and
reaction rates involved. For this reason, and with
the aim of reducing the number of equations
involved, the equations were rewritten in terms
of conserved quantities, following a similar
procedure as used by Jacobs and Probstein [4].
This approach results in equations where
reaction rate components are neglected,
excluding those for the calculation of adsorption
or precipitation processes. The total amount of a
conserved quantity is obtained from:

N
81 T,=Yelc+c)  k=1..M

i=1
where Tx defines the total amount of each
conserved substance, ¢ states the contribution
of each species i to the conserved substance K, N
is the number of species and M is the number of
conserved substances considered. Combining
Egs. 18 and 19 the following equation remains:

[20]
N a
3 a,.,{(a"SL(g;Jrcih Vj, = nSLR,.J =0
i=1
k=1..M

And since the total mass of each substance is
preserved, we would have:

(21] Zaika =0

The following equation for each conserved
substance quantity is obtained:

N
[22] a”gLTuzaika; =0 k=l..M
¢ =1

The equations for the species shown in table
1 were included in M4B.

Table 1: Primary and Secondary species considered in
M4B databases

CONSERVED | H*, CO;*, SO,*, Ca**, Mg™*,
SUBSTANCES | Na*, K*, CI

HCOj;', OH’, H,CO,;, HSO,,
HzSO4, CaHCO3+, CaCO3,
CaHSO,*, CaSO,4, CaOH",
MgHCO;", MgCO3, MgSO,,
MgOH", NaHCOj3, NaCOs5,
NaSO,’, NaOH, KOH, H",
CO5%, SO,7, Ca™, Mg™,
Na*, K*, CI’

SPECIES

The concentration of the different species are
calculated from equilibrium constants. If the
principle of electroneutrality is taken into
account, one of the conservation equations can
be eliminated:

N
231 > zC =0
i=1

The molar flux of species per unit area, is
given by the contribution of an advective and a
diffusive component, as shown in the following
expression:

241 j,=¢"C -nS,DVC,
2.4 Mechanical Equations

Mechanical behavior modeling is based on
the resolution of the equilibrium equation, which
can be expressed as:

91 Vo,5+08Vz=0
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This equation is implemented in the basic
module of CM with a series of mechanical
elementary  constitutive models, and its
resolution gives the field of displacements,
which are the variables to be determined during
the calculation process, as well as the stress and
strain fields.

For the definition of the mechanical
constitutive behaviour, the following constitutive
stresses, ©; are proposed:

[26] 6 =05 —Fm

being m the vector expression of the Kronecker
delta and P, the pore pressure, which adopts the
maximum value among the liquid and the gas
pressure:

(271 P,

=max(P;,P.)

By this definition, the constitutive stress has
the meaning of the effective stress if a full
saturation is developed, and of the net stress in
case of a partially saturated medium. In the
generalized formulation adopted in M4B the
variation of the constitutive stresses is obtained
from the following expression:

(28] do=D"(de—de® —de —de - de”)

being dethe incremental strain, D the elastic
matrix associated to mechanical loading, and the
rest of the terms of the equation are the
components of strain not associated with the
mechanical strain: strain variations due to
suction dé€, precipitation or dissolution of
minerals dé, volumetric changes of the
microstructure d€", and plastic deformations de.

The rate of plastic and microstructure strains
depends on the constitutive model adopted. M4B
includes some basic constitutive mechanical
models defined through state surfaces.
Furthermore, some more complex mechanical
elastic-plastic constitutive models for soils,
including critical state models, and others that
take into account microstructure changes, are
also available and were implemented in CM for
the modeling of some complex coupled problems
involving multiphysics interactions (see [5-7],
for example).

The elastic strain component related to
suction is given by the following expression:

K

2 d
(s+p,,)"

[29] das —

where &g is the soil stiffness to suction changes.
The increase in deformation component
associated with mineral precipitation or
dissolution can be defined through the following
expression, modified form Oldecop and Alonso

[8]:

7,
[10] dey = “~W.R™
i P

where W; is the molecular weight of the
precipitated mineral and % is a coefficient
measuring the bulking effect induced by crystal
growth in the rock mass. Dissolution or
precipitation rate for each mineral is given by the
following expression, modified from Lasaga [9]:

4
AR,
Ki

1

MIN

1] R"™=—0ki
[11] W f

where IAP; and K; are the ionic activity product
and the solubility product for each mineral
reaction, respectively. The mineral phases
considered, and their respective solubility
products were obtained from databases shown in
[10] and [11]. @ and n are constant parameters,
o. is the specific surface of the precipitated
mineral, k is a constant rate that controls the
dissolution/precipitation rate, ¢ is the volumetric
fraction of each mineral, and & is the sign for
dissolution/precipitation. Finally, the definition
of the variation of the total porosity, n, as a result
of the precipitation or dissolution of minerals,
can be expressed as:

[12]

FARINOENED W

i
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3. Implementation of M4B in COMSOL
Multiphysics®

The equations for the definition of the
hydraulic, thermal and chemical model are
introduced in CM as PDE, general form,
equations. The variables needed for the complete
definition are compiled in a series of text files,
which can be activated or deactivated depending
on the study problem.

The mechanical behavior is formulated with
the aid of the structural mechanics module
available in CM. Nevertheless, because CM does
not allow the introduction of implicit expressions
between state functions, needed for the definition
of some elastic-plastic constitutive models, some
auxiliary equations are necessary to define
changes in the stress state, the void ratio and the
plastic variables used in the constitutive model.
These equations are solved as ordinary
differential equations (ODEs), through the
temporary integration of variables with respect to
incremental displacements, and simultaneously
with the rest of equations [12].  For the
modeling of the structural elements of the
foundation, beam elements, available in the
"Structural Mechanics Module" of CM, are used.
This approach reduces significatively the
computational cost and allows to easily obtain
the internal forces of the structural elements. All
these equations are fully coupled solved using
CM capabilites.

4. Modelling of an excavation process

To show the scope of M4B for CM, the
analysis of an excavation process and the
subsequent change in the chemical environment
due to the breaking of a pipe is shown for a
clayey soil with low permeability and high
concentration of sulfate in groundwater.

For predicting these processes in a particular
emplacement, the equations described above
were used. In the study case analyzed, an
excavation of 10 m was considered. The
geometry and mesh are show in figure 1. The
detailed area shows the location of the pipe, with
1 m diameter, which goes underneath the
excavation. The ground filling the trench of the
pipe was assumed to be the same as the
surrounding terrain, and completely

consolidated. Geomechanical and hydraulic
parameters are shown in table 2.

o 10 20 30 40 50 60 70 80
Figure 1. Domain geometry and mesh.

The model was performed through
successive study steps. In the first step, a
geostatic condition was achieved, where the
stresses and pore pressures were obtained prior
to excavation. The hydraulic boundary
conditions imposed an initial water flux from
right to left.

In the second study step, the excavation
process was simulated. The pore pressure and
stress distribution obtained in the first study step
were used as the initial values of this study step,
although the initial displacements were set to
zero. The excavation was simulated by
progressively reducing the gravitational forces,
the elastic modulus and the permeability of the
excavated volume. The excavation process
produced a reduction in the pore pressure, as a
consequence of the reduction of the total stresses
due to the excavation, which changes the water
flux in the system. This is shown in figure 2,
where the vectors show the water flux in the
system, pointing mainly to the bottom of the
excavation. Pore pressure variations take place in
an inverse consolidation process with a velocity
that will depend on the permeability of the soil
and the hydraulic boundary conditions. This
process results in a heave at the bottom of the
excavation, as shown in figure 3.

In the third study step, the structural elements
(slab and walls) were built, and a change in the
chemistry of the system was produced due to the
fracture in the pipe beneath the excavation
bottom. The water inside the pipe was assumed
to be at the same pressure as the surrounding
groundwater, and clear, with a low sulphate
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concentration. This process was evaluated along

25 years time.

Table 2: Parameters used in the analysis

Parameter Value

P, , soil density 2650 kgm™
ks, bulk' modulus related -0.02 MPa"
to suction changes

v, coefficient related to 1

crystal growth pressure

Elastic modulus 17 MPa
Poisson coefficient 0.3

Initial porosity, n 0.4

Intrinsic permeability, K;,

1.00 x 10" m?

Initial gypsum content 20 %

Initial sulphate 0.002 mol 1"
concentration

Initial calcllum 0014 mol 1"
concentration

ko 3.4x10™ kgms™

Time=8.64e6 s Surface: Contour: pl>patm Arrow Surface:

i I
55 60 ¥ 232

Figure 2. Water fluxes at the end of the excavation
process (arrows). Contours show piezometric level
values. Yellow dots show the place for displacement

evaluation.
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Figure 3. Heave produced during excavation study
step at points 1, 2 and 3 (shown in figure 2). Heave at
point 1 and 3 are overlapped.

The change on water chemistry, which was
previously in  equilibrium, produced a
disturbance by undersaturation on the calcium
sulphate around the pipe, triggering the
dissolution of gypsum. This process resulted in a
porosity increase (Fig. 4), and the development
of settlement displacements (Figs. 5 and 6) due
to changes in the resulting volumetric strains.

Time=7.884e8 s Surface: (1)

A 046
0.44
0.42
0.4
0.38
0.36
@ 0.34
0.32
03
0.28
30 35 40 a5 50 v 027

Figure 4. Porosity at the end of the of the third study
step.

The resulting strains produced a modification
in the internal forces of the beam elements
considered in the model over time, as shown in
figure 7.

Time=7.884e8 s Surface: Displacement field, Y component (m)
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Figure 5. Displacement field at the end of the third
study step.

Excerpt from the Proceedings of the 2016 COMSOL Conference in Munich



Point Graph: Displacement field, Y component (cm)
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Figure 6. Settlement produced during the third study
step at points 1, 2 and 3 (shown in figure 2).

—

N

N\

)

BOBENONBERED

T
1=

12t

5 20 25
Arc length

Figure 7. Evolution of the bending moments (kNm)
obtained as a consequence of the gypsum dissolution
beneath the excavation bottom.

5. Discussion and Conclussions

In the example analyzed, the excavation
process introduced major changes to the initial
state of the ground. On one hand, the terrain
deconfinement caused a negative consolidation
process, where the reduction of the gravitational
forces occurred simultaneously to a decrease in
the fluid pressure, and the development of heave
displacements along a time subjected to
permeability and the hydraulic boundary
conditions. On the other hand, the dissolution of
gypsum induced an increase on the porosity, and
volumetric changes leading to settlement
displacements. The model allows to determinate
if damage is expected to occur in the structural
elements due to the deformation history related
to these processes.

This example shows that M4B for CM
provides of several resources for the complete
analysis of the coupled thermo-hydraulic-
chemical-mechanical THCM behavior of soils
and their interaction with building structures
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