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Ab=trect

YWe pre=ot a new war of modeling the penstration of the carbona-
tion reaction froot in cooctete-based matetiale. The model consists of
a two-phase moving-bovndaty systetn of weakly covpled patabolic equa-
tions to be solved together with a non-local crdinary differential equation,
which describes the dynamics of the reaction intetface. Simultanscisly,
we detetmine the peosition of the catbonation front and the active concen-
traticms fislds. The numetical method, cutlined for this moving-boundary
=ystemn, telis= on two fixed-domain ttansformations and a muitable finite
glement Galethin approach for the space disctetization. The tesulting
non-local IWP i iotegrated in time vsing a =iff MIATLAE cdes solwvet.
Crar remilis have a twolcld sgnificance: oo ope haod, they cootribute to
the fundamental vwodetstanding of the complex dypamics of a fast reac-
Heon in noo-satutrated reachive potous matetials, and on the othetr hand,
thev ptovide a =uind basis fot the effident ptediction of the location of
the catbonaticn fronts in conctete.

Keayword=: DLIlcving-boundaty problem, linetic cendition, concrete
catbonation, reactico-diffusion systeins, front-fidog technique, finite ele
tment method

1 Introduction

The need to design durable concrete structures in diemically aggressive envi-
raonments leads to increasingly complex models and experiments to study dete-
rioration phenomens Concrebe interacts with its environment. Some of these
interactions usually induce deterioration processes which may initiate the cor-
resion of the steel reinforcement embedded in concrete. The two mest comumon
causes of reinforcement corrosion are (1) localized breakdown of the passive
film on the steel by chloride and sulfate ions, e.g., and (2) general breakdown
of passivity by decrease in pH (mainly due to the neutralization of dissolved
Ca{0H):), predaminantly by reaction with abmeospheric CO .. A concise intro-
duction in the phenomenology of the concrete carbonation process is given in

* Cantre for Ind ustrisl histhemstics, FE3 (Msthematik und Informeatik), Tniversitit Ere-
mean, Postfach 330040, 28331 Eramen, Deutschland (Gearmsany), s-mail: muntesn@msth. oni-
bramen.de

" Oentre for Industrisl Mathemsbics, FES(hathemstil und Informsbil]), Tniversitit Bre-
mean, Postiach 330410, 22331 Eremen, Deutschland (Germany), email: mbohm@mesth oni-
bramen de



gection 1.1, In order to emphasize the practical relevance of this problem, we
mention thak the increased use of de-icing salts and the increased concentration
of CO5 due to industrial pollution has resulted in corrosion of skeel bars becom-
ing the principal cause of concrete failure, see [14], eg. Therefore, a challenge
exists in ensuring a correct predichion of the internal corrosion, before costly
damage is visually apparent on the facades of concrete structures.

It is our goal bo contribube to & proper understanding of the natural car-
bonation of concrete in order to quanbitati vely predict and test, by models and
validated experimental data, the long-tenn behavior of concrete-based materials
under natural exposure conditions. For this purpose, we rely on the moving-
boun dary methodology (cf [1, 28], e.g.) to tadde with this problem as opposed
to the classical isolines approach typically employed in engineering applications
{=ee [31, 22, 30], e.g.). Detailed surveys on the carbonation process in the con-
bext of durability #ersus corrosion issues are given in [14, 8] and chapter 2 of
[26], e.g. In this paper, we propose a moving sharp-interface model for the car-
bonation of Ca{0H)., see section 1.1, The moving-boundary methodology can
be suceessfully applied in this case if two model assumptions are satisfied: ()
The thin reaction zone, where the carbonation tales place (of. reaction (1)), can
be well approximabed by a sharp (reaction) interface placed in its center; and
{b) We assume that behind the reaction interface there is (almest) no Ca(OH):
left, or equivalently, we may consider that beyond the reaction interface there
i= no CQ ;. The merit of this methodology is twafold: (i) Proper definitions of
the reaction interface position and speed penmit correct numerical predictions;
(i) Qur formulation of the model allows for application of sophisticated adap-
tive solvers to our "fast reaction —slow diffusion” sething, see the pre-study [30]
and references therein. On this way, the presence of complex geometbries (like
corpers, e.g ) and the inherent occurrence of mulkiple diaracteristic time and
length scales can be dealt with accurakely. In this paper, we only discoss the
case of the aggressive penetration of CO(g) inbo a finite 1D slab. Comparison
of the simulated penetration depths with the measurements from [6] yields good
agresment for a wide range of parameters. Other carbonation scenarios consid-
ering one or two moving-reaction zones (replacing moving-sharp interfares) are
discussed in [4, 8, 2] and analyzed in [26, 25]. Note also that a two-scale model
for a reaction-diffusion process in a porous material was applied to a simplified
carbonation scenario in [21]. Other modeling approaches concerning moving
fast reaction fronts in non-saturated porous media have been done in the case
of precipitation /dissolution reactions (see [20, 20, 11], e.g.}, water front invading
an unsaturated medium (see [12]), redox reactions (see [J], eg.), gypsum forma-
tion in sewer pipes (see [3], e.g.) or when various reaction-induced instabilities
occur in geochemistry (see [27], e.g.).

The paper has the fcllowing structure: In section 1.1 we concisely present
the modeling details of the process, while in section 1.2 we describe the basic
geommetry we are talding inbko account as well as the main assumptions on the
porosity and the wlume fractions involved. The mathematical modeling via
moving interfaces of a simplified carbonation scenariois the main topic of section
2. The immohkilization of the moving interface and the numerical method, which
we employ to solve the moving-boundary systermn in fived domains, is discoussed
in section 3. Becbion 4 contains the results of our simulations used to recover
experimental dates from a real-life sibuation. The sharp-interface model proposed
by this paper is succinctly evaluated in section B



1.1 Phenomenology of the process

Carbon abion of concrete proceeds inwards from the exposed boundary. Atmo-
spheric OO 5 enbers the porous concrete and diffuses relatively fast through the
air-filled parts of the pores and very slowly through the water-filled parts. At
some distance from the ouber surface it is consuwmed by the allialine species
{mainly Ca{QH}:) which are available in the pore wabter via a dissolution mech-
anizsm that removes them from the solid parts which are in conback with waber,
see details in Fig. 1, but also [8, 6, 14, 28] and references therein. The carbon-
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Figure 1: Tonic equilibrium in pore water of Ref [19]

ation of Ca{CH). is simply described by the following reaction medhanism:
COz(g — aq) + CalOH)z(s — ag) — CalOs(ag +5) + H:0. (1)

Carbonabion may or may nobt consume the available CajOH)s:. It can exhibit
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Figure 2: {a) Typical result of the phenclphthalein test on a partially carbon-
ated sample (Courtesy of U. Dahme (AG Setzer), University of Duisburg-Essen,
Germany). The darlk region shows the uncarbonabted part, while the brighter
one points out the carbonated part. The two regions are separated by & sharp
interface. {b) Definition of the interface position, see also Fig. 3 (b). MNote that
{a) and (b) are macroscopic pickures.

steep reaction fronts (here also called interfaces) or reaction zones. Particularly,
the carbonation reaction (1) is very fast compared with the transport of CO,
and, specifically, leads to the formation of & narrow internal reaction front which



travels through the material Here, (1) is assumed to tale place inside this front.
The thin front separates the fully carbonated part from the yet uncarbon abed
part. Employing a concept used in the modding of Stefan-like melting problems
[1, 28], this separating layer remotely resembles to a “mushy” region. In this
area connecting the carbonated and unearbonated parts, reactants and products
may not be segregated. The progress of this layer is the patbern of interest here.
Its occurrence can be easily cbserved experimentally by spraying an indicator
test (eg. phenolphthalein) on & cut in the concrete sample, see Fig. 2 (a) and
[8], e.g. The modeling, and hence, the calculation of its speed and position is the
main scope of the paper. The formation of the layer can also be investigated,
but we do not dwell on this aspect here

1.2 Basic geometry. Assumptions on the choice of porosi-
ties

We consider a part £2 of the concrete sample depicted in Fig. 3 (&), which is
exposed to ingress of CO»({g) and humidity from the environment. The region
12 i= chosen such thab it contains the reaction front. Motivated by Fig. 2 (a)
and (b}, we idealize the reacbion front by a surface Tt). Let the positive =
axis be directed normally to T'(t) and into the uncarbonabed part. The basic
geometry is skebdhed in Fig. 3. At t = 0, we assume that the origin locaked
at * = 0 is behind the reaction interface T{t). Assuming thabt the reactants,
which depend only on the real variables r and t, are available for reaction, we
expect that the reaction inberface moves as + = #{t) for t € S =|0, T such
that #(0) = s, where T > 0, 50 €]0, L], and L > 0 are given, see Fig. 3 (b).
We assume thab beyond this front there is no €O lefk (Fig. 2 (b)). Due to
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Figure 3 (a) Basic geometry in the moving sharp-interface model. The box
A is the region which our model refers to. (b) Schematic 1D geometry. The
reactants are spabially sepregated at any time f.

the heterogeneity of the concrete, the region £2 always consists of two diskinct
parts £ and L. The part £2; represents the inner pores space, and £, is the
part occupied by the consolidated aggregate and mortar. We denote by ¢ the
volumetric total' poresity. This quantity is defined as the rakic of volume of
the pores space, which we dencte by |G|, to the bullk volume |£2| of the contreal

Yof [2, pobl, whan O is the totsl pors spacs, regardless of whether the pores are in-
tarconnected or not, or whether desd-and pores and fractures are presant, the porosity 4 is
refarred to as fofal poroaity



concrete region, see [2]. For most usual cement-based materials (like Ordinary
Portland Conerete (OPC), for instance cf [28]), the porosity ¢ = Liel 1gg 5

value of about 0.2 For instance, of Ref [28], the initial concrete poresity g
can ke sufficiently well described by

e
Rw-’cp
(Rw,c-"— + Bajele + 1)

o=

where M, ;. and f,; represent the waber-to-cement and aggregabe-to-cement
rabios, while p,, . and p. are ageregate, water and concrete densities. Fur-
thermore, we introduce the notion of wolume fractions, that is we define the
quantities
, el L[S o LSl
fa = P = - and @ = T— (3]
[525] |2 |2

to be the air, waber and solid fractions, respectively. In (3), |f]| is the volume
of the air-filled parts of the pores space, |2, is the volume of the respective
waber-filled parts and |£2| denotes the volume of the solid matrix. It holds that
P + P = 1 and @@ + P + & = 1. We tacitly asswmne that the averaged
areal porosity is the same as the averaged volume poresity (cf [18], p.31 or [,

p.22)

2 The sharp-interface carbonation model

We dencte the mass concentration of the reactants and products as follows:
iy 1= [COafaq)], &: = [COa(g])], 41 := [Callalaq] and 4 = [H2Q] are the
chemical species present in the region £2,(f) = [0, s(f)[; &z := [Cal OH)a(aq)|
and Zig 1= [H20] are species present in {&.(t) :=|s(t), L] Here, & and I refer
to the water produced via (1), We assume that the rest of the humidity existing
in the concrebe does not affect the carbonation process. In cther words, the
material iz considered to be almost dry, but however, & cerbain humidity level
iz needed to facilitate (1). We use the set of indices T :=17, U {4} U Z,, where
T, :={1,2,5] points out the active concentrations in £(t) and T, = {3, 6]}
refers to the active concentrations living in £2.(f). Once builk up, carbonates
quickly precipitabe to the solid matrix. We assume that CaCOs{aq) is not
transported in £ 1= £ (t) UT{t) U Ds(t), therefore the only partly dissipabive
character of the mode. Then, we areled to discuss the moting- lourdary probiem
of determining the concentrations &;(x,t),7 € T and the interface position s(t)
which sabisfy for all £ € 51 the equabions

{‘p‘pwuliul +|: L UIE@@LUHI,::]II = .fi,He'n.ry; T e El{f};i = {1; 2};
{tp@wus +i{—Dappuidsz), = fois, T3],
(@Puli) , = fPrec + fReacr, z=s{t) €T(t),
(ﬂf-'?'ﬁs (- -Ds@ﬂs,z]lz = 0, el
(@‘1_.[15 + ( DEME,:::II = D, T = Eg(ﬁ}

(4)
A derivation via first principles of the mass-balances (1) is given in [26]. The
initial and boundary conditions are @@ wad(r,0) = dg, 1 € T,r € L22{0],



PPtz (0,8) = A, 8 €F1, G, (L, t) = 0,4 € Ts, where t € S7. Specific to our
problem, we impose the following interface conditicns

[ mloy = —ir (s(t), 1) + 5'() [#w i ]ryy,
b mley = (s tda + 5 OMburallny, €256, (5)
[is - wlryy = —dr (s(t),t) + 5" (t ) Sduls]rpy

together with the differential equabion

! _n_—i'yr{S[f},t] with {0} =
T e, T T )

In (4}-(6), we select tha = baz 1= 1, b 1= ;"’i, by = gy (= ﬁ, by = 1
(ie Z,FeXT—{2]), o = Dand & > 0 Morecwer, §; (4,7 € ) is Kronecker's
symbol and ji = — Db dped: (4,# € T1 U Za) are the corresponding Fickian
diffusive fluxes. Here I and L are strictly positive constants. The Dirichlet
boundary data A; are prescribed in agresment with the environmentsl conditions
to which £2 - & part of & concrete sample (of. Fig. 3 (b)) - is exposed. The initial
conditions dg = 0 are determined by the chemistry of the cement, see [4]. The
hardened mixture of aggregate, cement and water (ie. the concrete) impeoses
ranges for the porosity @ > 0 and also for the wabter and air fractions, ¢, = 0
and ¢, > 0, see section 1.2, Since the active wneenbrations are small, the
constant porosity assumplion is valid. The productions terms f groney, o,
frree 21d frer are sources or sinks by transfer mechanisms at water-liquid
interfaces inside the pores (e.g. via Henry's law, see [18], pd0), dissolukion,
precipitabion and carbonation reactions. Here we set

f: Henrpy - _{ 1 !P{‘p‘pwul_ Q:WEHE {P =0 Q‘! = D '3' < {1 D}
fﬂlll == SS#III{WLU 3 _HS,Eq'}l 53;:!::: =0 f.F'rec = D fﬁmr —C"“iln:' { }I
7
Specifically, fi frenry 80d fpige model deviakions from local equilibrium configu-
rabions (see chapters 2 and fin [10],e.g) and fe .- points oot an instantaneons
source of precipibabion. While f; genry 80d foa are linear production terms,
frea 1= usually non-linear. Owing to (7), we nobe that the production by
reaction fge..r iz proportional to o and -, where o is the corresponding sbo-
ichiometric coefficient and the term s denotes the carbonabtion reaction rate.
For the shoichiometric configuration of {1}, we have & = 1. We define 5jr in the
following fashion: Let & dencte the vector of concentrabions (&,..., 45} and
My bethe set of parameters & 1= (Ay,. .., Ay )* that are needed to describe the
reaction rate. For our purposes, it suffices ak this moment to asswne that A
is a non-empty compact subset of BT, We infroduce the function

i B % Ma — By by (g, 6),A) = koo Tz, £))T5(x, £), 7 = 5(t).  (8)

In (8), m :=3 and A = {p, g, kép. | € B present a.gaﬂera.].Lzed mass—a.ctmﬂ
law. We define the reaction rabe fris(t),t] by sris(t), t) = qriais{t), 1), A),
where i i= given by (8) and represents the classical p::rwa:'—la.w ansatz [ID]. We
specifically asswme that fr > 0if & = 0 and §fr = 0, otherwise. Furthermore,
note that some equations act in £2,(t), while others act in £2:(t) or at T'(t). Al
of the three space regions are varying in time and they are a priori unlnown.



Remark 2.1 (On the conditions across the nwving interface) The inter-
face conditions (5) and (6] require further crplanation. The term i (s(t),t) =
ﬁs’{f] deneles the rumber of moles per wolume that is transporied by diffusion
to the interface T(t). On the other hand, the proportionality 5'(t) = W:l'ﬂ_*f
emphasizes that the speed ' decreases as the amount of Ca{OH)a{ag) near T'(t)
increases. The expression @, T(s(t), t)s'(t) accounts for the mass flux indured
by the motion of T'(t) in order Lo preserue the conservation of mass. The condi-
tions (5) express jumps in the gradienis of concentrations arrass T(t). They are
typical interface relations for a surface-reacltion mechanism and can be derited
by applying the pillbor lemma (cf. [I15], e.q.), see also the classical Rankine-
Hugoniol fjump relations in [1], section 12 E, e.g. The non-local law {6) governs
the dynamics of the reaclion interface. The laller interface condition is derived
wia first principles in the 1D case and for simple 21 geometries in [P6]. I is
needed to close the model formulation and allows the exact determination of the
interface location once the reactants at T(t) are known. The selling is applicable
when the reaclion rate i is very fast compared to the diffusion of the gaseous
COs, or in other lerms, when the characteristic time of the carbonalion reaction
ts much smaller than the characleristic time of diffusion of the fastest specics.
This difference in the characleristic limes causes the concentrations of the actise
chemical sperics and their gradient lo have a fump at T(t). The magnilude of
the jump lypically depends on the concentralion ilself.

The system (1)-{8) forms the sharp-interfare carbonation model Fr. The model
Fr oonsists of & coupled =emi-linesr systern of parabolic equabions that has &
moving a prieré unknown internal boundary T(f), where the carbonation re-
action iz assumed to tale place. The coupling between the equations and the
non-linearities comes from the influence of the dhemical reaction on the trans-
port part and also from the dependence of the moving regions £2,(f) and £2:(t)
on =(t). Other nonlinearities may be introduced by different assumptions on
the production terms.

Remark 2.2 (Well-posedness of Fr) In [25] (Theorem 2.2 and Theorem 2.6)
and [P6], the global erisience and wniquencss of weak solulions te Fr are ad-
dressed when some size restrictions on data and model parameters are satisfied.
Furthermore, wnder alibe circumstances the weak solution is also stable with
respecl 1o small changes in the initial data and model parameters.

3  Simulation

3.1 Front-hixing approach

We reformulate the model Fr, thatis (1)-(8), in terms of macroscopic quantities
by performing the transformation of all concentrations inko volume-based con-
centrabions via d; 1= @Pu T, 1 € {1,3,1}, 42 1= PPails, d; 1= ¢, 4 € {5,6] and
map Ft onto a domain with fixed boundaries. To this effect, we employ Liandan-
like transformations similar to those employed, for instance, in [16, 15, 12]. Let
t € 57 be arbitrarily fixed. Wehave (1) € [0, s(f]] % 57 — (y,7) € [0, 1] % 57,
y=ifpadr =t fori el (x,t) = [s(t), L] x 3 — (y,7) € [1,2] x 51,

y=1+ﬁ¢&% and 7 = ¢, for i € Z. We label T by t and introduce the new



concentrabions, which act in the auxiliary -t plane by ua(y, t) (= & (r, t) — A (t)
for all i £ I3 U X5 Thus, the model equations are reduced to

(e + Ae) 3@ [Drﬂr = felu+ M +y {{f t: (9)
I:‘.‘_.['_+j.,_]|,t - @_—]wiﬂiﬂr,u),u=fr{u+-l l:.}_?:r) (f{ﬂu”{,lﬂ

where £ £ T, v € T3, u is the vector of concentrations (uy,us,us, us, ug)*t and
A represents the boundary data (A, Az 05,245 We male use of Az and Ag
only for formal notational reasons (A3 = Az ;= 0). The transformed initial,
boundary and interface conditions are

'E.[.'li‘y':I D) = Uin 'y'},'!- = I]_ 1 Ig,ﬂili.ﬂ-,f} = D,'i = Il;ui,y{b;t} = D,'!- = Ig, {11}

{t S, (1) = o (L t) + s 1) + M), (12)
al) = (D + ), (13)
—Dis ,
L s (1) = —ar(l,t) + 5" (Eus(l) + As), (14}
s (1) + ooy (1) = (L) el )+ s —uelt) +s, (15

where s (1,t) denotes the reaction rate that acts in the ¢ plane. This is defined
by

() = arlElys (), 1 + A(d, A),y € [0,1], (16)
for given A € My and i of (8). We also mention that g (y) = dolz) — A:(0),
where r = ysg, y € [0, for i € Iy, and = = so + {y — 1J{L — %), v € [1, 2] for
1 275 Finally, two odes

§(t) =ap(l,t) and ¢y (t) = fulvit)) ne t € Sr, (17}
where ¥ (1) = dy(s(f), ) for t € Sz, complete the modd formulabion. We also
assiume the strict positivity of their initial values

The transformed model equations are collected in (3)-(13).

3.2 Numerical method

To perform the simnlations, we employ a Galerkin scheme (cf. chapter 10in[17],
e.g.), in which the spare discretization i= done by standard linear finite elements.
The procedure yields a system of odes which can then be integrated by one of
the readily available MATLAR odes integrators. We use n = &0 grid points
to discretize uniformly each of the fived regions. The aniformity of the mesh
indicates that a relatively large number of grid points is required to approximate



the dynamics of the moving interface. We define piecewise ].LELEELI' spline functions
on the interval [0,1] with respect to the uniform mesh [0, L L2 .,e=h 1] by

'L'InI: ]l_ l_lﬂ’y_jln ify":-[:;_ﬂ%]ﬂ[u?l]
At ) elsewhere on [0,1] ,
whereicZand j € J:=1{1,...,n}. We also need some additional notations:
UM = [URELUAE), . UL R (i €I),t € 51,
2l = [ () v, e ] e B I:i ez,
AN =[A, . A eRLHeT), L =(1, . 1) eR"
To write the Galerkin system, we make use of the mass and stiffness ma-

trices as well as of two additional mabrices arising from the use of Landao
transformations. The matrices 84", A", LD and LT are given by [M"],. =

Jo orlylnieddy, [Rr]; = oMo vdy, [LF], = f vorlyer {’sf ),
[£7]i; = fnl{E —y}q;u?(yjﬁl;r{y]dy, see [3, 4] for their caleulation. Let us assume

(g, ) = UL [ ()] = Z UROuE () (e Z).

We write the Galerkin system in terms of the basis {11} for all (i,j) € T xZ
as followrs:

M"dui;m _ _D.i'::?;.-;‘{t} n HE: LSUME) 4+ Cin (i €T, U {4]), (10)
ﬂf“iﬁpf‘ﬂ _ _Diﬂnﬁin(ﬂ SL#} L:U?(f]l+Gin (iEIg]I,I:zD}

gt (L— s (L — s (t))
where the speed of the reaction interface T(ﬁ] iz approximabed by
n. n nyg
USH. l:ﬂ' + ﬂ‘;

for each t € Sr such that s.(0) = sp. The discrete production terms G ()
arising in {19) are now given by

Gin = —fA [Qlﬂfn[‘rfn{t) - ﬂf“U;ﬂ{f} + Qlﬂ;} - ﬁg] :
Gan = Fa[QuM UL () — M UL (E) + Q=AT — A
- k{Ufn{.ﬂ +ﬂ;.1]|P {U;nli.ﬂ +ﬂ;)q: {-}-}}
Gsn = S3pice U5 — M US(E) — AT], =
— k(UL +ATY (U0 +AR)T,
Gin = k(ULE+AD (UL + ALY, Gen =Gon =1,

where the discrete macroscopicequilibrinm con centration of Ca{QH ); is defined
by uf o = Intis oq with I .= (1,. .. 1) e B"™
We associate to the initial-valie problem (19)-(22) the initial conditions
U0y =0forallic X and s, (0) = 8o > 0. (23)

The non-local initial-value problem in its matrix form (19)-(22) has a unique
locally in time solution provided the initial condibions (23} and some restrictions
on the model parameters (like p > 1, ¢ > 1 and =0 on) are fulfilled.



Remark 3.1 We crpect that some tdeas from [12] and [ can be adapied io our
seiling ih order Lo point oud that for large walves of n the discrele approrimations
uin (I €T} and 5, converge (in a certain sense) bo u; i € X)), and respectively
o 5. We do not cope with these aspects here.

4 Simulation results and discussion

The nwnerical results are obtained based on the parameters specified in Ta-
ble 1 and Table 2 and those explained in the sequel. For convenience, we set
A = up; qEI]_U{4}]| , Ups = Upns, e =_D|5,F]_ = % =P, Q]_ =Q3 =Q and
o= sz;tGHthE.GZ, where Az denotes the maolecolar weight of the species

E and p, g are the partial orders of reaction. To calealate Xy and As, we split
via Henry'slaw the ambient concentration of CO4, say £, which is present ab the

exposed boundary, ie (A, A:) = (1%—%! ﬁ), see [1]. Another possible choice
is (A, hs) = (0,8). The initial value of CoCOs(aq) is given by dyn = kaf dl,
where & = 500 This means that at the beginning of the carbonation process,
some amount of carbonates iz already present. An alternative choice iz €y, =0
Furthermore, to keep the numerical approach as simple as possible, we add in
(19) & small artificial diffusion term (with £y = 107% em® day~!) to the equa-
tion describing the evolution of CoCCs(ag). If we are interested in caleulating
the macroscopic concentration profiles and position of the macroscopic reackion
interface, then explicit values of the porosity ¢ and material fractions ¢, and
Py are not necessary. If however, we want to explore the microscopic nforma-
tion, then some informabion about the size of ¢, and @, is needed. In this
section, we only plot the macroscopic concentration profiles. For instance, tal-
ing pu =1— g = 10% and ¢ of (2], we can easily obtain typical concentration
profiles of the active species ab the pore level.

We consider an 18 years old concrete wall made of the cement PZ35F, whose
chemistry, microstru cbure and outdoor exposure conditions are described in Ta-
ble 3.1 of [6]. Since we are not aware of experimental values for all needed
paramebers, same values (like these for @, F and S a..) are theoretical All
parameters are considered constant throughoot the carbonated and uncarbon-
ated regions. The purpose of the nuwmeri cal simulations is to ideatify the relevant
parameters and their role in the carbonation process.

E]

nzm' [':':'] Tm.Em]
(b} (e)

Figure 1. (a)4+{b) COslaq) and CalOH)s(aq) profiles #s. space. Each curve
refers to time ¢ = { years, i € {1,...,18}. (c). Interface position @z the
experimental points “ o™ after T = 18 years of exposure.
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az aa aa

o
(a)
Figure 5: (a) CaCOs(aq) profiles #s. space. Each curve refers to time ¢ = 4§

years, i € {1,...,18}. (b)4+{c) Concentration of COs(aq) and Ca{OH):(aq) &s.
time and space.

The plots in Fig. 1-5 show the solubion of the /- model Since daring the
time interval 5r only small changes appear in the concentration profiles of waber
produced via (1), we omit to show the corresponding profiles, which are almeost
constant. Obeerve that steep Ca(OH)2-concentration gradients arise near T'(t)
(cf. Fig. 4 (b}, Fig. 5 (c}, e.g.). The caleulated interface location is in the
experimental range, see Fig. 1 (¢} and Fig. 6.

z z
£ . E .
f_‘1_. ",.,-"ff ihn //
i3 e = i3
B /ffxﬁ ., 3 //,_,.-“fﬁ.
o . g .
o o
3 Pﬁ 3 ﬁff

o 5 1o 15 EL o 5 1o 15 zo

Time, [years] Time, [years]
(&) (b)

Figure 6: {a) Interface location ws. the experimental points ™ when varying
the parbial reaction order p = 1.5,1.3,1,0.9 while g = 1. (b} Interface loca-
tion ws. the experimental points “ o ™ when varying the effective dimensional
diffusion coefficient of COs(g) as follows: £2, D, 205 and 1D,

Furthermore, Fig. 5 {(a) shows a gradoal increase in the concentration of
CaCOs{aq) within £41(t). It visualizes the expansion of £21(t) and also points
out the shrinking of £25(t). The results in Fig. 6 indicate a strong dependence
of the penetration speed on the structure of the reaction rate 9jr and on the
range of the effective diffusion coefficient of CO:(g). Changing the exponent p
from 0.9 t0 1.5 produces a significant in crease of the reaction rate, which finally
results in a higher penetration depth. The penetration depth obtained with
p = L5 is ab least twice bigger than that obtained for p = 1 {compare the curve
1 with the curve 1 in Fig. 6 (a)). Alterations of the exponent g may lead to
drastic dhanges in the penetration depth as well. An increase in the eflective
diffusivity of COs(g) produces a significant increase in the penebration depth.

Owing to Fig. 6 (b}, the tendency is clear: If COz(g) encounters difficulties
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Juantity Definition Dimension  Value

fuie Water:cement ratio - n.e80
Faie Aggregabe: cement ratio - 514128
Pe Cement density gem™® 3.15
Pa Aggregate density gem™® 27

Table 1: Material characteristics of the concrete sample, [4, f].

to trawvel to the reaction zone, then the speed of the position of the reackion
locus is correspondingly smaller. On the other hand, if the matrix has large
pores, then a fast advan cement of CO »(g) molecules is to be expected.

Juantity Definition Dimension Value

L Effective moisture diffusivity cm® day~ T 1

Dy Effective Ca{0H):(aq) diffusivity cm?® day~ ! 0.864

D Effective COslaq) diffusivity cm?® day~ ! 3.5

I Effective COslaq) diffusivity cm?® day~ ! 0.62

As Initial values of moisture gem™? 0.061

£ Ambient concentration of CDa(g) gem™ 5802 % 107
s Initial valne for Ca{OH)a(aq) gem™? 0.0775

Fg Initial position of T'(t) cim 10-*

2L Length of the (observed) slab cim 10

o Exchange factor in Henry's law - 0.8227

F Mass-transfer coefficient of COs{g) day™t 3E7EN

S gics Factor in the dissclution law day~t o

e Gas constant mol~ K1 atm 8206 x 10-%
H Henry’s law constant for CO s(g) mol m~*abm-1 312

Moo, Molecular weight of CO4 g mol~t 44
Mgy, Molecular weight of Ca/OH), g mol™t 74

Table 2: IMumerical dats for parameters and input variables, [4].

Mumerical ranges for many of the model parameters (like the effective dif-
fusivity of each species, the reaction constants for carbonation and dissolukion
reactions, mass-transfer coefficients in Henry's law, ebe.] and their correlation
with significant material properties (like type of the cement, water-to-cement
ratio, dependence of the total porosity on the carbonation-reaction rate, ebe. )
are only poorly known. However, despite of these inherent artifacts, the moving-
interface approach provides a proper frameworls for further investigation of the
right cheoice of the effective carbonation-reaction rate on the overall process.

5 Summary and conclusion

A two-phase moving-bound ary systermn has been introduced to describe the pen-
etration of the carbonation front, ideslized as a sharp interface, inbo & concrete
wall whese chemnical compesibion and initial microstructore are known. The
propozed model captures nimerically most of the major features of the physico-
chemnical process. The shape and order of magnitude of the conecentrations and
their profiles, the high sensitivity with respect to the effective diffusion coeffi-
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cient of gasecus CO- and the dominance of the reaction part against diffusive
transport are pointed out. The simulations indicabe a strong depen deace of the
output of the model on the choice of the pararmeters describing the carbonation-
reaction rabe. The compubed penetration depths compare well with the mea-
sured penetration depths from [6]. Addibionally, the computed concentration
profiles are in the expected phyysical range.
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