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Abstract: A lixiviation-mechanical coupled
model is proposed for fiber reinforced
concrete; both the influence of chemical
degradation on short/long term mechanical
behavior and the effect of mechanical loading
on the diffusion coefficient can be considered.
The elastic mechanical properties are written
as function of chemical damage. A Drucker—
Prager typed criterion with associated flow
rule is used with taking into account of
mechanical damage and chemical damage. An
empirical equation including the chemical
damage is adopted to describe the creep strain.
The diffusion coefficient is defined as a
positive function of mechanical damage. The
proposed model is implemented into
COMSOL and validated by experimental data.
The proposed model can well describe the
lixiviation-mechanical coupling behavior of
fiber reinforced concrete.
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1. Introduction

Fiber reinforced concrete is widely used in
many engineering constructions, such as
nuclear waste containment structures, dams,
tunnels and so on. The durability of these
materials has to be assessed over long periods
of time. Stability analysis of these structures
requires the understanding and modeling of
mechanical behaviors under complex multi-
axial loading conditions. Extensive
experimental investigations (Feldman and
Beaudoin, 1974; Terrien, 1980; Yurtdas et al.,
2006) and constitutive models (Mazars, 1986;
Pietruszczak et al., 1988; Sellier 2006) have
been performed on the mechanical behavior of
cement based material.

In addition, Fiber reinforced concrete is
subjected not only to mechanical loading but
also to chemical degradation when they are in
contact with aggressive environment such as
rain, water, acid fluids and so on. More
recently, in the framework of sustainable

development, it is of great concerns of storage
and sequestration of nuclear waste, toxic
residual fluids and gas. It is clear that the
durability analysis of structures requires the
identification and modeling of long term
behavior undergoing chemical attacks. A lot of
research efforts have been contributed to
experimental investigations (Buil et al.1992;
Adenot, 1992; Gérard et al, 1996; Carde et al,
1996;) and numerical modeling (Tognazzi,
1998; Ulm et al, 1999; Le Bellégo et al, 2003;
Mainguy et al. 2000 etc.) of chemical
degradation in cement based material, just to
mention a few.

The objective of this study is to propose a
lixiviation-mechanical coupling model in
COMSOL for fiber reinforced concrete. For
this purpose, this paper firstly presents the
instantaneous mechanical model, creep model
and lixiviation model, then the proposed
models are combined into a coupling model
and applied to simulate the experimental
results of fiber reinforced concrete. In section
2, the hydration model, instantaneous
mechanical model, creep model and lixiviation
model are proposed for fiber reinforced
concrete. In section 3, the proposed models are
combined into a coupled model to simulate the
creep test under lixiviation.

2. Model characterization

In this section, we will present a model to
describe the lixiviation-mechanical coupling
behaviour of fibre reinforced concrete, which
is chose as the storage structures in French
national agency for nuclear waste management
(Andra).

2.1 Instantaneous mechanical model
In elastoplastic model, the plastic yield

function is defined in a form of Drucker-
Prager typed plastic criterion.
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invariant and ¢ is the second stress invariant.
The two material parameters are defined by:
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where Rcand Rt compression strength and
tension strength.

2.2 Creep model

For the fibre reinforced concrete which is
properly cured, the creep tests (Camps 2008) at
constant temperature show the creep strain rate
is related with stress, time and chemical
damage variable:
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where ¢°P°and £ denote the creep strain rate
under compressive and tensile stress,
respectively. The parameters A, and A, are

introduce to describe the difference between
compression and tension. The model
parameters A;, A,, A, and A, can be

determined by fitting method based on the
experimental data.

2.3 Lixiviation model

At a natural (reference) state, the calcium
concentration in pore fluid ca®* is in
equilibrium with that in solid skeleton Ca**d .
When the cement paste is in contact with
aggressive fluid on its exterior boundary, the
chemical equilibrium is broken. The calcium is
dissolved from solid skeleton and is diffused
inside pore fluid. The chemical dissolution and
diffusion of calcium ions must verify the
general mass balance equation. The mass
balance equation reads:
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Ca’* is the calcium concentration of the pore

solution, (1) is the porosity. D(Caz+) is the
effective diffusion coefficient which can

depend on calcium concentration in pore fluid,
temperature and mechanical deformation of

material (Gérard, 2000; Mainguy, 2000). The
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of calcium dissolved in the liquid phase per
unit of time which can be rewritten as:

last term M describes the quantity
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Introducing Eq. (7) into Eq.(6), one gets
the generalized diffusion equation of calcium
concentration in pore fluid:
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In Eq. (8), the first two terms correspond to
effect of porosity change on calcium diffusion
process and the third one is related to phase
change of calcium ions. Generally, the effect

aCaSOHd .

is

aca*t
dominant compared to the other ones
(Delagrave, 1997). Therefore, it is possible to
simply the generalized diffusion equation by
neglecting the first two terms in Eq. (8), Eq.
(8) can be simplified as following:
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related to the phase change
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where, C (Ca2+ ) = 8;.:;1—%
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term calcium, v? is the Laplace operator. This
equation is a partial differential equation that
describes the calcium ions diffusion process in
pore fluid. Note that this diffusion equation is
strongly non-linear in nature due to the
dependency of diffusion coefficient on various
factors and also to nonlinear phase change

is the source

equation.
In order to solve Eq.(9), the two terms
solid
C (Ca2+ ) = (3Ca_2 and D(Ca2+) still need
oCa™"

to be determined. The first term represents the
derivative of calcium ions in solid skeleton
with respect to calcium concentration in pore
fluid. Therefore, it should be determined from
the chemical equilibrium curve between

Ca®" and ca**. This equilibrium curve
should be determined from laboratory data
proposed by Buil (1992), also used by Gerard
et al. (1998) according to the previous works



of Adenot (1992). In this work, we have
adopted the data obtained by Adenot (1992) on
cement paste.

According to Eq. (9), the diffusion
coefficient is the main factor controlling the
kinetics of diffusion of calcium concentration
in pore fluid. A series of studies (Bentz and
Garvoczi, 1992; Gérard, 1996) have shown
that the diffusion coefficient depends on the
volume fractions of various hydrate species,
temperature  and  possibly  mechanical
deformation. Under isothermal conditions and
taking into account the effect of mechanical
deformation on diffusion process, we have
adopted the following relations:

D=D(Ca’.d,)=D,(Ca™)f(d,) (10)
where D, (Ca2+) denotes the diffusion

coefficient of fibre reinforced concrete without
mechanical damage. The term f (dp )is

introduced to describe the effect of mechanical
deformation. p, (Ca2+) can be determined by

the existing laws (Tongnazzi 1998, Peycelon
2006, Camps 2008, Sellier 2010) according to
the paste porosity.

Further, as the chemical dissolution
kinetics is controlled by diffusion process, it is
obvious that the diffusion coefficient should
depend on the chemical nature of fluid.
Consider the pure water as a reference fluid
and the corresponding diffusion coefficient as
the reference value. The actual diffusion
coefficient associated with another aggressive
fluid can be obtained by multiplying the
reference value by an appropriate amplification
factor. Let A be such a multiplier, the actual
diffusion coefficient corresponding to a
specific aggressive fluid is given by

AD, (Ca2+)~ Therefore, Eq.(9) can be written

as following under aggressive fluid:
6Ca$0|id aca2+
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The determination of the multiplier A is based
on relevant experimental data in different
dissolution conditions; for instance, comparing
the diffusion kinetics between pure water and
nitrate ammonium.

From the mechanical point of view, the
increase of porosity due to chemical leaching
can be considered as a damage process, which
is described by a scalar valued chemical
damage variable d.:

=D, (Ca™*)v?ca®* (11)

de = o (12)
where ¢, is the reference value of connected
porosity of sound material. Taking into
account calcium mass balance equation and
chemical equilibrium relation, the chemical

damage can be expressed in the following
form:
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where (. is the asymptotic values of

Cmax
chemical damage. bdc is a model parameter
which is used to describe the evolution rate of
and Ca’" denote

chemical damage. cg2*
0

the initial (in sound condition) amount and
actual concentration of calcium in pore fluid,
respectively.

3. Simulation results

In order to simulate the creep compression
and 4 point creep bedding tests subjected to
ammonium-nitrate leaching, the lixiviation
model, elastoplastic model and creep model
are combined into a lixiviation-mechanical
coupling model.

On one hand, it needs to consider the
influence of mechanical deformation on the
diffusion coefficient. According the study of
Gerard (1998), the mechanical deformation
(microcracks) will affect the diffusion of the
ions in the material. In our study, it is assumed
that only the plastic deformation affect the
diffusion coefficient. Therefore, the variation
of the diffusion coefficient caused by plastic
deformation is defined by the following
function:

D(dp)=2D, (1+apd,) (14
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where LD, is the value of diffusion coefficient
in the absence of mechanical damage. ap isa

model parameter which is introduced to
describe the effect of mechanical damage. Eq.
(14) proceeds from the assumption that the
diffusion coefficient should be affected by
mechanical damage, within the bounds of the
coefficients for undamaged concrete and of
totally cracked concrete where the diffusion in



free water is expected to be recovered on
macrocrack faces. Hence, D. (1+ade)

cannot exceed the diffusion coefficient in free
water which is about 10~ mz/s. Therefore,
the values of oy must verify 0 <op <100.

On the other hand, it needs to consider the
influence of leaching on the mechanical
parameters. The influence of leaching on the
parameters in elastoplastic model has been
defined in the previous part. In addition, the
chemical degradation will change the creep
behaviour of concrete which subjected to the
coupling effect of stress and chemical
degradation in the long term. Therefore, the
term f, (dc) in Eq. (4) and (5) is introduced to

describe the effect of chemical degradation on
creep strain rate, Eq. (4) and (5) can be
expressed as following:

6% = Ag (A + Amt™ ) (1+ agede)o (16)
8% = A (A + Am™ ) (14 agedg )o (17)

where a4, is @ model parameter which is used

to describe the extent of effect of chemical
damage on creep strain rate. Its value can be
determined by fitting method based on
experimental data. The values of model
parameter are given in Table 1.

After the determination of these model
parameters, the lixiviation-mechanical coupled
model is applied to simulate 4 point creep
bedding tests subjected to ammonium-nitrate
leaching. Fig. 1 shows the distribution of Ca**
in pore fluid and longitudinal strain of 4point
bedding tests of CEM VF after 18 month
leaching of ammonium-nitrate. We can find
the significant influence of mechanical
deformation on the dissolution of calcium in
solid skeleton, the concentration near strain
localisation is smaller than the one of other
zone. The numerical results of flexility
evolution of CEM IF and VF are given in Fig.
2. The evolution rate of creep strain of
specimen with ammonium-nitrate leaching is
greater than the one of sound specimen.
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Figure 1 Distribution of Ca®" in pore fluid and

longitudinal creep strain Sf of 4 point bedding

creep tests of CEM VF subjected to
ammonium-nitrate leaching
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Figure 2 Numerical results of 4 point bedding
creep tests subjected to ammonium-nitrate
leaching of CEM IF and VF



4. Conclusions

A model was proposed to simulate the
lixiviation-mechanical coupling behavior of
fiber reinforced concrete. A series of numerical
models, including instantaneous mechanical
model, creep model and lixiviation model have
been set up in COMSOL, and then these
models were combined into a lixiviation-
mechanical coupling model. The experimental
data of 4 point creep bedding tests subjected to
ammonium-nitrate leaching were simulated.
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6. Appendix

Table 1: Values of model parameters

parameter CEM IF and VF
Op 40
Ogc 10
d e 0.8
Bt 10°
dpe 0.5
Bt 10°
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