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FOREWORD

The Cementitious Barriers Partnership (CBP)
Project is a multi-disciplinary, multi-institutional
collaboration supported by the United States
Department of Energy (US DOE) Office of Waste
Processing. The objective of the CBP project is to
develop a set of tools to improve understanding and
prediction of the long-term structural, hydraulic, and
chemical performance of cementitious barriers used
in nuclear applications.

A multi-disciplinary partnership of federal, academic,
private sector, and international expertise has been
formed to accomplish the project objective. In
addition to the US DOE, the CBP partners are the
United States Nuclear Regulatory Commission
(NRC), the National Institute of Standards and
Technology (NIST), the Savannah River National
Laboratory (SRNL), Vanderbilt University (VU) /
Consortium for Risk Evaluation with Stakeholder
Participation (CRESP), Energy Research Center of
the Netherlands (ECN), and SIMCO Technologies,
Inc.

The periods of cementitious performance being
evaluated are >100 years for operating facilities
and > 1000 years for waste management. The set
of simulation tools and data developed under this
project will be used to evaluate and predict the
behavior of cementitious barriers used in near-
surface engineered waste disposal systems, e.g.,
waste forms, containment structures, entombments,
and environmental remediation, including
decontamination and decommissioning (D&D)

activities. The simulation tools also will support
analysis of structural concrete components of
nuclear facilities (spent-fuel pools, dry spent-fuel
storage units, and recycling facilities such as fuel
fabrication, separations processes). Simulation
parameters will be obtained from prior literature

and will be experimentally measured under this
project, as necessary, to demonstrate application of
the simulation tools for three prototype applications
(waste form in concrete vault, high-level waste tank
grouting, and spent-fuel pool). Test methods and data
needs to support use of the simulation tools for future
applications will be defined.

The CBP project is a five-year effort focused on
reducing the uncertainties of current methodologies
for assessing cementitious barrier performance and
increasing the consistency and transparency of the
assessment process. The results of this project will
enable improved risk-informed, performance-based
decision-making and support several of the strategic
initiatives in the DOE Office of Environmental
Management Engineering & Technology Roadmap.
Those strategic initiatives include 1) enhanced

tank closure processes; 2) enhanced stabilization
technologies; 3) advanced predictive capabilities;

4) enhanced remediation methods; 5) adapted
technologies for site-specific and complex-wide D&D
applications; 6) improved SNF storage, stabilization
and disposal preparation; 7) enhanced storage,
monitoring and stabilization systems; and 8) enhanced
long-term performance evaluation and monitoring.

Christine A. Langton, PhD.
Savannah River National Laboratory

David S. Kosson, PhD.
Vanderbilt University/ CRESP
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ABSTRACT

This chapter reviews approaches used to model coupling between different degradation mechanisms affecting
concrete structures. Two main categories of models were identified: reactive transport modeling and thermo-
hydro-mechanical models.

Reactive transport models are concerned with the transport of chemical species in porous materials and the
multiple interactions they can have with the solid matrix. These models couple transport equations with
complex chemical models. They ignore the mechanical aspects of deleterious chemical reactions such as crack
formation upon sulfate attack.

On the other hand, there are models that couple fluid transport with thermal and mechanical equations, called
thermo-hydro-mechanical (THM) models. These models can be used to simulate crack formation caused

by drying shrinkage or heat release during the hydration of cement. However, classic THM models do not
incorporate the transport of species in the fluid phases and the chemical exchange with the solid minerals.

Reactive transport models incorporating mechanical considerations, or THM models dealing with detailed
transport and chemistry relationships, are nearly non-existent. Given the mechanisms and time scales involved
in nuclear waste storage problems, models incorporating detailed reactive transport with a THM framework
could be used to provide a global durability assessment for those structures.

1.0 INTRODUCTION many different phenomena ranging from chemical
interactions to crack formation. Concrete durability

Modeling the behavior of concrete structures analyses over short durations (e.g., <100 years)

over very long time periods in order to assess the usually focus on specific problems that can studied

durability of nuclear waste storage structures involves  with a limited set of parameters. However, the
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durability of nuclear storage structures is a problem
that extends over thousands (up to 10,000) of years.
Many problems that are uncoupled over a few years
can become coupled together over such a long time
interval. For instance, the leaching of calcium and
hydroxide ions from materials in contact with low
pH groundwater can be considered harmless over
100 years if the concrete mixture was designed
correctly. However, over 10,000 years, it is possible
that the decalcification of the solid matrix will have
an impact on the overall performance of the structure
and a durability analysis for such cases must consider
chemical and mechanical aspects.

This chapter reviews approaches used to model
coupling between different degradation mechanisms
affecting concrete structures. Two main categories of
models were identified: reactive transport and thermo-
hydro-mechanical models.

Reactive transport models are concerned with the
transport of chemical species in porous materials and
the multiple interactions they can have with the solid
matrix. These models couple transport equations
with complex chemical models. They ignore the
mechanical aspects of deleterious chemical reactions
such as crack formation upon sulfate attack.

On the other hand, there are models that couple fluid
transport with thermal and mechanical equations,
called thermo-hydro-mechanical (THM) models.
These models can be used to simulate crack formation
caused by drying shrinkage or heat release during

the hydration of cement. However, classic THM
models do not incorporate the transport of species in
fluid phases and chemical exchange with the solid
minerals.

A global durability prediction approach would couple
reactive transport and THM models. As the review
showed, only limited attempts at such a global model
have been made so far.

2.0 COUPLING TRANSPORT
AND CHEMISTRY

The interest in ionic transport modeling dates back

to the 1970s. At the time, the new awareness of
environmental problems led to the development

of models dedicated to predicting the rate of

ingress of contaminants in groundwater. Leaching

of contaminants from a material of interest and
transport of leached species within the subsurface to
groundwater sources were the main focus of these
early models. Thus, hydrogeology and environmental
sciences have been the primary fields interested

in this type of modeling. Performance assessment
models developed under the US DOE Office of
Environmental Management focus on near-field
release (i.e., leaching from the source material) and
far-field (i.e., subsurface transport) approaches.
Later, similar approaches have been used in civil
engineering to address the durability of cementitious
materials (e.g., reinforcement corrosion via carbonate
and chloride ingress).

The early model approaches consisted of single-
species transport using an advection-diffusion
equation (ADE) that incorporated a very simplified
term to account for all chemical reactions. This type
of model is known today as the “K ;" approach (Fetter
1999). The lumped chemistry of the K ; approach
may be applicable when species concentrations are
quite low, the geochemistry of the system is unknown
or not considered in detail, and interaction of the
diffusing species is relatively unaffected by external
influences. These conditions typically are not the
case for cementitious materials but are encountered
in waste forms which can contain dissolved salts
(nitrates, nitrites, sulfates, aluminates, carbonates,
phosphates, borates, oxalates, chlorides, fluorides,
etc.), numerous radionuclides species, industrial
chemicals, etc.

Figure 1 illustrates the complex system of issues to be
covered when dealing with coupled chemical reaction
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Figure 1. Factors Affecting the Rate of Leaching from Solid Materials Including Cementitious Waste
Forms and Concrete Waste Containment Structures (adapted from Garrabrants et al. 2005).

and transport solid wastes such as cementitious
materials. All aspects of relevance are covered here
ranging from physical properties like temperature
variation and mechanical influences to chemical
aspects covering a full suite of major, minor and trace
elements affecting the release of species of interest.
In order to describe these complex physio-chemical
phenomena, diffusion/advection equations have been
coupled with increasingly complex chemical models
describing multiple ionic transport equations with
simultaneous reactions.

The relevant transport equations are briefly reviewed
in the next section. A more complete description can

be found in the chapters concerned with the hydraulic
properties and the chemical degradation mechanisms.
This is followed by a description of basic chemical
reaction modeling. The coupling between linear
transport models and chemistry is then reviewed.
Finally, the last section is dedicated to the coupling
between nonlinear transport equations and chemistry.

2.1 General Overview of lonic Transport

The transport of ionic species in porous materials
is the result of two main mechanisms: diffusion
and advection!. Diffusion results from the random
motion of dissolved species in the solution while

! Cementitious materials are porous and contain pore fluid as the result of residual mixing water and/or contact with moisture
from the environment. Moisture and dissolved contaminants and corrodents migrate through this pore solution. If the aqueous
pore solution is not continuous in the pores, transport of soluble species is for practical purposes zero. However, in this case
transport of gaseous species through the unsaturated pores becomes very important. Solid state diffusion and conductance are

not considered here.
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advection is the contribution from the solvents’s own
movement. The complete flux expression is the sum
of both terms (Helfferich 1961):

ii7i idiﬁ[ﬂ iadv (1)

where: j; is the flux of species i and the subscript
“diff” and “adv” stand for the diffusion and advection

contribution respectively.

The diffusion part of Equation (1) is related to the
gradient of the electrochemical potential (Bockris
1970). The final expression is (Samson 2007):

L DiZiF
‘]l.dlf. = _Di grad(Ci) - Wci grad(¢) 3
diffusion (2)

elect. coupling
Di C; In (’Yi Ci)
T g

temperature coupling

— Djc;grad(In;) — rad(T)
—_————

chemical act.

where: c; is the concentration, D; is the diffusion
coefficient, z;is the valence number of the species, F
is Faraday constant, R is the ideal gas constant, 7'is
the temperature, ¥ is the diffusion potential, and y; is
the chemical activity coefficient. The term involving
the diffusion potential is responsible for maintaining
electroneutrality in the solute despite the differences
in diffusion coefficient of each individual species.
The chemical activity term accounts for the non-ideal
behavior of diffusion for high concentrations.

Most models found in the literature are based on a
simplified version of Equation (2). The vast majority
of models dedicated to contaminant transport in
groundwater neglect the electrical coupling, chemical
activity effects, and temperature coupling terms. In
most cases, they only consider the diffusion term. The
corresponding equation is called the Fick’s diffusion
relationship:

i idif =— D, grad(c,) 3)

Recent models specifically dedicated to transport

in cementitious materials considered the electrical
coupling term to account for the highly charged pore
solution of those materials (e.g., Samson 2007Db,
Truc 2000).

The advection term can be written as (Bear 1991):

i =cy 4)
where: v is the fluid velocity vector. The fluid moves in
a porous material under the action of external pressure,
gravity and capillary forces (Fetter 1999). In saturated
materials, the capillary effects are non-existent. The
driving forces are limited to gravity and pressure
gradients.

In that case, the fluid obeys Darcy’s generalized law
(Bear 1988):

v = —%(grad(pl) - plg) (5)

where: k is the liquid permeability of the material, u
is the dynamic viscosity of the liquid phase, p; is the
liquid pressure, p; is the fluid density and g is the gravity

acceleration vector.

In unsaturated materials, the pore water is under a
negative pressure caused by surface tension (Fetter
1999), called the capillary potential. The total
moisture potential is the sum of the capillary and
gravitational potentials (Fetter 1999):

'=X\+7 (6)

where: T is the total moisture potential, A is the
capillary potential, and Z is the gravitational potential.

In that case, moisture movement in porous materials
can be modeled on the basis of the Buckingham flux
law:
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v = —K()\) grad(T) 7)
where: K(7) is the unsaturated hydraulic conductivity.

Because of heterogeneities at the pore level, the flow
of a fluid in a porous network induces a phenomenon
called mechanical dispersion that spreads the
dissolved species in the solution. This is discussed

at length in (Bear 1991, Fetter 1999). This effect

is modeled as a term that is added to the diffusion
coefficient to yield the dispersion coefficient:

D#=DJI+ av (8)

where: D;* is the dispersion tensor, I is the identity
tensor, and a is the dynamic dispersivity tensor, which

has longitudinal and transverse components.

The dynamic dispersivity depends on the fluid
velocity and its impact on the dispersion coefficient
can be estimated from the Peclet number

P =vL/D;, where L is the characteristic flow length.
For low Peclet values (P <1), the diffusion is
dominant and the mechanical dispersion can be
neglected. However, for high P, values (>10),
dispersion dominates. The latter case is especially
important from a modeling standpoint. When
dispersion dominates, the individual diffusion
coefficients can be neglected, which results in each
species having the same dispersion coefficient. This
allows several simplifications to the transport model
and has been used extensively in hydrogeology, as
will be shown in Sections 2.3 and 2.4.

When the flux relationships are known, they are
substituted in the mass conservation equation (Bear

1991):
INwse)  ONwey) ., .

i . e 9

5 + 5 + div(wj;) + 7 =0 ©)

where: w is the water content, w* is the solid phase
content, ¢} is the content of species i in the solid phase,

and r; is a source/sink term. The term 7; accounts for the
rate of formation or elimination of species i from
chemical reactions occurring solely within the pore
solution while the term involving 5 accounts for the
exchange between the solid and aqueous phases. These
different types of chemical reactions are outlined in the

next section.

2.2 General Overview of Chemical
Reactions

In a comprehensive review on the modeling of
chemical reactions in porous media, Rubin (Rubin
1983) divided the reactions in two main categories:
sufficiently fast and reversible, and insufficiently

fast and/or irreversible. If the rate of reaction is large
with respect to the ionic and fluid transport processes,
then it belongs to the sufficiently fast category.

In this particular case, it is assumed that the local
chemical equilibrium (LEA) is preserved throughout
the porous system. As emphasized by Steefel

(Steefel 1994), LEA has long been one of the most
fundamental tenets of hydrothermal and metamorphic
geochemistry and petrology.

The same can be said about cementitious materials,
where LEA is assumed in most, if not all, reactive
transport models. A few dimensional analyses support
this assumption. Barbarulo et al. (Barbarulo 2000)
performed a dimensional analysis that validated LEA
in fluid saturated cementitious materials. In (Samson
2007b), a similar analysis was made based on the
Damkohler number for diffusion and advection. In
both cases, the local equilibrium assumption was
validated.

All reactions falling under the sufficiently fast
category are modeled through chemical equilibrium
equations (Rubin 1983), which are algebraic, as
opposed to the partial differential equations used in
transport models. Since the equilibrium is expressed,
in most cases, through chemical activity, algebraic

IX-5



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

relations giving the chemical activity coefficients
must also be considered while modeling the chemical
reactions. The resolution of a transport problem
involving chemical reactions is thus called a mixed
problem, because it involves algebraic and partial
differential equations.

The chemical reactions were then divided by Rubin
(1983) into two sub-categories: homogeneous and
heterogeneous. The homogeneous reactions are those
involving a single phase. This sub-category includes
all the complexation reactions, i.e., the formation
of products occurring in the aqueous phase. For
example, the reaction:

Ca2+(aq) + OHf(aq) = CaOH+(aq) (10)
is a homogeneous reaction since it only occurs in the
aqueous phase. In this reaction, Ca?™ and OH™ are
called the primary species and CaOH™" is called the
secondary species (Steefel 1994). The general
equilibrium relationship for that type of reaction is

written as:
1 Nc
K, = )i (11)
Yili H(%Cj)

Jj=1

where: K, is the equilibrium constant, x; is the

concentration of the secondary species, 7 is the chemical
activity coefficient, N, is the number of components
forming the secondary species, c; is the concentration of
the primary species, and vij is the number of moles of
primary species j in one mole of secondary species i.

Contrary to the previous category, the heterogeneous
reactions involve at least two phases (Rubin 1983).
Rubin distinguishes two types of heterogeneous
reactions: surface and classical ones. Surface
reactions are either adsorption, in which ions are
attracted to the surface of the pore network under the
influence of electrostatic forces (Bockris 1970), or
ion exchange, in which two or more ionic species are
exchanged between the surface of the solid and the
aqueous phase (Appelo 1996). The classical reactions

are precipitation, dissolution, oxidation and reduction.
The dissolution of portlandite belongs to this category
since it involves the aqueous and the solid phase:
Ca* (1) + 20H (g = Ca(OH)s (12)
Similar to the complexation reaction (Equation (11)),

the equilibrium of a mineral m can be expressed as a
function of a constant K, (Xu 1999):

N
. . 13
K= ][] i -
=1

where: N is the number of species entering the
composition of the mineral m, c; is the concentration of
species i in solution and v, ; is the number of moles of

species i in one mole of mineral m.

It should be noted that contrary to Equation (11), the
reaction product of dissolution/precipitation reactions
is not part of the equilibrium relationship (13),
because the solid has an activity coefficient equal to
one (Stumm 1996). This peculiarity of the dissolution/
precipitation mechanism induces the formation of
mineral fronts inside the porous material, as discussed
in (Rubin 1983). Such fronts can be observed in
calcium leaching (e.g., Mainguy 2000) and sulfate
attack cases (e.g., Maltais 2004).

Heterogeneous reactions also include sorption. This
class of chemical reaction includes all reactions
involving ions in the pore solution and the surface of
the solid matrix, such as ion exchange and surface
complexation. lon exchange is mostly associated
with the interaction of cations in the pore solution
exchanged with cations in the solid:

Na+(aq) + K—X(S) = K+(aq) + Na—X(S) (14)

where: X represent the solid matrix.

The equilibrium relationship for two cations a and b
can be written as (Appelo 1996):

IX-6



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

1/za 1)z 1]z
a N %

(15)

Ka/b: 1/z 1/zq 1/z
5})/ b ’}/a/ aca/ a

where: j is the equivalent mole fraction of the
exchangeable cations, with Z,Bl. =1

The modeling of other types of heterogeneous
chemical reactions such as oxidation and reduction
and surface complexation can be found in textbooks
(Bethke 2008, Stumm 1996).

All chemical equilibrium calculations involve
chemical activity. Several models exist to

calculate chemical activity coefficients. Classical
electrochemical models like the Debye-Hiickel or
extended Debye-Hiickel relationship are valid for
weak electrolytes for which the ionic strength is on
the order of 100 mmol/L, while the Davies correction
can be used to describe the behavior of more
concentrated solutions, i.e., with ionic strengths up to
300 mmol/L (Pankow 1994). Pore solutions extracted
from hydrated cement systems are in the 300 mmol/L
(Hidalgo 2001) to 900 mmol/L range (Reardon
1992). As reported in (Zemaitis 1986), many models
were developed to estimate the activity coefficients
for highly concentrated solutions. One of the most
commonly used approaches is the implementation of
Pitzer’s ionic interaction model proposed by Harvie,
Moller and Weare (Harvie 1984). Pitzer’s model

was used by Reardon (Reardon 1990) to model the
hydrated paste/solution chemical equilibrium.

2.3 LinearTransport Equations Coupled
with Chemistry

The early models dedicated to reactive transport in
porous materials basically attempted to substitute
the chemical equilibrium relationships such as
Equations (11) and (13) in the mass conservation
Equation (9). This is called the Direct Substitution
Approach (DSA), where the transport equations can
be expressed according to different formulations

(Kirkner 1988). The next paragraphs summarize
three different formulations of the DSA, as described
by Kirkner and Reeves. The different formulations
were devised assuming saturated materials and a
linear transport operator, i.e., electrical coupling

and chemical activity effects were neglected. While
the saturated assumption could be extended to
unsaturated cases, it will be shown that DSA works
only if a linear transport model with a uniform
dispersion coefficient is used.

The N reactive species in solution are divided in N,
components and N, secondary (or complex) species.
The equations governing the transport of the N,
components and N, secondary species are:

odc;
—J 4 div(cv—¢D” y=r¢ (16)
e div (c;v oD grad ¢)=r ]
j=1..N,
Opx;
71 +div (x;y — ¢D" grad x;)) = r > (7
i=1,..,N

X

where: ¢ is the porosity and the reactions terms in
Equation (9) have been lumped in the rjc andr i‘ terms.

The subscript i of the dispersion tensor has been
omitted since it is assumed that the mechanical
dispersion dominates over diffusion, which leads to
all species having the same dispersion coefficient.

In Equations (16) and (17), the porosity replaces the
water content of Equation (9) because of the saturated
pores assumption.

The authors then introduced the total soluble
concentration u; of each species as:

Nz
Uj = €5 + E Al‘jl‘i
=1

where: A i is a stoechiometry coefficient matrix linking

(18)

the main species to the complexes.
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Substituting Equation (11) in (18) gives:

N, N,
uj = Z AK; i thk (19)
i=1 "k=1
The reaction rates er are defined as:
c_ @) o) cp) 20
Vj = r] + rj + rj ( )
where:
c(aq) 21
"j - 2 Ay § @
reaction rate of j due to complexation
Lofs) 08, (22)
ST ot
reaction rate of j due to soprtion or 1X
N
c(p) P 9pP, (23)
r. — _ i
/ gﬁ”&

reaction rate of j due to diss./prec.

In Equations (21) to (23), s corresponds to the
concentration of the main spec1es Jj sorbed on the
solid phase, p; is the concentration of mineral i,

Np is the number of immobile species, and Bij is

a stoechiometry coefficient matrix. Kirkner and
Reeves showed that it is possible to write the sorbed
concentrations as:
sj = fi‘(ci,ca,. .0 en,) (24)
Using Equation (19), it is possible to write Equation
(24) as a function of the total concentration u L

sj = fi"(u1,uz,...,uy,) (25)
Summing the mass conservation Equations (16) and
(17) and using the total concentration u; (Equation
(19)) eliminates the reaction rates rjc(‘W) . This
operation is possible because all species have the
same dispersion coefficient. Substituting the rate
expressions (22) and (23), and the sorption function
(25) in the summed conservation equations yield:

Formulation A:
a( ?LJ) ¢ fw . Z Bk] (26)
t 07‘
+L(uj))=0 j=1,....N,
where: L(.) is the linear transport operator:
L(.) = div[(.)v — ¢D* grad(.)] 27)

The complexation reactions are implicitly included
in the mass conservation equation as part of the
definition of u; (Equation (19)).

It is possible to further simplify the transport
equations by introducing the total concentration w; as
the main variable: ‘

N,
wj:uj‘l'sj‘l'ZBkjpk jzl,...,Nc (28)
k=1
From this definition, it is possible to write all the
concentration variables as a function of the total
concentration variable (Kirkner 1988):
Cj :f_fw(wl,...,ch) j = 1, .,NC (29)
= f(w1,...,wy,)  j=1,...,N, (30)
= fi"(wy,...,wn,) j=1,..., N, 31
:f;ew(wl 'ach) ]:17 'aNC (32)
Based on these functions, it is possible to write
Equation (26) as:
Formulation B:
8(¢wj) + L[f'u.w(w - 'wNC)] =0 (33)

ot

or alternatively:
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Formulation C:

d(pw;)
ot

+L<wj) :L[f]sw(wlavw]\’c)] (34)

Np
+ 3" ByLIf  (w,... wy,)]

k=1

These different formulations have been used in

the literature to solve reactive transport problems.
Valocchi et al. (1981) used formulation A (Equation
(26)) in their model, which considered ion-exchange
reactions but did not include complexation nor
dissolution/precipitation. Miller and Benson (1983)
and Jennings et al. (1982) also used a formulation
similar to A while considering complexation and ion
exchange.

Although the chemical reactions are included

in formulations B and C, the total concentration
they provide cannot be used directly and must

be converted back to the ¢; and x; variables. To
do so requires solving the algebraic chemical
expressions separately. This is discussed for instance
in (Cederberg 1985). These formulations hint at
the operator splitting approaches presented in the
following section. However, they are considered
under the DSA category because the transport
equations still need to be solved simultaneously
(Yeh 1989).

It must be noted that all papers cited previously
only consider complexation and sorption reactions.
As mentioned in (Kirkner 1988), the discontinuities
(fronts) induced by the presence of dissolution/
precipitation reactions require a special treatment.
Some aspects are discussed in (Kirkner 1984).
Most notably, the discontinuities associated with
the precipitate content require the use of Dirac-
type interpolation in a finite element formulation,
which differs from the classical C° shape functions
(Zienkiewicz 1989). Lichtner (1985) presented

a model dealing with dissolution/precipitation
reactions like a moving front problem. The approach
includes specific mass conservation equations at the
front locations, which must be added to the mass
conservation equations.

2.4 Operator Splitting Approaches

One of the first models that separated transport and
chemistry was developed by Grove and Wood (1979).
The model was used to predict transport of calcium,
magnesium, and sulfate in groundwater. The transport
Equations (linear ADE, see Equation (27)) are first
solved without considering any reaction terms.

Next, the chemical reactions are solved using the
concentration estimated by the transport step as initial
guess. After this, the algorithm goes to the next time
step and solves the next transport/chemistry sequence.

But what really triggered interest for splitting
transport and chemistry in reactive transport
models was the very influential paper published by
Yeh and Tripathi in 1989 (Yeh 1989). Their main
argument for splitting transport and chemistry was
a reduction of CPU time. It also allows avoiding
most of the problems associated with the dissolution/
precipitation reactions. Although their arguments
were criticized later (Saaltink 2001) because they
were theoretical and did not reflect actual calculation
results, the paper was so highly regarded that DSA
almost completely disappeared from that point on.
Since then, splitting approaches have been adopted
as the preferred method to model reactive transport
problems despite the implicit numerical error that
they introduce in the calculations (Kanney 2003,
Jacques 2006). The possibility of coupling existing
transport and chemical models together proved

too attractive compared to the numerical problems
and computational burden associated with the fully
coupled Direct Substitution Approach.
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The operator splitting approaches are divided in two
main categories:

* Sequential Iterative Approaches (SIA) and
* Sequential Non-Iterative Approaches (SNIA).

In the iterative approach, iterations are performed
between the transport and chemistry until
convergence is reached. In the SNIA, transport and
chemistry are solved sequentially without iterations.
The model described at the beginning of this section
(Grove 1979) belongs to the SNIA category.

The STA method consists mainly in expressing the
formulations given in Section 2.3 so that the transport
equations can be solved individually before chemistry
is considered on a node per node basis (Yeah 1989).
For instance, Walsh et al. (1984) used transport
equations corresponding to formulation C (Equation
(34)) solved using an explicit time stepping scheme.
This linearizes the transport equations, which can

be solved individually. The total concentrations are
then separated into the solute, sorbed, and mineral
components upon solving the chemical equilibrium
equations. In (Engesgaard 1992), a model dealing
with complexation, precipitation/dissolution, and
oxidation/reduction was presented. The transport
equations are expressed according to formulation

A (see Equation (26)), where the reaction terms are
considered as explicit source/sink terms. During the
first iteration, the transport equations are first solved
with the reaction terms set to zero. After chemistry,
the source/sink terms are estimated based on the
variations in the amount of precipitate and included in
the transport equations. The iterations continue until
a stable solution is reached. A similar algorithm was
used in (Simunek 1994).

At the other end of the operator-splitting spectrum

is the SNIA, exemplified by the paper from Grove
and Wood (1979) summarized at the beginning of
this section. SNIA can be selected over SIA for some
reasons. Since it completely decouples transport

and chemistry, it can prove easier to implement
different transport and chemistry schemes in a
single simulation platform. Removing the iterations
between transport and chemistry can potentially
reduce calculation times. However, as mentioned

in (Steefel 1994b), SNIA requires a smaller time
step than SIA to achieve the same level of accuracy.
Strategies to reduce the operator-splitting error in
SNIA, by controlling the grid spacing and time

step, are discussed in (Jacques 2006). Comparisons
between SNIA and SIA are provided in (Steefel
1994b, Walter 1994, Xu 1999). In most cases, SNIA
tends to use less CPU time to get the same results.
But the performances of SNIA are dependent on the
type of chemical reactions. In (Xu 1999), the results
showed numerical dispersion when ionic exchange
simulations were performed with this algorithm. The
dispersion resulted in less sharp concentration fronts
than with the SIA algorithm.

Although all references cited previously were
concerned with contaminant transport in groundwater,
some papers have been specifically devoted to
concrete barriers. In recent papers (De Windt 2004,
Trotignon 2007), the authors used a SIA algorithm to
simulate the long term durability of a concrete slab in
contact with soil. In both papers, the simulations were
performed on the layered concrete/soil system. In
(Marty 2009), a similar problem was considered using
a SNIA algorithm.

2.5 Nonlinear Transport Equations
Coupled With Chemistry

All the papers cited in Sections 2.3 and 2.4 were
based on linear equations based on the transport
operator, Equation (27). This allows introducing
the total soluble concentration given by Equation
(19) into the mass transport equation. Following
this, it is possible to eliminate the source/sink terms
associated with the complexation reactions, which
gives Equation (26), based on the total soluble
concentration. This is possible when the fluid phase
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flow in the pore network induces a dispersion factor
that is strong enough to overcome the individual self-
diffusion coefficient of the soluble species.

In the case of concrete, the permeability of the
material is so low that high velocity flows are never
encountered, except in macro cracks. In that case, the
coupling terms in the flux expression (2) may have a
significant influence on the transport of ions. But the
difficulties involved with solving these terms have led
to the development of models dedicated to concrete
that were still using ADE-type equations similar to
Equation (16) for long-term durability predictions.
For example, most of the models dedicated to
chloride ingress are still based on a single ADE
equation, as reviewed in the chapter on chemical
degradation (see for instance references Saetta 1993,
Nagesh 1998, and Martin-Pérez 2001). As mentioned
previously, multi-ionic models based on the splitting-
operator approach have been used to assess the long
term durability of concrete barriers in contact with
groundwater (De Windt 2004, Trotignon 2007, Marty
2009).

Some multi-ionic models dedicated to species ingress
in concrete have been developed considering the
electrical coupling term in Equation (2). The model
presented by Truc et al. (2000) takes the electrical
coupling into account to model the ingress of chloride
in concrete structures. The binding of chloride on

the hydrated cement paste is approximated by a
relationship similar to Equation (24). Samson and
Marchand presented a multi-ionic model based

on Equation (2) that was used to model chloride
(Samson 2007) and sulfate ingress (Samson

2007b) cases. Their model uses a SNIA algorithm

to couple transport with the chemical equilibrium
relationships. In (Samson 2007b), the authors showed
that neglecting the electrical coupling may lead to
erroneous predictions of sulfate ingress rate. That
type of model is able to consider the different self-
diffusion coefficients of the considered species while
maintaining the electroneutrality of the solution.

However, the extensive computational time needed
to solve the transport equations, coupled with the
absence of self-diffusion data for secondary species
(Li 1974), forced the authors to neglect homogeneous
complexation reactions. No study could be found

to assess the impact of this on long-term durability
simulations.

3.0 THERMO-HYDRO-MECHANICAL
MODELS

Many degradation phenomena observed on concrete
structures are directly related to water content and
temperature gradients in the material. Some of these
degradation phenomena occur at early ages, such as
drying shrinkage and heat of hydration-induced crack
formation. In other cases, the damage may occur later
in the life of the structure, even though the material
has gained strength from the hydration process.

This is the case for instance for structures exposed

to freezing and thawing cycles and the long-term
deformations induced by creep.

Modeling these phenomena is performed using
thermo-hydro-mechanical (THM) approaches.

While many different THM models have been
proposed, they are in most cases based on solving the
conservation equations for the gas and fluid phases,
coupled to mechanical and thermal relationships. The
global THM framework is reviewed in the following
section. THM models based on simplified fluid
transport equations were also reviewed. Finally, the
last subsection is dedicated to modeling mechanical
damage induced by the cement hydration process.

3.1 General Overview

The general framework outlined in this section
closely follows the description found in (Gawin
1996). Other THM models can be found in (Baggio
1995, Bary 2000, Khalili 2001, Obeid 2001, Gawin
2006, Bary 2008).
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In order to simulate moisture transfer, most THM
models found in the literature are based on separate
mass conservation equations for the gas, water vapor
and liquid vapor phases. This type of model has also
been reviewed in the chapter dedicated to hydraulic
properties. The mass conservation equations for the
fluid phases, under the assumption of a rigid solid
matrix, can be expressed as (Mainguy 2001):

Liquid phase:

a(pS .
952, v ($Sprva) + = 0

ot (35)

Vapor phase:

ot + diV((JS(l - S)pvvv) — flisy =0 (36)

Dry air phase:

9(ppa(1—39))

ot 37

+ div(¢(1 = S)pava) =0
where: the subscript /, v and a stand for the liquid, vapor
and dry air phases respectively, ¢ is the porosity, S is

the saturation of the liquid phase, p is the density, v is
the velocity (flow) vector, and y;_,, is a source term
accounting for the condensation/vaporization at the
liquid/gas interface.

In most THM models, the coupling with mechanics
allows consideration of cases where the solid matrix
assumption is not valid. In this case, terms involving
the deformation of the matrix are added to the mass
transport Equations (35) to (37). In order to keep the
model to a reasonable size, it is possible to combine
the liquid and vapor phase conservation equations to
eliminate the condensation/vaporization term. Also,
relationships between vapor pressure, water content,
saturation and capillary pressure can be used so

that the resulting equation is based on a single state
variable. This approach was used in (Baggio 1995,
Gawin 1995, Gawin 2002, and Gawin 2006). The
following paragraphs give the basic conservation
equations considered in most THM models (Gawin
1995).

Water species (liquid + vapor):

The mass conservation equation for the combined
liquid and gaseous water is given by:

2((1—S)pv)

d(div u)
a1 +

P (38)

aS

+ bSﬂl ( (;: ) +le(p1,Vg)

+ div(plvl) + diV(pyVZZ) =0

where: u is the displacement vector of the solid matrix,
the subscript g refers to the gas phase, a is Biot’s

. . d
constant, v, is the bulk velocity of the gas phase and v,
is the flow of vapor due to diffusion.

Constitutive relationships provide the flow equations
for the different phases. For the liquid phase, the flow
equation corresponds to Darcy’s law:

k
vi = ——(grad(p) — pig) (39)

2]

where: k; is the liquid permeability of the material, u/ is
the dynamic viscosity of the liquid phase, p; is the liquid
pressure, and g is the gravity acceleration vector.

A similar expression is used for the gas phase flow:

k
v, = ——2(grad(p,) — py8) (40)
Hg
Finally, the flow of vapor due to diffusion can be
expressed as (Whitaker 1977):
d Pv
v, =—D, grad| — (41)

Pg

where: D, is the diffusion coefficient of vapor.

In order to express Equation (38) as a function of a
single state variable for water, most models rely on
the definition of capillary pressure p ., which relates
liquid and gas pressures (Bear 1988):
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Pe = Dg — D1 (42)
and Kelvin’s relationship (Kaviany 1995):

_ pRT . rpy\ . pRT
De = ML ln(p—i) =L In(H) (43)

where: R is the ideal gas constant, T is the temperature,
M, is the molar mass of water, p ¥ is the saturated vapor
pressure, and H is the relative humidity.

Also, the ideal gas law can be used to relate the vapor
density of Equation (41) to the vapor pressure:

po _ v _ Do
M, V¢ RT

(44)

where: n,, is the number of vapor molecule in the gas
phase volume V3.

Substituting relationships (42)—(44) in the flow
Equations (39)—(41) allows expressing the water
species conservation equation as either liquid
pressure, vapor pressure, or capillary pressure. If the
relationship between saturation or water content and
capillary pressure is known, such as Van Genuchten’s
relationship (Van Genuchten 1980), it is possible to
use these state variables instead.

A comprehensive discussion on the choice of the

state variable can be found in (Gawin 2006). The
authors suggest using the pressure variables instead of
saturation or water content because these variables are
not continuous at the interface between two materials
having different porosities and moisture retention
characteristics. It is thus not possible with these
variables to solve problems where different material
layers (material interfaces) are present.

Dry air:

The mass conservation equation for dry air is given
by (Gawin 1995):

8((1 - S)pa)
ot

d(divu

¢ ot

+a(l=S5)pa (45)

+div(pavy) — div(pgvg) =0

Similar to the water species relationship, flow
Equations (40) and (41) are substituted in (45) to
yield the full dry air conservation relationship.

Energy conservation:

The evolution of temperature in the porous material
is calculated from the energy balance relationship.
Most authors assume that the different phases (solid
matrix, liquid and gas) of the material are in thermal
equilibrium. In these conditions, the energy balance
equation is given by (Gawin 1995):

aT
pCpE + (Coiprvi + Cpgpyvy) grad(T) (46)

— div(Aggrad(T)) + Y fi =0

where: p is the average density of the material, Cp is the
specific heat, A ¢ is the effective thermal conductivity,
and f), represents the various sink or source terms that
affect temperature.

Many different phenomena may contribute to the
term f; in Equation (46). Gawin (2002) reported
terms associated with phase change (evaporation)
and dehydration of water. In (Ulm 1995, Ulm 1998,
Gawin 2006), the modeling of the heat generated
during the hydration of concrete and its coupling with
mechanics is discussed (see Section 3.3).

In (Khalili 2001), the authors devised a THM model
without assuming thermal equilibrium between

the solid, liquid, and gas phases. In that case, three
separate energy balance equations similar to (46)
were considered for each phase, with thermal
exchange terms between the phases being added.
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Mechanical coupling:

In many THM models, the time-dependent mass and
energy conservation equations are coupled to the
static linear momentum balance equation, assuming
that the deformations induced by the fluids and
energy transport are slow enough to be considered as
a series of static mechanical problems. In that case,
the linear momentum balance equation is given by
(Gawin 1995):
div(e) + pb =0 (47)
where: o is the total stress tensor, b is a body force
vector, usually corresponding to gravity, and p is the
average density of the material, expressed as a weighted
average of the separate phase density:

p=(1=¢)ps+ dSp+ ¢(1 = S)p, (48)

where: p, is the density of the solid matrix.

The constitutive equation is expressed as a function
of the effective stress ¢’, which was first introduced
in soil mechanics (Gray 2001). The effective stress
expression for an isotropic material is given by (Bary
2000):

o' =0+ bpl (49)
where: b is the Biot scalar parameter, p is the average
pressure and I is the identity tensor.

The average pressure is given by (Gawin 1995):

p=Sp+ (1= 29)p, (50)
The effective stress relationship links the pressure
variations in the material resulting from moisture
content variations with mechanical deformations.

As an alternative to the relative stress expression,
Coussy derived an incremental form of Equation (49)
(Coussy 1995):

do’ = do + (dp? — Sdp°)I 1)
which in most cases yield results similar to expression
(49) according to (Gray 2001).

The simplest mechanical coupling case corresponds
to a linear elastic model (Gawin 1995), where the
total stress tensor is related to the elastic strain by:
o = Eo - g€ (52)
where: &° is the elastic strain contribution and E is the

elasticity matrix.
The total strain ¢ is given by (Gawin 1995):

g=¢e+el +¢° (53)
where: €1 is the strain caused by thermo-elastic

expansion and €° is the autogeneous strain.
The thermal strain is written as (Cervera 1999b):

el = ap(T — TN (54)
where: aris the thermal dilatation coefficient and 7" o s
a reference temperature for which the thermal strain is
null.

In (Gawin 2002), the elastic linear model was
expanded to a nonlinear damage model to simulate
concrete exposed to temperature above the critical
point of water. In that case, the stress-strain
relationship is written as:
o=(1-dE,: & (55)
where: d is the scalar damage parameter (Mazars 1989).
Kabhalili and Loret (Khalili 2001) presented a THM
model where the mechanical formulation is based on

an elasto-plastic constitutive law to simulate moisture
induced shrinkage. In (Baggio 1995), the authors
devised a THM approach where the mechanical model
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is based on viscoelasticity and damage. Similar to the
SNIA algorithm of reactive transport modeling, the
calculations are performed in two sequential steps. The
hydro-thermal simulations are performed first, and then
the mechanical analysis is performed using a separate

code.

The THM framework described in the previous
paragraphs has been expanded theoretically in
(Schrefler and Pesavento 2004). Averaging the
microscopic mass balance and constitutive equations
over a Representative Elementary Volume (REV),
they obtained a set of conservation equations that
includes interface terms that can be used to model
different exchange phenomena between the various
phases. The final system of equations is made of

30 equations with 30 corresponding independent
variables. Although the global model could hardly be
solved when all equations are considered, it provides
a solid framework for devising specific applications.

3.2 Simplified THM Models

Given the complexity of the equations involved,
solving THM models can prove a daunting task.
Not surprisingly, simplifications have been made in
some cases in order to keep the numerical problem
manageable. In some other cases, the model can be
simplified due to the nature of the problem to be
solved.

This is the case for instance in (Bary et al. 2000).
The authors present a model to simulate the damage
caused by high fluid pressure on concrete structures
such as dams. In that case, the material can be
considered saturated and the temperature uniform,
which simplifies the set of equations.

Similar to the moisture transport models reviewed
in the chapter on hydraulic properties, many
authors assumed that the gas pressure is constant
in the porous material. This allows removing dry
air from the set of equations and also simplifies
the remaining water species conservation equation

as shown in (Chijimatsu 2000, Obeid 2001, Bary
2008). In (Meschke 2003), the authors used a
nonlinear diffusion approach similar to the approach
proposed by Bazant (Bazant 1971) but based on the
capillary pressure state variable instead of the relative
humidity.

3.3 Adding Cement Hydration to THM
Models

The THM modeling framework has been used
frequently to model the relationship between the heat
of hydration and the damage induced to the concrete
matrix by the strong temperature gradients during

the early ages of the material. Although the intensity
of the hydration phenomena decreases rapidly after

a few hours in the material’s life, the potential
microcracks in the hydrated cement paste can increase
the transport properties and have detrimental effects
in the future.

To consider the heat of hydration in coupled THM
equations, Cervera et al. (Cervera 1999, Cervera
1999b) added a source term f; to the energy
conservation Equation (46) that models the heat
generated by the chemical reactions when the cement
is mixed with water:

fe = Q¢ (56)

where: Qg is a material constant and & is the degree of
hydration.

The rate of hydration 2; is given by:

E,
RT

+ 5) (e = &) eXp(—g) eXp(—

k(AO

o Ve ) 67

N,
where: A, is the initial affinity of the hydration reaction,
£ is the maximum degree of hydration, £, is the
activation energy of the hydration process, R is the

ideal gas constant, and 7 is the temperature. The other
parameters, i.e., k, n, 71, are material constants to be

determined experimentally.
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The hydration degree and Equation (57) are added

to the THM model as a new state variable and
equation. They must be solved in addition to the other
conservation equations.

The hydration process is coupled to the mechanical
model by adding a component to the total strain
Equation (53) called the chemical strain ¢ which

is the contribution from the self-generated heat of
hydration of cement. This strain is proportional to the
hydration degree:
€Ch = agfl (58)
where: a - is the thermal expansion parameter associated
with the heat of hydration.

Similar models considering the hydration process
were described in (Ulm 1995, Ulm 1998, Gawin
2006).

4.0 Coupled lonic Transport and
Mechanical Models

The concern over the long-term stability of concrete
in contact with groundwater or contaminated water in
the context of nuclear waste storage has initiated the
development of models that attempt at coupling THM
models with reactive transport approaches. A number
of phenomena that are important in weathering and
behavior of cementitious barriers and grouts are
governed by a combination of chemical, physical,
and mechanical processes. Important properties

are: stability of cementitious phases, permeability

for water, ions and gases, chemical composition

(pH, redox), crack development. Examples of such
interactions are: effect of chemical speciation (form)
on mobility and transport rates of substances, effect of
locally formed precipitates on porosity and tortuosity,
stress and material damage caused by precipitation

of expanding minerals, increased porosity of material
by leaching of matrix components, and decreased

material strength by leaching of matrix components

Understanding these effects and quantitative
estimation of long terms effects requires models that
can accommodate the different process descriptions.

A “complete” model should contain sub models for:

e Multi-component chemical reactions. It has a lot
of advantages to use standard thermodynamic
equilibrium model frameworks. In this way it is
possible to use existing thermodynamic databases
and easier to make use of progress made in this
field,

* Mass transport processes (diffusion, convection,
electrochemical coupling, heat conduction),

* Local chemical conditions (local concentrations of
all physico-chemical species),

* Coupling relationships between chemistry, local
pressures, porosities, strength etc.

Integration of these models needs to be tight, because
chemical and physical properties change dynamically
in time and place. Effectively this means that a lot

of information has to be exchanged between the
different sub-models during runtime, per time step.
This effectively makes it necessary to integrate these
models within a single framework in which all sub-
models run at the same time. But so far, these efforts
have been very limited. They are summarized in this
section.

4.1 Simplified Transport Coupling

Most attempts to link reactive transport in
cementitious materials with THM models were
concerned with the decalcification of the hydrated
cement paste and the impact it has on the mechanical
resistance of the material and the possible damage
induced to the matrix. In all the papers reviewed for
this section (Gérard 1998, Ulm 1998, Kuhl 2004,
Kuhl 2004Db), the concentration of calcium was
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used as the driving mechanism behind the matrix
dissolution. Accordingly, the transport of ions was
limited to a single equation modeling the diffusion of
calcium:

ds  Owec

4+ —=- div(Dca grad(c)) =0

ot ot (59)

where: c is the concentration of calcium in the pore
solution of the material, s is the amount of calcium in
the solid phase (as portlandite and C-S-H), w is the
water content, and D, is the diffusion coefficient of

calcium.

The first term on the left hand side of Equation (59)
accounts for the calcium released in the pore solution
upon portlandite and C-S-H dissolution. In all models
cited previously, it is estimated from the C/S ratio vs.
c relationship shown on Figure 2 (the experimental
data in Figure 2b were taken from (Berner 1992)).
Going from Figure 2a to Figure 2b is hypothetical at
best since there is no direct relationship between the
amount of portlandite and C-S-H and the calcium

in pore solution, as emphasized by the equilibrium
relationship (13).

To couple transport and matrix dissolution to the
mechanical model, Gérard et al. (Gérard 1998)
introduced an ageing parameter ¥, [0:1] that depends
on the amount of calcium dissolved. According to
Figure 2, it can also be related to the calcium in
solution. The ageing parameter is then incorporated in
the damage model (Equation (55)) as:
o= (1-Vy)(l-d)E,: e (60)
According to this formulation, the ageing parameter
contributes to reduce the mechanical properties of the
material as the matrix is dissolved.

In (Gérard 1998), the authors also consider a feedback
effect that modifies the transport parameters as a
function of the damage level.

4.2 Multi-ionic Transport Coupling

As shown in the previous section, most models
attempting to couple reactive transport and THM
models have been limited to simplified ionic diffusion
equations. Only one model coupling multi-ionic
reactive transport and damage mechanics could

be found. The model, developed by Planel (Planel
2002), uses a reactive transport model based on the
SIA algorithm based on linear transport equations
(see Equation (27)) to simulate the precipitation of
ettringite and gypsum upon exposure to groundwater
containing sulfate.

The mechanical portion of this model is based on a
damage model similar to Equation (55). In this case,
the damage parameter is a function of the volume of
ettringite that is precipitated compared to the initial
porosity of the material. The dissolution of C-S-H and
its impact on the pore volume is also considered.

5.0 CONCLUSIONS

The review of approaches to couple physical,
structural, and physical mechanisms showed two
main categories of models: reactive transport and
thermo-hydro-mechanical. Reactive transport models
couple transport of species in the pore network with
chemical reactions within the pores and with the
solid matrix. On the other hand, the thermo-hydro-
mechanical models focus on the impact that fluid and
thermal flow have on the mechanical resistance of
concrete.

The review showed that reactive transport models
incorporating mechanical considerations or THM
models dealing with detailed transport and chemistry
relationships are nearly non-existent. Given the
mechanisms and time scales involved in nuclear
waste storage problems, models incorporating
detailed reactive transport with a THM framework
could be developed and used to provide a global
durability assessment for those structures.

IX-17



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

25 ul
[u}]
[u}]
2.0 -
o ettt oo ] )
o I:||:| "o ot
olb Do o et o O'
= 0 W, PR * 1 n ] =
h oo 0 "o o :
» . ”. ‘,,‘Eh‘d’g‘l !09 qte ¢ Flint et Wells
O | 8507 0% # Roller et Ervin
1.0 g o
=
o Taylor
a
Kalousek
051 '
’g 0 Greenberg et Chang
,f' o Fujii et Kondo
-*
0-0 T T T T
0 5 10 15 20 25
Calcium (mmol/L)
a. Ca0/siO, vs. Calcium in Solution (Berner 1992)
14
12
A 10 i
£
©
E 8
& ]

[w]
6 M
O

0 5 10 15 20 25
c[mol/m3]

b. Solid Content s vs. Calcium in Solution (Ulm 1999)

Figure 2. Relationship Between the Calcium in Solution vs. the CaO/S,0, Ratio and s.

IX-18



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

6.0 REFERENCES

Appelo, CAJ 1996, ‘Multicomponent ion exchange
and chromatography in natural systems’ in Reviews
in Mineralogy — Reactive Transport in Porous Media,
vol. 34, pp. 193-227.

Baggio, P Majorana, CE Schrefler, BA 1995,
‘Thermo-hygro-mechanical analysis of concrete’, Int.
J. Num. Meth. Fluids, vol. 20, pp.573-595.

Barbarulo, R Marchand, J Snyder, KA Prené, S 2000,
‘Dimensional analysis of ionic transport problems

in hydrated cement systems’, Cement and Concrete
Research, vol. 30, pp. 1955-1960.

Bary, B Bournazel, JP Bourdarot, E 2000, ‘Poro-
damage approach applied to hydro-fracture analysis
of concrete’, Journal of Engineering Mechanics, vol.
126, pp. 937-943.

Bary, B Ranc, G Durand, S Carpentier, O 2008, ‘A
coupled thermo-hydro-mechanical-damage model for
concrete subjected to moderate temperatures’, /nt. J.
Heat Mass Transfer, vol. 51, pp. 2847-2862.

Bazant, ZP Najjar, LJ 1971, ‘Drying of concrete as a
nonlinear diffusion problem’, Cement and Concrete
Research, vol. 1, pp. 461-473.

Bear, J 1988, Dynamics of Fluid in Porous Media,
Dover (New-York, USA).

Bear, J Bachmat, Y 1991, Introduction to Modeling
of Transport Phenomena in Porous Media, Kluwer
Academic Publishers (Dordrecht, The Netherlands).

Berner, UR 1992, ‘Evolution of pore water chemistry
during degradation of cement in a radioactive waste
repository environment’, Waste Management, vol. 12,
pp- 201-219.

Bethke, CM 2008, Geochemical and Biogeochemical
Reaction Modeling, 2™ ed., Cambridge University
Press (Cambridge, U.K.).

Bockris, JO'M & Reddy, AKN 1970, Modern
Electrochemistry — An Introduction to an
Interdisciplinary Area, Plenum Press (USA).

Cederberg, GA Street, RL Leckie, JO 1985, ‘A
groundwater mass transport and equilibrium
chemistry model for multicomponent systems’, Water
Resources Research, vol. 21, pp. 1095-1104.

Cervera, M Olivier, J Prato, T 1999, ‘Thermo-chemo-
mechanical model for concrete. I: Hydration and

aging’, Journal of Engineering Mechanics, vol. 125,
pp. 1018-1027.

Cervera, M Olivier, J Prato, T 1999b, ‘Thermo-
chemo-mechanical model for concrete. II: Damage
and creep’, Journal of Engineering Mechanics, vol.
125, pp. 1018-1027.

Chijimatsu, M Fujita, T Kobayashi, A Nakano, M
2000, ‘Experiment and validation of numerical
simulation of coupled thermal, hydraulic and
mechanical behavior in the engineered buffer
materials’, Int. J. Num. An. Meth. Geomechanics, vol.
24, pp.403-424.

Coussy, O 1995, Mechanics of Porous Continua, John
Wiley & Sons (U.K.)

De Windt, L Pellegrini, D van der Lee, J 2004,
‘Coupled modeling of cement/claystone interactions
and radionuclide migration’, Journal of Contaminant
Hydrology, vol. 68, pp.165-182.

Engesgaard, P Kipp, KL 1992, ‘A geochemical
transport model for redox-controlled movement of
mineral fronts in groundwater flow systems: A case
of nitrate removal by oxidation of pyrite’, Water
Resource Research, vol. 28, pp. 2829-2843.

IX-19



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

Fetter, CW 1999, Contaminant Hydrogeology,
Prentice-Hall (New-Jersey, USA).

Gawin, D Schrefler, BA 1996 ‘Thermo-hydro-
mechanical analysis of partially saturated porous
materials’ Engineering Computations, vol. 13,
pp-113-143.

Gawin, D Pesavento, F Schrefler, BA 2002,
‘Modelling of hygro-thermal behaviour and damage
of concrete at temperature above the critical point of
water’, Int. J. Num. An. Meth. Geomechanics, vol. 26,
pp.537-562.

Gawin, D Pesavento, F Schrefler, BA 2002b,
‘Simulation of damage-permeability coupling in
hygro-thermo-mechanical analysis of concrete at high
temperature’, Comm. Num. Meth. Eng., vol. 18, pp.
113-119.

Gawin, D Pesavento, F Schrefler, BA 2006, ‘Hygro-
chemo-mechanical modeling of concrete at early ages
and beyond. Part I: Hydration and hygro-thermal
phenomena’, Int. J. Num. Meth. Eng., vol. 67, pp.299-
331.

Gérard, B Pijaudier-Cabot, G Laborderie, C 1998,
‘Coupled diffusion-damage modeling and the
implications on failure due to strain localidsation’,
vol. 35, pp. 4107-4120.

Gray, WG Schrefler, BA 2001, ‘Thermodynamic
approach to effective stress in partially saturated
porous media’, Eur. J. Mech. A/Solids, vol. 20, pp.
521-538.

Grove, DB Wood, WW 1979, ‘Prediction and field
verification of subsurface-water quality changes
during artificial recharge, Lubbock, Texas’,
Groundwater, vol. 17, pp.250-257.

Hall, C Hoff, WD 2002, Water Transport in Brick,
Stone and Concrete, Spon Press (New-York ,USA).

Harvie, CE Moller, N & Weare, JH 1984, ‘The
prediction of mineral solubilities in natural waters:
The Na-K-Mg-Ca-H-CI-OH-HCO5-CO5-CO,-H,0
system to high ionic strengths at 25°C°, Geochimica
et Cosmochimica Acta, vol. 48, pp. 723-751.

Helfferich F 1961, lon Exchange, McGraw-Hill
(USA).

Jacques, D Simunek, J Mallants, D van Genuchten,
MT 2006, ‘Operator splitting errors in coupled
reactive transport codes for transient variably
saturated flow and contaminant transport in layered
soil profiles’, Journal of Contaminant Hydrology, vol.
88, pp.197-218.

Jennings, AA Kirkner DJ Theis TL 1982,
‘Multicomponent equilibrium chemistry in
groundwater quality models’, Water Resources
Research, vol. 18, pp. 1089-1096.

Khalili, N Loret, B 2001, ‘An elasto-plastic model for
non-isothermal analysis of flow and deformation in
unsaturated porous media: formulation’, Int. J. Solids
and Structures, vol. 38, pp. 8305-8330.

Kanney, JF Miller, CT Kelley CT 2003, ‘Convergence
of iterative split operator approaches for
approximating nonlinear reactive transport problems’,
Advances in Water Resources, vol. 26, pp. 247-261.

Kaviany, M 1995, Principles of heat transfer in
porous media, Springer (New-York, USA).

Kirkner, DJ Reeves, HW Jennings, AA 1984, ‘Finite
element analysis of Multicomponent contaminant
transport including precipitation-dissolution reactions’
in Finite Elements in Water Resources, Laible, JL et
al. eds., pp. 309-318.

IX-20



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

Kirkner, DJ Reeves, HW 1988, ‘Multicomponent
mass transport with homogeneous and heterogeneous
chemical reactions: Effect of the chemistry on the
choice of numerical algorithm, 1. Theory’, Water
Resources Research, vol. 24, pp. 1719-1729.

Garrabrants, AC, and Kosson, DS 2005, ‘Leaching
processes and evaluation tests for inorganic
constituent release from cement-based matrices’, in
Stabilization/Solidificaiton of Hazardous, Radioactive
and Mixed Wastes, Spence, RD and Shi, C (eds),
CRC Press, Boca Raton, pp. 229-280.

Kuhl, D Bangert, F Meschke, G 2004, ‘Coupled
chemo-mechanical deterioration of cementitious
materials. Part I: Modeling’, Int. J. Solids and
Structures, vol. 41, pp. 15-40.

Kuhl, D Bangert, F Meschke, G 2004b, ‘Coupled
chemo-mechanical deterioration of cementitious
materials. Part IT: Numerical methods and
simulations’, Int. J. Solids and Structures, vol. 41, pp.
41-67.

Li, YH Gregory, S 1974, ‘Diffusion of ions in sea
water and in deep-sea sediments’, Geochimica and
Cosmochimica Acta, vol. 38, pp. 703-714.

Lichtner, PC 1985, ‘Continuum model for
simultaneous chemical reactions and mass

transport in hydrothermal systems’, Geochimica et
Cosmochimica Acta, vol. 49, pp. 779-800.

Mainguy, M Tognazzi, C Torrenti, J]M & Adenot, F
2000, ‘Modelling of leaching in pure cement paste
and mortar’, Cement and Concrete Research, vol. 30,
pp- 83-90.

Mainguy, M Coussy, O Baroghel-Bouny, V 2001,
‘Role of air pressure in drying of weakly permeable
materials’, Journal of Engineering Mechanics, vol.
127, pp. 582-592.

Maltais, Y Samson, E & Marchand, J 2004,
‘Predicting the durability of Portland cement systems
in aggressive environments — laboratory validation’,
Cement and Concrete Research, vol. 34, pp. 1579-
15809.

Martin-Pérez, B Pantazopoulou, SJ & Thomas, MDA
2001, ‘Numerical solution of mass transport equations
in concrete structures’, Computers and Structures,
vol. 79, pp. 1251-1264.

Marty, NCM Tournassat, C Burnol, A Giffaut, E
Gaucher, E.C 2009, ‘Influence of reaction kinetics
and mesh refinement on the numerical modelling of
concrete clay interactions’, Journal of Hydrology, vol.
364, pp.58-72.

Mazars, J Pijaudier-Cabot, JP 1989, ‘Continuum
damage theory — application to concrete’, Journal of
Engineering Mechanics, vol. 115, pp.345-365.

Meschke, G Grasberger, S 2003, ‘Numerical
modeling of coupled hygromechanical degradation
of cementitious materials’, Journal of Engineering
Mechanics, vol. 129, pp.383-392.

Miller, CW Benson, LV 1983, ‘Simulation of solute
transport in a chemically reactive heterogeneous
system: Model development and application’, Water
Resources Research, vol. 19, pp. 381-391.

Nagesh, M & Bhattacharjee, B 1998, ‘Modeling of
chloride diffusion in concrete and determination of

diffusion coefficients’, ACI Materials Journal, vol.
95, pp. 113-120.

Obeid,W Alliche, A Mounajed, G 2001,
‘Identification of the physical parameters used in the
thermo-hygro-mechanical model (application to the
case of cement mortar)’, Transport in Porous Media,
vol. 45, pp. 215-239.

Pankow, JF 1994, Aquatic Chemistry Concepts, Lewis
Publishers, USA.

IX-21



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

Planel, D 2002, Les effets couples de la precipitation
d’especes secondaires sur le comportement
mecanique et la degradation chimique des bétons,
Ph.D. thesis (in French) (Marne-La-Vallée, France).

Reardon, EJ 1990, ‘An ion interaction model for the
determination of chemical equilibria in cement/water

systems’, Cement and Concrete Research, vol. 20, pp.

175-192.

Reardon, EJ 1992, ‘Problems and approaches to
the prediction of the prediction of the chemical
composition in cement/water systems’, Waste
Management, vol. 12, pp. 221-239.

Rubin, J 1983, ‘Transport of reacting solutes in
porous media: relation between mathematical nature
of problem formulation and chemical nature of
reactions’, Water Resources Research, vol. 19, pp.
1231-1252.

Saaltink, MW Carrera, J Ayora, C 2001, ‘On
the behavior of approaches to simulate reactive

transport’, Journal of Contaminant Hydrology, vol.
48, pp. 213-235.

Saetta, A Scotta, R & Vitaliani, R 1993, ‘Analysis of
chloride diffusion into partially saturated concrete’,
ACI Materials Journal, vol. 90, pp. 441-451.

Samson, E & Marchand, J 2007, ‘Modeling the effect
of temperature on ionic transport in cementitious
materials’, Cement and Concrete Research, vol. 37,
pp. 455-468.

Samson, E & Marchand, J 2007b, ‘Modeling the
transport of ions in unsaturated cement-based

materials’, Computers and Structures, vol. 85, pp.
1740-1756.

Schrefler, BA Pesavento, F 2004, ‘Multiphase flow
in deforming porous material’, Computers and
Geotechnics, vol. 31, pp. 237-250.

Simunek, J Suarez, DL 1994, ‘Two-dimensional
transport model for variably saturated porous
media with major ion chemistry’, Water Resources
Research, vol. 30, pp. 1115-1133.

Steefel, CI & Lasaga, AC 1994, ‘A coupled model
for transport of multiple chemical species and kinetic
precipitation/dissolution reactions with application to
reactive flow in single phase hydrothermal systems’,
American Journal of Science, vol. 294, pp. 529-592.

Steefel, CI & MacQuarrie, KTB 1994b, ‘Approaches
to modeling of reactive transport in porous media’,
in Reviews in Mineralogy — Reactive Transport in
Porous Media, vol. 34, pp. 83-129.

Stumm, W Morgan, JJ 1996, Aquatic Chemistry —
Chemical Equilibria and Rates in Natural Waters, 3™
ed., Wiley Interscience (New-York, USA).

Trotignon, L Devallois, V Peycelon, H Tiffreau, C
Bourbon, X 2007, ‘Predicting the long term durability
of concrete engineered barriers in a geological
repository for radioactive waste’, Physics and
Chemistry of the Earth, vol. 32, pp.259-274.

Truc, O Ollivier, JP & Nilsson, LO 2000, ‘Numerical
simulation of multi-species diffusion’, Materials and
Structures, vol. 33, pp. 566-573.

Ulm, JF Coussy, O 1995, ‘Modeling of
thermochemomechanical couplings of concrete at
early ages’, Journal of Engineering Mechanics, vol.
121, pp. 785-794.

Ulm, JF Coussy, O 1998, ‘Couplings in early-age
concrete: from material modeling to structural
design’, Int. J. Solids and Structures, vol. 35, pp.
4295-4311.

Ulm, JF Torrenti, JM Adenot, F 1999,
‘Chemoporoplasticity of calcium leaching in
concrete’, Journal of Engineering Mechanics, vol.
125, pp. 1200-1211.

1X-22



Review of Approaches to Coupling Physical, Structural and Chemical Mechanisms

Valocchi, AJ Street, RL Roberts, PV 1981,

‘Transport of ion-exchanging solutes in groundwater:
chromatographic theory and field simulations’, Water
Resources Research, vol. 17, pp. 1517-1527.

Van Genuchten, MT 1980, ‘A closed form equation
for predicting the hydraulic conductivity of
unsaturated soils’, Soil Science Society of America,
vol. 44, pp. 892-898.

Walsh, MP Bryant, SL Shechter, RS Lake, LW 1984,
‘Precipitation and dissolution of solids attending flow
through porous media’, 4IChE Journal, vol. 30, pp.
317-328.

Walter, AL Frind, EO Blowes, DW Ptacek, CJ
Molson, JW, ‘Modeling of multicomponent reactive
transport in groundwater 1. Model development and

evaluation’, Water Resources Research, vol. 30, pp.
3137-3148.

Whitaker, S 1977, ‘Simultaneous heat, mass and
momentum transfer in porous media: a theory of
drying’, Advances in Heat Transfer, vol. 13, pp. 119-
203.

Yeh, GT Tripathi, VS 1989, “A critical evaluation of
recent developments in hydro-geochemical transport
models of reactive multichemical components’, Water
Resources Research, vol. 25, pp. 93-108.

Xu, T Samper, J Ayora, C Manzano, M Custodio, E
1999, ‘Modeling of non-isothermal multi-component
reactive transport in field scale porous media flow
systems’, Journal of Hydrology, vol.214, pp.144-164.

Zemaitis, JF Clark, DM & Rafal, M 1986,
‘Scrivner N.C., Handbook of aqueous electrolyte
thermodynamics’, American Institute of Chemical
Engineers, New-York, USA.

Zienkiewicz, OC Taylor, RL 1989, The Finite
Element Method, 4th ed., McGraw-Hill (London,
U.K)).

IX-23






ENERGY ﬁé‘ VANDERBILT

SAVANNAH RIVER NATIONAL LABORATORY CRESP U N | V E R S I T Y

U.S. DEPARTMENT OF ﬁg .E’

NIST z SIMCO

National Institute of . )
Standards and Technology Technologies inc.






