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Introduction

Service life models are necessary in today’s structural design. Present day
structural engineers use service life models in the design of new structures, design
of maintenance over time, life cycle analyses, predictive risk analyses etc. This
research has been an attempt to develop a theoretical basis for practical service
life models with respect to carbonation and chloride penetration in concrete
structures. The interaction of degradation mechanisms is also considered.

The models have been developed starting from laws of diffusion and laws of
chemical reactions - how the diffused agents, CO, and chloride ions, are
chemically bound and stored in the porosity of concrete. Based on the fact that the
agents cannot disappear the flux into concrete must be in balance with the
material stored in concrete. The models are derived using different pre-
assumptions starting from the simplest cases and ending in more demanding
cases. The cases are the following:

Carbonation and chloride penetration on normal concrete surface

Carbonation and chloride penetration at cracks of concrete

Carbonation and chloride on a coated concrete surface

The effect of aging (hydration) on carbonation and chloride penetration

The effect of frost attack on carbonation and chloride penetration

The effect of carbonation on chloride penetration and the effect of chlorides on
carbonation.

In some cases an analytical solution is not possible. In those cases the algorithms
for numerically solution are presented.

The final aim has been to find ways to determine factors for service life design
according to the “factor approach”. A correct theoretical basis for factorizing the
service life models has been searched as far as it is possible using simple
mathematical formulations.

Carbonation on the Surface of Concrete

The experimental observation that the depth of carbonation is approximately
proportional to the square root of time can be theoreticaly derived by applying
the diffusion theory. In this theory the carbon dioxide is diffused into concrete and
reacts with the non-carbonated calcium minerals at the * moving boundary’, that is
at the distance of Xc, depth of carbonation, from the surface of a structure. The
carbon dioxide content between the surface and the moving boundary is assumed
to be linear. Then the flux of carbon dioxide towards the moving boundary can be
evaluated as [9]:

=02 ®

Xea

where J is flux of carbon dioxide into concrete, g/(nfs),
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D diffusion coefficient with respect to carbon dioxide, m?/s,

Xca distance of the moving carbonation boundary from the surface
of the structure, m,

= Gs- Gy, g(COL)/NT,

CO, content of air at the surface of concrete, g(CO.)/m?®, and
CO, content of air at the moving boundary, g(CO2)/m®.

°P Y

Cs DC

: /A
:/ \ Xca

Figure 1. Carbonation on the surface of concrete.

Cx

The carbon dioxide flux into concrete must be in balance with the rate of mass
growth of bound CO;:

_dQ, @
dt

where Qc, is the mass of chemically bound CO, in concrete, kgCO..

The mass of already bound CO, in concrete can be presented as

Qu = axx, €)

where aisthe CO,-binding capacity of concrete, kgCO,/m®.

dQ., _ a dx., (4)

dt dt
wheret time, s.

By combining Equations 1 and 4 and integrating over time (Xca = 0 when t = 0),
the following solution is obtained:

. = [2D >Dc % )
ca T

From Equation 5 it is seen that at constant conditions and with constant material
properties the depth of carbonation is proportional to the square root of time. Thus
the equation can be presented in a more simplified form as:

X, =kt (6)

where t is theageof concrete, a and

F <) 0
ke is coefficient of carbonation §:1/2DaxDCi, mm/a”>.,
@
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The coefficient of carbonation depends on the permeability of concrete, quality of
cement, possible cement replacements (blast furnace slag, silicafume etc.) and the
environmental conditions. A less permeable concrete will yield a slower
carbonation rate. In wet concrete, carbonation is much slower than in only slightly
moist concrete.

Corrosion of reinforcement can start when carbonation attains the depth of
reinforcement i.e. when the carbonated zone on the surface of the structure equals
the concrete cover, C. So, from Eq. 5 the following equation for the
“depassivation time” or “initiation time of corrosion” is obtained:

t _#C 6 _Ca )
° gkca; 2D xDc

where tg is initiation time of corrosion, a
C concrete cover, mm.

Applying these results to the “factor method”, the initiation time can be presented

as.
t, =t, XAXBXE )
2>e.r 0
where tor is referenceinitiation time of corrosmng r T
D, XOc, »
) P2 &) 0
A material factor g i&j
a Dg
& C?0
B structural factor :C—Zi
C o
E environmental factor DC O

ﬂ

The material factor A depends on the quality of concrete. i.e. the nominal strength
of concrete and the quality of cement [7]. The material factor A can be divided
into two factors (A = A1.A,) the other factor addressing the concrete strength (or
w/c -ratio) and the other factor addressing the cement quality. The environmental
factor E takes into account the moisture conditions of the environment as the
diffusion of CO; in concrete depends much on the moisture content of concrete.
The environmental factor as dependent on CO, content can be neglected if it is
assumed that the CO, content is constant.

Chloride Penetration on the Surface of Concrete

The chloride penetration into concrete can be assumed to comply with the
following equation according to Fick’'s 2" Jaw of diffusion.



WT RESEARCH REPORT VTT-R-04771-09

7(38)

2 9
dc:Ddc 9

dt dx?

where ¢ chloride content, g/m®,
x distance from surface, m,
D diffusion coefficient with respect to chloride ion diffusion in
concrete, m?/s, and
t time s

Actually a part of movable chlorides is chemically bound or adsorbed into
concrete. So the equation for free chloride would be as follows:

dCfree =D dchree _ dCbound (10)
dt dx? dt

where creeis  free chloride content, g/n,
Coound  bound chloride content, g/m®,

However, it is usually assumed that the amount of bound chloride is proportional
to the amount of free chloride [3]:

Cbound = R>Cfree (11)

where R isconstant (depending on concrete).
Then the differential equation returnsto Eq. 9. with following explanations:

c istotal chloride content (Cree + Coound), 9/m°, and
D apparent coefficient of diffusion with respect to chloride ions, m%s.

Although the free chloride gradient is the real driving potential for chloride
penetration the total chloride content is used instead in the calculations and the
(apparent) coefficient of diffusion is determined based on the total chloride
gradient.

In the following it is assumed that the above mentioned rules are valid. This is
important for practical reasons because the determination of free chloride content
is extremely difficult. So, in practice the chloride content is determined as the
total (acid soluble) chloride content and the surface chloride contents and critical
chloride contents, which are essential parameters in service life models, are given
as total chloride contents. Also the determination of the diffusion coefficient is
based on total chloride content.

Having the differential equation 9 and assuming a semi-infinite wall with no time
dependent changes in material properties the following solution can be derived for
chloride content in concrete:

50 (12)

czcg- erf?;e X
) 62D % gg

cs chloride content at the surface of concrete, g/,
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Although Equation 12 complies with the Fick’s 2™ law of diffusion it cannot be
considered exact in case of chloride penetration into concrete. That is because the
assumptions made - constant surface content, constant environmental conditions
and homogeneous quality of concrete (during the whole service life) - are
practically never fulfilled. Also, the error-function solution is not very user
friendly - especially considering differentiation of factors for the factor approach.
That is why the use of a simpler model is justified. Next, the chloride content
gradient is approximated with a parabola function which closely emulates the
error-function model [2].

c=cofl

X 2 (13)
e H

XE£H

Q IO

where H is the depth of chloride ion penetration, m (the distance between the
surface and the lowest point of the parabola).

12

1

0.8 \\
arabola
0.6 : p i
\\ ------- error-function
0.4 -

0.2 . \\\
O -_"~—-_.

0 20 40 60 80 100

cl/cs

Depth, mm

Figure 2. Parabola and error-function model for chloride penetration.

The parabola solution brings many benefits in practice. Not only the factorization
for the factor approach is easier with the parabola solution but also the
mathematical treatment of problems related to cracks, coatings, time-related
changes in concrete quality and interaction with other degradation types are much
easier to treat with the parabola model. The application of the error-function in the
most simple case of chloride diffusion is not justified if it entails mathematical
trade-offs in the more complicated cases.

So, garting from Eq. 13 an equation for the depth of chloride penetration, H, is
derived by assuming that the chloride ion flux into concrete must be in balance
with the mass growth of chloride ions in concrete. The flux of chloride ions into
concrete can be presented as:

3 =p&LY (4
efXa

where J is flux of chloride ionsinto concrete, g/m?s,
D the diffusion coefficient of concrete with respect to chloride
ione, m%/s,
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Alco . . _ 3
gﬂ—T gradient of the chloride content at the surface (x = 0), mol/m®/m.
eliXa
Applying Eg. 13 to Eq. 14 the following solution is obtained:
1=025 (19
H
The existing mass of chloride ions in concreteiis:
H
. c.H (16)
Q, =gpdx==
o 3
Thus the rate of mass growth is:
dQ, _dH ¢, (17)
dt d 3

By combining Equations 15 and 17, separating the variables, and integrating (H =
0 when t = 0) the equation becomes:

H =+12>D % (18)

Inserting this to Equation 13 resultsin [2]:

X & (19)

C=C &_‘[- —_—
S% 2./3xD % g

The depth of the critical chloride content (with respect to initiation of corrosion)
can be presented as a function of t by solving it from Eq. 19 and replacing c by the
critical chloride content Ceit.

x, = |%t D 30 %
§ Cs o

where Xcg is depth of critical chloride content at moment t, m,
Cait critical chloride content, g/m®.

Cs

/ N
// Xel
H Cerit b

N

Figure 3. Chloride profile on concrete surface.
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In this form it is obvious that the depth of the critical chloride content
approximately complies with the "square-root-of-time"-law in the same way as
the depth of carbonation:

Xg =Ky Vt (21)

where kg coefficient of chloride penetration, mm/Oyear and
t time, year.

The coefficient of chloride penetration can be determined as.

2 [c, 0
kd:2\/3T>§1- e
s @

Corrosion starts when the critical chloride content reaches the reinforcement.
From Equations 21 and 22 the initiation time of corrosion can be determined as
follows.

(22)

(23)

The critical chloride content, cqit, IS usually expressed as a percentage of the
weight of cement [%(Cl") by weight of cement]. The corresponding amount as
[9(CI)/m’] is obtained as follows:

c:crit =0.01M cem ><pcrit (24)
where cgit is  critical chloride content, g[CI]/m®

Mcem  amount of cement in concrete, g/m’,
Perit critical chloride content , %(Cl") by weight of cement.

Using the “factor approach” the initiation time can be presented as.
t, =t, XAXBXE (29)
0

e
where to is reference initiation time of corrosion -

cz 2
Sk T

A material factor 8%&9
e Dg
& C?20
B structura factor g: C—Z:
Cr 4]

E environmental factor g:
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4 Carbonation at a Crack of Concrete

Carbonation rate at a crack of concrete can be derived using the same principles as
those applied in the case of a normal concrete surface. The CO,-gas first diffuses
into a crack and then to concrete at the sides of the crack. The flux of the diffused
CO, mass must equal the chemically bound CO, mass at the sides of the crack. In
the following the problem is applied only to one side of the crack.

The CO, flux through half of a crack can be presented as (ref. Eq. 1). The axis 'y
denotes the distance from the surface at the crack and the axis z denotes the
distance from the crack surface into the concrete:

Ju = Dy Dce w (26)
Yoo 2
where J is flux of carbon dioxide into concrete, g/m?s,
Dr the diffusion coefficient of concrete with respect to CO,, m?/s,
Yea depth of carbonation at the crack, m,
w width of the crack, m
Dcr=  Cs- Gy, g(COR)/mM?,
Cs CO, content of air at the surface of concrete, g(CO,)/m* and

Cx CO, content of air at the depth ye, g(CO2)/m°.
The diffusion to concrete at one side of the crack is (ref. Eq. 1)

Yo Deg, (27)
'JRz = d)z—dy
0

y

where Dcry is CO.-content in the crack at the distance y from the origin,
g(CO,)/m?’

z, is depth of carbonation at the crack at the distance y from the
origin, m.

The CO2-content in the crack is assumed to reduce linearly to O at the depth of yca.
More difficult isto know the depth of carbonation at the side of the crack. Next, it
is assumed that the depth of carbonation changes as related to (y/ye)" Where nis
an unknown exponent (solved later). For simplification the origin is assumed to be
at the tip of the carbonated wedge at the crack, i.e. a yc from the surface. Thus
Dcry and zy, can be expressed as functions of y:

A (28 @)
DCRy = DCR xéalg
, =7 BV 0
Y @

where Dcris CO.-content a the crack at the surface of the structure,
9(CO)/M’,

Z.a 1S depth of carbonation at the side of the crack at the surface of the
structure, m.
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3 | T y
| /)
T , \ Xca
|
|
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| <—>
Yea I
|
|
i1y
\ |
I
|
Figure 4. Carbonation at a crack of concrete.
Eq. 27 will then be:
= y 6" Dey Ve (29)
- EP 5 w 2- N
The mass of already carbonated concrete at one side of the crack is:
g (30)
_ A% XY
=ax axz
OZYdy c% ca ﬂ n+1

where Qg IS the mass of bound CO; at one side of the crack, g,
a CO,-binding capacity of concrete, g(CO.)/n.

Both y., and zc, are time-related variables. So, the rate of mass growth iny and z
directionsisdivided as follows:

dQ,, _a#Q, 6 , a#Q,, 6 (31)
dt gdt g & dt g

As combined with the fluxes of CO, iny and z directions there is the requirement:

gﬁQ 0 ,a8Q,0 (32)

J+J to—
edtq, edtgZ

It is now assumed that the diffusion in the y direction corresponds to the mass
growth in the y direction and the diffusion in the z direction corresponds to mass
growth in the z direction. From Eq. 26 the y direction becomes:

D DCe W_ a2z, dy, (33)
Ry, 2 n+l dt

Correspondingly from Eq. 29 in the z direction:
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D DCr Ve _@%Y, 0z, (34)
z, 2-n n+l1 dt
From 34 by differentiating the variables and integrating (t = 0, zc; = 0)
_\/n+1D><DcR>¢ (35)
“"\2-n a

This equals to Eg. 5 assuming Dc = Dcg and n = 1. Thus, the previously made
assumptions related to the carbonation in z-direction can be considered proven
correct. The sides of the carbonated wedge are proven to be linear (n = 1) and z¢,

= Xca

In the y-direction (Eq. 33) the origin is then set to the mouth of crack. Thus
finding (N = 1, Z = Xea = keaQY)):

V2 D, XDc, w1 (36)
VWealVer = ———— X = dt
?y y axk, ot
from which it can be solved:
_ |42 Do ow (37)
“ axx,,
and further noting Eqg. 5.
_ [2XD wx2xD xDe, % _\/2><DR XU X (38)
“ D axx, D =

Thisis the same function as that derived by Schiefl [9]. Thus y is proportional to
the square root of xe. By inserting Eg. 5:

_ ZXDSXWXkcaX‘{/E (39)

Yea

From 39 the initiation time of corrosion at a crack can be solved (yea = Cwhent =
to):

_ c* (40)
B a2 XDy X x
¢ N

tOR 2

k2
e D 2}

Noting Eq. 7 apractical solution results:

_ C? (41)
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The initiation time of corrosion at a crack can be determined by multiplying the
initiation time of corrosion at a normal concrete surface by a crack factor, Fg,

which is
F-2C o@D 42
R &2xwg gD g
5 Chloride Penetration at a Crack of Concrete

A mathematical model for the penetration of chloride ions at the crack of concrete
is derived based on the same principles as those applied in the case of
carbonation. The flux of chloride ions into a crack and then into concrete at the
sides of the crack must equal the mass growth of chloride ions in concrete. The
axis y denotes the distance from the surface at the crack and the axis z denotesthe
distance from the crack surface into concrete. The parabola model is assumed for
the chloride gradient at the crack:

2 (43)
(0]

Gy =Crfl- 22 YEH,

HRﬂ

where cgry is chloride content at the crack at the distance of y from the

surface, g/m®,

CRrs chloride content a the mouth of the crack (at surface level of
structure), g/m®,

y distance from surface, m,

Hr the depth of chloride penetration at the crack, m.

Thusthe chloride ion flux into one wall of the crack is (comparing Eq. 15 and Eq.

26):
JRy = Dy 2Cps A (44)
Hy 2
where Jgy is flux of chloride ions into crack, g/m?s,
Dr the diffusion coefficient of the crack with respect to chloride
ions, m?/s,
w width of the crack, m.

As in the case of chloride diffusion at the concrete surface, an equation for the
mass growth of chloride ions at a crack can be presented (compare Equations 16
and 17):

dQy _ dHg G W (45)
dt a 3 2

However, the chloride ions are assumed to further diffuse into concrete a the
sides of the crack. The diffusion through concrete at one side of the crack is
(compare Eq. 27):
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e 2,
'JRz = ODH—dy

0 zy

(46)

where cgry is chloride ion content at the crack at the distance y from the
origin, g/nT’,
Hzy depth of chloride penetration in z-direction at the crack at the
distance y from the origin, m.

The chloride ion content at the crack is assumed to reduce according to Eq. 43.
The depth of chloride penetration into the wall of the crack (in z-direction) is
unknown, but it is assumed that H, (the depth of chloride penetration as a
function of y) is related to (1-y/Hg)" where n is an unknown exponent. To make
the calculations easier the origin is changed to the tip of the chloride contaminated
wedge at the crack, i.e. at Hg from the surface. Thus cry and H,y are presented as:

Co, =C aeigz 478
> "EHes (47 )
2y 0
H, =H,6—=
? gH RO
where Hy depth of chloride ion penetration at the side of the crack in z-
direction, m,
y’ distance from the tip of the chloride contaminated wedge (= Hr -
y)l ml
H, depth of chloride ion penetration in z-direction at the mouth of
the crack, m.
|,W/2\| Hz |
| T /F )
[ K
i y ’I, / Xel
7 -
' H
[ zy
Yd H
Ho |- ! _J/_
R : Cerit
|y
\ !
!
!

Figure 5. Chloride penetration at a crack of concrete.
Then from Eq. 46 follows:

H , ...2- n (48)
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The mass of chlorides ions in concreteis;
chy xH - Hf%y' ¢2+n CR xH_ xH i (49)
QcI: :CRXHZ T+ dy:—z
0 3 0 HR 17 n+3

where Qg isthe mass of chloride ions at one side of the crack, g/m.

Both H, and Hgr are time dependent variables. So the rate of mass growth is
determined as follows:

dQcI :@QCIQ +%jQC|9 = CR tz dHR +CR XHR de (50)
dt Edt g &dt g n+3 dt  n+3 d

It is now assumed (as in the case of carbonation) that the diffusion in the y
direction corresponds to the mass growth in the y direction and the diffusion in the
z direction corresponds to mass growth in the z direction. Then by taking Eq. 44 it
isdetermined in the y-direction:

2, W_ e XH, dHg (51)
" H, 2 n+3 dt

And correspondingly in the z-direction (EqQ. 48):

Cx Hg :cR>HRdHZ (52
H,3-n n+3 dt

z

D

From 52 by differentiating the variables and integrating (t = 0, H, = 0) it is found

that:
53
H = ["*30.0 (53
3-n

This is equal to Equation 18 assuming that n = 15/7 = 2.14. The sides of the
chloride contaminated wedge are curved and related approximately to the function
(y'/Hr)**. The depth of the chloride content at the mouth of the crack can be
assumed to be the same as the depth of the chloride content on an uncracked
concrete surface (H,= H = Q12Dt).

In the y-direction the origin is set back to the surface. Thusit is obtained (ref. EQ.

51):
H t
§ D.xw ' 1 (54)
HrdHg =(n+3)—ZF=xF=dt
94R = = )«/12D oAt

fromwhich it can be solved:

_[2Xqn+3) Dy xw (55)
HR‘J N
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and further noting Eg. 15.

(56)
HR:\/n+3XDF;DX\N\/W \/172D ><\NXH

3 D

Thus Hg is proportional to the square root of H. The critical depth of chloride
content at acrack, yq, can also be presented as a function of x:

A / Cuit —><H A \/ Cm? 12 D xwx X, (57)
é é Csg|? D gi Coir &

Cs

(%)

or as afunction of t.

E (58)
=g Je? ¢ @205 6
g 97 D ﬂ

Finally from Eq. 58 the initiation time of corrosion at a crack can be solved:

c* (59)

2
éésziM)gjza%- Con 2 g
e 7O ﬁ§ Cs B

However, noting still Eq. 23, it is found:

tOR -

C? (60)
tor = X,

.2
ﬁz ><DR XVV('jza Ccrit 9
R WO G [Cert 2
e 7xD gé Cs »

The initiation time of corrosion at a crack can be determined by multiplying the
initiation time of corrosion on a normal concrete surface by a crack factor, Fg,

which is
& (62)
L 8e?>Co D 0 g 1 =
R =
12)(\[\/ D Ccrit -
e a R z Xél s
6 Carbonation on a Coated Concrete Surface

Coatings retard the penetration CO, into concrete. Thus they reduce the rate of
carbonation of concrete and lengthen the initiation time of corrosion. In the
following a “coating factor” is derived for the initiation time of corrosion at a
coated concrete surface. The flux of CO, through the coating is[3]:
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(c,- c,) (62)

where J is flux of carbon dioxide through coating, g/m®s,
D¢ the diffusion coefficient of the coating with respect to CO,,

m?/s,

he thickness of the coating, m,

Cs CO, content of air a the surface of the coated concrete,
g(CO,)/m*, and

Cy CO, content of air at the concrete side of the coating,
g(COL)/m?.

The CO; flux in concrete assuming that ¢, is approximately O is:

- 63
J, = D—(Cg &) » Dc—g ©3)

X X

where J is flux of CO, into concrete, g/(m?s),

D diffusion coefficient of concrete, m%/s,
Co CO, content at the depth of x1 in concrete, g(CO2)/m®
X1 depth of carbonation (behind the coating), m.
Cs
Coating / he
Cy
X1
Concrete
Co

Figure 6. Carbonation under a coating.

By setting J. = J the CO, content immediately behind the coating (cg) can be
solved as follows [3]:

c = G (64)
¢ D_h
1+ —x<
Xl Dc
Thus the rate of mass growth of bound CO, in concreteis:
dQw _ % (65)

dt dt
wheret time, s.

By combining Equations 63 and 65, it is found that:
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C dx, (66)
D——=——=a—*
LDt
By separating the variables and integrating (t = 0, x; = 0) it is seen that:
_axd? 42 00 0 (67)
2XDxc, X XD, Q,
when t isthe initiation time of corrosion, toc, X1 1S C:
2 D>, (68)
i, =< &,
2xXD xc, g CxD, g Q,
By noting Eq. 7 we get:
L0 (69)
= t >§L+ 2 :
c @
where to. IS initiation time of a coated Sructure, a
to initiation time of uncoated structure.
Thus the coating factor of initiation time is.
70
B. =1+ ZRh— (70)
C D,
where B. isthe coating factor.

The coating factor can be easily tabulated by the concrete parameter D/C and the
coating parameter DJ/h.

Chloride Penetration on a Coated Concrete Surface

In the case of chloride penetration on a coated concrete surface the first step isto
solve the chloride content immediately beneath the coating. The flux through the
coating is.

(c,- c,) (71)

where J is flux of chloride ions through coating, g/m?s,
D¢ the diffusion coefficient of the coating with respect to chloride
ions, m?/s,
he thickness of the coating, m,
Cs chloride content at the surface of the coated concrete, g/m?, and
Cy chloride content immediately behind the coating, g/m®.



V7T RESEARCH REPORT VTT-R-04771-09
20 (38)

The flux under the coating is according to Eq. 15:

_ .2, (72)
Jo=bg-

1

where J is flux of chloride ions towards concrete, g/m?s,
Hi depth of chloride penetration, m.

By setting J. equal to J; it isfound that:

C, (73)
c =

9 2D h,
1452 ¢
Hl DC

The rate of mass growth of chloride ions in concrete is according to Eq. 17:

dQ, _dH, ¢, (74)
dt dt 3

By setting this equal to J; and separating factorsit is seen that:

o) (79)
?—ll+2th°idH1=6D>dt
D. o
By integrating (t = 0, H; = Q) it is found that:
(= H/} +4D><hcg (76)
12xD g H, XD, 5
Cs
Coating Cy T he
A Cori A
< Crflt Y Xel
Hy
Concrete
\4

Fig 7. Chloride penetration under a coating.

The solution of the interaction factor is not so easy as in the case carbonation
because the service life is not determinable based on the total penetration of
chloride but on the critical chloride content. It is also seen that the surface content
of chlorides in concrete is lowered by the coating so that the efficient surface
content is ¢y instead of ¢s. From equation 76 the total depth of chloride penetration
can be solved as follows.
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(77)

H, = 8@><D><h 125D 5% - 2XD xh
Dc ﬂ Dc

The depth of critical chloride content can then be determined as follows:

o (78)
— gl cr|t :le
& V% 5

where ¢y is the chloride content of concrete immediately behind the coating
and is determined from Eq. 73, and,
Xd the depth of critical chloride content.

The time equals to the initiation time of corrosion, toc, when the depth of critical
chloride content attains the depth of concrete cover, C. An arithmetical solution is
difficult to present but the problem can be solved by Goal Seek or Solver. Finally
the relation ship tod/to is determined (to is the initiation time of corrosion at a non-
coated surface). The results can be tabulated by factors cgi/cs, D/D. and W/C
representing environmental conditions (factor E), material properties (factor A)
and structural measures (factor B).

The Effect of Aging on Carbonation of Concrete

Some properties of concrete improve with age because of continuous hydration of
cement minerals. Such properties are the strength, diffusion resistance, electric
resistivity etc. When studying diffusion problems like carbonation the actual
diffusion coefficient reduces with time as follows[1, 5, 6, 10]:

79
D= DNéé—N9 (79)
et g
where D diffusion coefficient of concrete with respect to CO,, m?/s,
Dn diffusion coefficient of concrete at the nominal age of concrete
N, mZ/S,
t age of structure, years,
tN nominal age of concrete (= 28 d = 0.0767 years),
n exponent depending on the quality of cement.
Thus CO, flux through the surface of the structure is dependent on time:
a0 (80)
’@T—
elgX

Setting this equal to the mass growth of bound CO- (ref. Eg.4) it is found that:

D aé_o Dc a% (81)
Ngt g %, dt

where t istime (or age of the structure), s.
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By integrating over time (X = 0 when t = 0) the following solution is obtained:

_ [2D, xDcx, et © (82)
Xa =4 —— o %=
Vaxt-n &g

For initiation time of corrosion it isthen found (t = towhenXg = C)

L (83)
‘ _aE*xaxl- n)grn «
° gzDN DeXty g
As applied to the factor method one can write:
t, =t, XAXBXE (84)

where tor is referenceinitiation time of corrosion
1

&’ >a, (1-n, ) o

= T >{N’
g 2DNr >Dcr >¢'N ﬂ
1
R gi-n
(;;B >(1' n)—
A material factor = -€ g__,

= 0 00"
&, g

o
B structural factor = ——,
crm
1
DCl—n
E environmental factor =—=-
ml— n,

The parameter n depends partly on the cement partly on the environment [10].
Thus it is impossible to completely separate environmental factors from material
factors and structural factors.

9 The Effect of Aging on Chloride Penetration in Concrete

As in the case of carbonation also diffusion coefficient with respect to chloride
diffusion is considered to be reduced withtime[1, 5, 6, 10]:

85
p=p, &2 (85)
et g
where D diffusion coefficient of concrete with respect to Cl", m%/s,
Dn diffusion coefficient of concrete at the nominal age of concrete

N, mZ/S.
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By setting J= dQq/dt (ref Eq. 15and 17) it is found that:
p, 2 ¢ 2%, _dH ¢, (86)
g t g H da 3

By combining separating variables H and t, and integrating (H = O whent = 0):

\/7 2t o )2 (87)

The depth of the critical chloride content (with respect to initiation of corrosion) is
thus:

- = o (83)
&t 0
XCI :§1- \/ ot + ><DN N LI
The initiation time of corrosion is:
1
- = (89)
g N
2 _ -
(; C i 1-n 1 _—
6 12 Do, =
1 Cl'lt —_— _
éé Ve :

Using the “factor method” the initiation time can be presented as:

t, =t, XAXBXE (90)

where tor is referenceinitiation time of corrosion
1

e ('_51-”
_9 Cix{l-n) =
812DNr>¢ 7{1 e )2
1
& (1- n) 91*
12D, %,
A material factor = g :
aew@ﬁ
12D,, %, g
E it
B structurd factor ¢= ——+,
£y
® 2
A5
E environmental factor ¢=-—————-
E bk




WT RESEARCH REPORT VTT-R-04771-09

10

24 (38)

As with carbonation, the exponent n depends on both environmental conditions
and cement types [10]. So the separation of environmental factors from material
factors and structural factorsis not possible.

The Effect of Frost Attack on Carbonation of Concrete

There are two forms of frost attack: one - interna attack - causing internal cracks
in concrete, and the other - frost scaling - causing cracking and disintegration of
concrete at the surface of a structure. Internal frost attack reduces the compressive
strength and other physical properties of concrete. The diffusion coefficient with
respect to both CO, and chlorides increases as a result of internal frost attack.
Assuming that the increase of the diffusion coefficient can be expressed as a
function of time the following model for the effective diffusion coefficient would
be applied:

Deff = DN )klntFrost (t) (91)

where  Degi efgective diffusion coefficient of concrete with respect to CO,,
m-/s,
Dn diffusion coefficient of concrete without the effect of frost, m?/s,
Kintrross  reduction coefficient taking into account the effect of internal
frost action on the diffusion coefficient
t age of structure, years.

The other type of frost attack which is usually associated with chloride salts
causes scaling of concrete surface. Thus the thickness of concrete cover is
diminished as aresult of frost scaling [4]:

Xeaeft = Xca(t) - XFrSc(t) (92)

where X €ffective depth of carbonation, m,
Xca original depth of carbonation, m,
Xirsc depth of scaled concrete from the surface of the structure, m,
t age of structure, years.

Applying Equations 91 and 92 to Equation 1, setting it equal to Eq. 4, and adding
coefficients for temperature and moisture variations and hydration of cement, the
following differential equation is obtained:

a6 Dc dx (93)
D, XX sk (t)xk,, (t)xk t)x = ca
N >qe§t o T( ) RH( ) |mFI'OSt( ) Xca(t)' XerC(t) a dt

This function cannot be solved analytically because the variables cannot be
separated. So, the problem can only be solved by numerical methods. The
numerical solution can be formulated as follows:
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X, =a Dx (94)

ca

Dc

Dy, DI
Xca(t)_ XFrSc(t)

a

D (14 D) = 2L ot (1) (1) (1)

Q IO

where kr is coefficient taking into account the effect of the momentary
temperature on the diffusion coefficient, and
KrH coefficient taking into account the momentary relative humidity
on the diffusion coefficient.

The numerical simulation can be conducted in a simple or a more profound way.
Here a simple way, in which only the effects of frost attack are considered, is
presented. Thus the diffusion coefficient is not assumed to reduce with time as a
result of hydration. Also the temperature and moisture coefficients are ignored as
the calculations are performed on annual bases (daily and hourly fluctuations of
temperature and moisture can be ignored). The increase of the diffusion
coefficient (as a result of internal frost attack) is assumed to occur linearly.
Likewise the frost scaling is assumed to proceed linearly with time. Then the Eq.
94 can be simplified in the following form [11]:

X = DXy (95)

g V3 kIntFr !

Dx,(t+Dt)=
2 Xca(t)_ kFrSc X

where  Kiner isa coefficient of linear internal frost attack, and
Kerse a coefficient of linear frost-salt attack.

Considering, for example, that the diffusion coefficient of CO, is doubled when
the limit state of service life with respect to frost attack is reached, then the
coefficient of internal frost attack would be:

2 96
K = —2— (1] year) (%)

L;IntFr

where tLme IS the predicted service life of the structure with respect to
internal frost attack.

Likewise considering that the limit depth of scaling is 20 mm at the end of the
service life of the structure. Then the coefficient kgs; for frost scaling is:

2ot year) (97)

Kerge =
L;Frse

where tLme  ISthe predicted service life of the structure with respect to frost-
salt attack.

Considering further that the original predicted initiation time of corrosion with
respect to carbonation isto.ca. Then the coefficient of carbonation is:
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k,, = ¢ (mm/+/a) (98)
\/to;ca
where  toca is the original predicted initiation time of corrosion with respect
to carbonation, and,
C concrete cover, mm.

In the following first the determination of the interaction factor of initiation time
of corrosion interacted by internal frost attack is presented. This interaction factor,
ltocaintrr, 1S Calculated as the relation of the reduced initiation time of corrosion due
to internal frost attack to the original initiation time (without interaction). The
original initiation time of corrosion, to.cs, and the service life with respect to
internal frost attack, t, ., are assumed to be known and they are parameters with
which the interaction factor is tabulated. The calculation procedure goes on as
follows:

1) Givethe original tocaand ti i
2) Calculate the corresponding ke (EQ. 98) and kinier (EQ. 96)

3) Calculate in atable as a function of time from 0 to 250 years the annual (1)
carbonation depth without interaction, (2) internal frost atack and (3)
carbonation as interacted by internal frost attack using Eq. 95 (the frost
scaling in now ignored).

4) Determine (1) toca as the time when the carbonation depth exceeds the
concrete cover (should be the same asthat given at stage 1), (2) t..;nr asthe
time when the internal frost attack exceeds the limit state of service life
(should be the same as that given at stage 1), and (3) time when the
carbonation depth exceeds the concrete cover with interaction (to.caint)-

5) Dderml ne the I’aIIO ItOca;|ntFr = to;ca;mt/to;ca.

Table 1 shows the calculation table. The initiation time of corrosion is reached
when the figure in the carbonation columns attains 1. Likewise the service life
with respect to internal frost attack corresponds to the value 1 for internal frost
attack. Concrete cover is not an essential parameter in this case. The interaction
parameters are presented in Table 2.
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Table 1. Calculation table of interaction parameters Internal Frost ->
Carbonation.

Carbonation Internal Frost Int Carbonation

Cover, mm 25 100 % =Increment of carbonation
Service life, year 50 40 at the end of Int Frost SL
Coefficient 3.54 0.025 0.025
t, (analysis), year 49 40 34
0.69 =Interaction Factor
t
0 0.00 0.00 0.00
1 0.14 0.03 0.14
2 0.21 0.05 0.22
3 0.26 0.08 0.27
4 0.30 0.10 0.31
5 0.33 0.13 0.34
6 0.36 0.15 0.38
7 0.39 0.18 0.41
8 0.41 0.20 0.44
9 0.44 0.23 0.47
10 0.46 0.25 0.49
11 0.48 0.28 0.52
12 0.50 0.30 0.54
13 0.52 0.33 0.57
14 0.54 0.35 0.59
15 0.56 0.38 0.62
16 0.58 0.40 0.64
17 0.60 0.43 0.66
18 0.61 0.45 0.68
19 0.63 0.48 0.70
20 0.65 0.50 0.73
21 0.66 0.53 0.75
22 0.68 0.55 0.77
23 0.69 0.58 0.79
24 0.71 0.60 0.81
25 0.72 0.63 0.83
26 0.73 0.65 0.85
27 0.75 0.68 0.87
28 0.76 0.70 0.89
29 0.77 0.73 0.91
30 0.79 0.75 0.93
31 0.80 0.78 0.95
32 0.81 0.80 0.96
33 0.82 0.83 0.98
34 0.84 0.85 1.00
35 0.85 0.88 1.02
36 0.86 0.90 1.04
37 0.87 0.93 1.06
38 0.88 0.95 1.08
39 0.89 0.98 1.09
40 0.91 1.00 1.11
41 0.92 1.03 1.13
42 0.93 1.05 1.15
43 0.94 1.08 1.17
44 0.95 1.10 1.19
45 0.96 1.13 1.20
46 0.97 1.15 1.22
47 0.98 1.18 1.24
48 0.99 1.20 1.26
49 1.00 1.23 1.27
50 1.01 1.25 1.29
51 1.02 1.28 1.31
52 1.03 1.30 1.33
53 1.04 1.33 1.34
54 1.05 1.35 1.36

55 1.06 1.38 1.38
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Table 2. Interaction factor, lcainter , @S a function of the original initiation time of
corrosion (to.ca) and the service life with respect to internal frost attack (t.:inerr).

tO;ca tL;Int‘fr

20 40 60 80 100 120 140 160 180 200
10 0.80 0.90 0.90 0.90 0.90 0.90 1.00 1.00 1.00 1.00
20 0.70 0.80 0.85 0.90 0.90 0.90 0.90 0.95 0.95 0.95
30 0.67 0.77 0.80 0.83 0.87 0.90 0.90 0.90 0.90 0.93
40 0.60 0.73 0.78 0.83 0.85 0.85 0.88 0.90 0.90 0.90
50 0.59 0.69 0.78 0.82 0.84 0.86 0.88 0.88 0.90 0.90
60 0.54 0.68 0.73 0.78 0.81 0.83 0.85 0.86 0.88 0.88
70 0.52 0.64 0.71 0.75 0.78 0.81 0.83 0.86 0.86 0.87
80 0.51 0.62 0.68 0.73 0.77 0.80 0.81 0.84 0.85 0.86
90 0.48 0.60 0.66 0.72 0.75 0.78 0.80 0.82 0.83 0.84
100 0.46 0.58 0.65 0.70 0.74 0.76 0.79 0.80 0.82 0.83
110 0.45 0.56 0.63 0.68 0.72 0.74 0.77 0.79 0.81 0.82
120 0.44 0.55 0.62 0.66 0.71 0.73 0.76 0.77 0.79 0.81
130 0.42 0.53 0.60 0.65 0.69 0.72 0.74 0.77 0.78 0.80
140 0.41 0.53 0.59 0.64 0.68 0.71 0.73 0.76 0.77 0.78
150 0.40 0.51 0.58 0.63 0.66 0.70 0.72 0.74 0.76 0.78
160 0.39 0.50 0.57 0.62 0.65 0.69 0.71 0.74 0.75 0.77
170 0.38 0.49 0.56 0.61 0.64 0.67 0.70 0.72 0.74 0.76
180 0.37 0.48 0.55 0.60 0.64 0.66 0.69 0.72 0.73 0.75
190 0.37 0.47 0.54 0.59 0.63 0.66 0.68 0.70 0.72 0.74
200 0.36 0.46 0.53 0.58 0.62 0.65 0.67 0.70 0.71 0.73

The interaction factor for initiation time of corrosion as interacted by frost-salt
attack is calculated in the same way. The process goeson as follows:

1) Givethe original tocaand ti.psc,
2) Calculate the corresponding Kea (Eqg. 98) and Kinier (EQ. 97)

3) Calculate as a function of time from O to 250 years the annua (1)
carbonation depth without interaction, (2) depth of frost scaling, and (3)
carbonation depth as interacted by frost scaling using Eq. 95 (the internal
frost attack is now ignored).

4) Determine (1) toca as the time when the carbonation depth exceeds the
concrete cover (should be the same as that given at stage 1) , (2) t_.rsc asthe
time when the internal frost attack exceeds the limit state of service life
(should be the same as that given at stage 1), and (3) time when the
carbonation depth exceeds the concrete cover with interaction (to.carrsc)-

5) Dderml ne the I’aIIO ItOca;FrSc = tO;ca;FrSpth;Ca.

Now, concrete cover is an influencing factor and must be given together with the
results. The calculation table is presented in Table 3. The results of calculation are
presented in Table 4 (for C = 25 mm).
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Table 3. Calculation table of interaction parameters Frost-Salt Scaling ->
Carbonation.

Carbonation Frost Scaling Int Carbonation

Cover, mm 25 20

Service life, year 50 40

Coefficient 3.54 0.5

t (analysis), year 49 40 29

0.59 =Interaction Factor

t
0 0.00 0.00 0.00
1 0.14 0.03 0.14
2 0.21 0.05 0.22
3 0.26 0.08 0.28
4 0.30 0.10 0.32
5 0.33 0.13 0.37
6 0.36 0.15 0.40
7 0.39 0.18 0.44
8 0.41 0.20 0.47
9 0.44 0.23 0.50
10 0.46 0.25 0.53
11 0.48 0.28 0.56
12 0.50 0.30 0.59
13 0.52 0.33 0.62
14 0.54 0.35 0.65
15 0.56 0.38 0.68
16 0.58 0.40 0.70
17 0.60 0.43 0.73
18 0.61 0.45 0.75
19 0.63 0.48 0.78
20 0.65 0.50 0.81
21 0.66 0.53 0.83
22 0.68 0.55 0.85
23 0.69 0.58 0.88
24 0.71 0.60 0.90
25 0.72 0.63 0.93
26 0.73 0.65 0.95
27 0.75 0.68 0.97
28 0.76 0.70 1.00
29 0.77 0.73 1.02
30 0.79 0.75 1.04
31 0.80 0.78 1.06
32 0.81 0.80 1.09
33 0.82 0.83 1.11
34 0.84 0.85 1.13
35 0.85 0.88 1.15
36 0.86 0.90 1.18
37 0.87 0.93 1.20
38 0.88 0.95 1.22
39 0.89 0.98 1.24
40 0.91 1.00 1.26
41 0.92 1.03 1.28
42 0.93 1.05 1.31
43 0.94 1.08 1.33
44 0.95 1.10 1.35
45 0.96 1.13 1.37
46 0.97 1.15 1.39
47 0.98 1.18 1.41
48 0.99 1.20 1.43
49 1.00 1.23 1.45
50 1.01 1.25 1.48
51 1.02 1.28 1.50
52 1.03 1.30 1.52
53 1.04 1.33 1.54
54 1.05 1.35 1.56

55 1.06 1.38 1.58
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Table 4. Interaction factor lica:rrsc @S @ function of the original initiation time of
corrosion (to,ca) and the service life with respect to frost-salt attack (.. grsc)-
Concrete cover C = 25 mm.

tO;ca tL;FrSc
20 40 60 80 100 120 140 160 180 200

10 0.80 0.90 0.90 0.90 0.90 0.90 1.00 1.00 1.00 1.00
20 0.65 0.80 0.85 0.85 0.90 0.90 0.90 0.95 0.95 0.95
30 0.53 0.70 0.77 0.83 0.87 0.87 0.90 0.90 0.90 0.90
40 0.45 0.63 0.73 0.78 0.83 0.85 0.85 0.88 0.88 0.90
50 0.39 0.59 0.69 0.76 0.80 0.82 0.86 0.86 0.88 0.90
60 0.34 0.53 0.64 0.71 0.76 0.80 0.81 0.83 0.85 0.86
70 0.30 0.49 0.59 0.67 0.72 0.75 0.78 0.81 0.83 0.84
80 0.28 0.44 0.56 0.63 0.70 0.73 0.76 0.78 0.81 0.82
90 0.25 0.42 0.53 0.61 0.66 0.71 0.74 0.76 0.79 0.81
100 0.22 0.38 0.49 0.58 0.64 0.68 0.72 0.75 0.77 0.79
110 0.21 0.36 0.47 0.55 0.61 0.65 0.69 0.72 0.74 0.77
120 0.19 0.34 0.45 0.52 0.59 0.63 0.67 0.71 0.73 0.75
130 0.18 0.32 0.42 0.50 0.57 0.61 0.65 0.68 0.71 0.74
140 0.17 0.30 0.40 0.48 0.54 0.59 0.63 0.66 0.69 0.72
150 0.15 0.28 0.38 0.46 0.52 0.57 0.61 0.65 0.68 0.70
160 0.15 0.27 0.36 0.44 0.50 0.55 0.60 0.63 0.66 0.69
170 0.14 0.25 0.35 0.43 0.49 0.54 0.58 0.62 0.64 0.67
180 0.13 0.25 0.34 0.41 0.47 0.52 0.56 0.60 0.63 0.66
190 0.13 0.23 0.32 0.40 0.46 0.51 0.55 0.59 0.62 0.65

200 0.12 0.22 0.31 0.38 0.44 0.49 0.54 0.57 0.60 0.63

The Effect of Frost Attack on Chloride Penetration

The effects of frost attack on chloride penetration are very similar to those in the
case of carbonation. The internal frost attack reduces the diffusion coefficient as
presented in Eq. 91:

Dyt = Dy XK (1) (99)

where  Degi diffusion coefficient of concrete with respect to ClI", m%/s,
Dn diffugion coefficient of concrete at the nominal age of concrete
tn, M /S,
Kintrross  reduction coefficient taking into account the effect of internal
frost on the diffusion coefficient.

Frost scaling removes concrete material from the surface. So the depth of chloride
penetration is reduced accordingly:

Heff =H - XFrSc(t) (100)
where  Hei effective depth of chloride penetration, m,
H original depth of chloride penetration, m.

Salt scaling causes the depth of chloride penetration to reduce. Thus the
differential equation for interaction of chloride diffusion and frost scaling would
be presented as follows:
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2xC _dH c (101)

)@_— XK (t)>4(RH(t)>4(|ntFrOSt(t) H - FrSC(t) dt 3

Equation 101 cannot be solved analytically, as the variables cannot be separated,
However, numerical solution is possible. The formulation would be as follows:

H=& DH (102)

DH(1+ D)= D, 22 ka<t>kaH(t)«lmmg(t)vH(t)_Gx Ok

él , crit _XH

=4 Dx, (103)

.2
6 $_ Ccrit 9
s : 0] >§1 Cs o Dt

Dx,(t+Dt)=D, ><k t) e (1) XK ipron
C( " ) xg ( ) ( ) ( ) cl(t)_ XFrSc(t)

Or:

Noting Eq. 22 and making the same simplifications as for carbonation initiated
corrosion (the diffusion coefficient is not assumed to reduce with time as a result
of hydration and the temperature and moisture coefficients are ignored), the
following equation is obtained for numeric simulation.

=4 Dx, (104)
(t+Dt) k2 _d % kIntFr >¢
2 Xcl(t)_ kFrSc>¢

Comparing Eq. 104 to Eq. 95 one can observe complete consistency. So the
interaction coefficients are the same for carbonation and chloride initiated
corrosion. Thus Tables 1 and 2 can be used also for chloride initiated corrosion. In
Table 3 the values for lq:rrsc With respect to frost-salt attack have been presented
when the concrete cover is50 mm.
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Table 5. Interaction factor liq:rrs: @S a function of the original initiation time of
corrosion (to,) and the service life with respect to frost-salt attack (t.. rrsc).
Concrete cover C = 50 mm.

tO;ca tL;FrSc

20 40 60 80 100 120 140 160 180 200
10 0.90 0.90 0.90 1.00 1.00 1.00 1.00 1.00 1.00 1.00
20 0.80 0.85 0.90 0.95 0.95 0.95 0.95 0.95 0.95 0.95
30 0.70 0.83 0.87 0.90 0.90 0.93 0.93 0.93 0.93 0.93
40 0.63 0.78 0.85 0.88 0.90 0.90 0.93 0.93 0.93 0.95
50 0.59 0.76 0.82 0.86 0.90 0.92 0.92 0.94 0.94 0.94
60 0.53 0.71 0.80 0.83 0.86 0.88 0.90 0.92 0.93 0.93
70 0.49 0.67 0.75 0.81 0.84 0.87 0.88 0.90 0.91 0.91
80 0.44 0.63 0.73 0.78 0.82 0.85 0.87 0.89 0.90 0.91
90 0.42 0.61 0.71 0.76 0.81 0.83 0.85 0.88 0.89 0.90
100 0.38 0.58 0.68 0.75 0.79 0.82 0.84 0.86 0.87 0.89
110 0.36 0.55 0.65 0.72 0.77 0.80 0.83 0.84 0.86 0.87
120 0.34 0.52 0.63 0.71 0.75 0.78 0.81 0.83 0.85 0.87
130 0.32 0.50 0.61 0.68 0.74 0.77 0.80 0.82 0.84 0.85
140 0.30 0.48 0.59 0.66 0.72 0.76 0.78 0.81 0.83 0.84
150 0.28 0.46 0.57 0.65 0.70 0.74 0.77 0.79 0.81 0.83
160 0.27 0.44 0.55 0.63 0.69 0.72 0.75 0.78 0.81 0.82
170 0.25 0.43 0.54 0.62 0.67 0.71 0.75 0.77 0.79 0.81
180 0.25 0.41 0.52 0.60 0.66 0.70 0.73 0.76 0.78 0.80
190 0.23 0.40 0.51 0.59 0.65 0.69 0.72 0.75 0.77 0.79
200 0.22 0.38 0.49 0.57 0.63 0.67 0.71 0.74 0.76 0.78

The Effect of Carbonation on Chloride Penetration

The effect of carbonation to chloride penetration is complex because so many
phenomena occur as a result of this action [12]. Carbonation pushes the chloride
front forward by liberating chlorides that were bound in non-carbonated concrete.
The actual driving force of chlorides in concrete is the gradient of free chlorides,
not the gradient of total chlorides as was assumed in the previous analyses. As
long as the relationship of free chloride content to total chloride content is
constant no error is made as the apparent diffusion constant takes into account the
relationship of free chlorides to total chlorides (ref. Chapter 3). The reason why
total chloride content and the apparent diffusion coefficient are used in
calculations is that the measurement of total chloride content is much easier than
the measurement of free chloride content.

However, as a result of carbonation the relationship of free chloride content to
total chloride content is changed. This is because concrete looses its capacity to
bind chlorides when CO, reacts with cement minerals. Accordingly, a part of
already bound chlorides is set free during carbonation (carbonation is assumed to
proceed slower than chloride penetration.). The liberated chlorides increase the
free chloride content in the carbonated zone of concrete and the gradient of free
chlorides grows. When using the apparent diffusion coefficient in calculations the
apparent total chloride content (assuming that the relationship of free chloride
content to total chloride content is the same as in non-carbonated concrete) is
increased as presented in Figure 8 b.



WT RESEARCH REPORT VTT-R-04771-09

33(38)

Cs;free Cs
Cl-free Cl-bo nd
H Without carbonation
@
Flow out
Cs;freeg Cs C's
Il“ N ‘
Carbonation
H
(b)

Fig 8. (a) Free and bound chloride content in non-carbonated concrete. (b) Free,
bound and apparent bound chloride content in carbonated concrete.

Assuming that the increase of the (apparent) total chloride content i.e. the
apparent bound chloride content at the surface of the structure is proportional to
the relative increase of free chloride content as a result of carbonation the
following relationship can be written:

cl lib C‘s - Cs (105)
*Cli, G

Cl;

free

where Clyi, is liberated free chloride content as a result of carbonation, g/m®,
Clree original free chloride content in non-carbonated concrete g/m°,

Cs apparent total chloride content at the surface of the structure as
aresult of carbonation, g/m®,

Cs Original tota chloride content at the surface of the structure
(without the effect of carbonation), g/m®,

a constant.

From Equation 105 the following equation is obtained for Cs':
Cs (106)

Assuming that all liberated chloride ions remain in the porosity of concrete the
effect of carbonation on the chloride penetration could be evaluated by
subgtituting Cs by Cs' in the previous analyses of chloride penetration. However,
asthe free chloride content after carbonation may be greater than the free chloride
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content outside concrete there will be a chloride flow also out of concrete. This
outward flow reduces the apparent surface content from that presented in Eq. 106
and the Eq. 107 should be used instead.

. bxCy (207)
Cs =
1- a

where b is a parameter which takes into account the outward flow of free
chlorideions (b < 1).

The total depth of chloride penetration, H, is not assumed to increase because of
carbonation as in essence H it is not dependent on the surface content (Eq. 18).
However, the depth of critical chloride content is expected to increase and the
initiation time of corrosion is expected to decrease when the chloride content at
the surface (according to Eq. 107) is increased. The Interaction factor is of the

following type:
(1_ /—Cw)z (108)
I cl;ca = CSI

bt

where ¢y isdetermined from Eq. 107.

The Effect of Chloride Penetration on Carbonation

The effect of chloride penetration on the rate of carbonation is complex too [12].
The effects of chlorides may be direct or indirect. There may be a direct effect asa
result of the chemical changes caused by chemically bound chlorides in the
cement paste. However, the free chlorides can also have an effect indirectly. The
free chlorides are hygroscopic absorbing moisture into concrete blocking the
porosity of concrete from CO, and retarding the related carbonation reactions.

As the carbonation proceeds through the already carbonated concrete the
properties of concrete after carbonation are more essential than those before
carbonation. The physical properties may be significantly changed as a result of
carbonation and these changes are much dependent on cement quality. In portland
cement concrete the permeability of concrete may be reduced as a result of
carbonation while in slag cement concrete the permeability may be increased.
Another change which takes place in carbonation is the liberation of bound
chlorides. As a result of this phenomenon the amount of free chlorides in
carbonated concrete is increased. The liberation of chlorides entails increasing of
the moisture content in carbonated concrete which again affects the permeability
properties of concrete. The exact amount of free chlorides in the carbonated
concrete is difficult to evaluate as there may be a slow flow of chlorides to both
directions, towards the non-carbonated concrete and out of concrete (see
discussion above).

In chloride environments the problems of carbonation are considered less
important than the chloride penetration. That is why the effects of chlorides to
carbonation have not been studied intensively. For a mathematical treatment of
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the problem there is not enough research data to base on. The shortest way for
determination of interaction factors is direct testing. Based on simple carbonation
testsin which the rate of carbonation is studied in chloride contaminated concretes
(made of several binding agents and several chloride contents) would give as a
result ke-coefficients from which the interaction factors could be determined as
follows:

K2 (109)

ca;el T .2
kca;o

where | IS interaction factor of service life (chlorides to carbonation).
Kead coefficient of carbonation in chloride contaminated concrete,
mm/a’>
kcyo  coefficient of carbonation in concrete without chlorides,
mm/a’>.

Discussion

One of the objectives of this research has been to present reasonably correct
solutions for the material, structural and environmental factors for the service life
models based on the “factor approach”. In the factor approach the service life of a
structure is evaluated from the following equation [8]:

t, =t .4 >A>B>C>D>E>F>G>H I (110)
where t. is service life astructure, years,
tLres reference service life, years,
A...l factors, which take into account different influences.

The factors are organised to take into account the following influences

Materials

Structural features

Work execution and workmanship

Indoor environment

Outdoor environment

In-use conditions

Inspection and cure

Maintenance and repair

Interaction between degradation mechanisms.

—IOTMOUOOm®>

In case it is impossible to present all influences of the same category by only one
character, several characters may be given which are differentiated by a lower
index (1, 2, 3 etc.). Accordingly there may be several material factors, (A1, Az, As
etc.), severa structural factors, (B1, B2, B3 etc.) and several environmental factors,
(Ei1, Ez, Es etc.). Also, there may be several interaction parameters depending on
the number of the other degradation mechanisms occurring simultaneously (14, I,
I3 etc.).
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In some cases the process of degradation consists of two subsequent degradation
mechanisms so that the first mechanism is a pre-condition for the second one to
start. The two phases of degradation can be called the “initiation time” and the
“propagation time”. An example of such a 2-phase degradation process is
corrosion of reinforcement which can only happen if some chemical changes
occur first in concrete. Both periods of time are determined separately by the
factor approach and the service life is determined as the sum of these two. The
factors of the propagation time are provided with a commato separate them from
the factors of the initiation time.

t, =t, +t, (111)

where tp is initiation time of corrosion, years,
t1 propagation time of corrosion, years.

In the case of corroson of reinforcement the initiation time of corrosion is
determined based on either carbonation or chloride penetration in concrete. Both
carbonation and chloride penetration are able to initiate corrosion in reinforcement
as they are able to destroy the passive film which normally protects reinforcement
in concrete.

The actual objective of this report has been to present a theoretical basis for
determination of the initiation time of corrosion with respect to carbonation and
chloride penetration. The differential equations have been solved analytically
whenever possible. In some cases only a numerical solution is possible.

The basic idea of the factor approach has been to classify and separate the
different effects of degradation using different factors A, B, C ... etc. This makes
the calculation easy and systematic. However, for the developer of models such
simplification is challenging as the separation of factors is not aways
theoretically possible. Especialy when time dependent material parameters are
used in the analyses the separation of factorsis practically impossible.

Usually the error-function model which fulfils the Fick’s 2™ law of diffusion has
been applied for the solution of chloride content in concrete. The error-function
can, however, be replaced by the parabola function, which fulfils the Fick’'s 1%
law, without practical difference in the results. The parabola-model was selected
consciously as it is applicable to more complicated problems of structura design.
For the same reason a fairly simple “moving boundary” model was chosen for the
basic solution for of carbonation.

From these starting points the following degradation problems have been solved
systematically:

Carbonation and chloride penetration on normal (sound) concrete surface
Carbonation and chloride penetration at cracks of concrete

Carbonation and chloride on a coated concrete surface

The effects of internal frost attack and frost scaling on carbonation and chloride
penetration.
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One of the special aims in the Duralnt project has been modelling of interaction
between two degradation mechanisms. An arithmetic solution for interaction
factors of service life models is not aways possible. However, numerical
solutions based on theoretically “correct” differential equations can usually be
derived. In this report interaction factors of frost attack on carbonation and frost
attack on chloride penetration have been determined numerically.

Carbonation and chloride penetration have also mutual interaction. Although
alusions of these influences have been observed experimentally the modelling of
these phenomena is still too early. So, the interaction factors of carbonation on
chloride penetration and vice versa are only discussed and a route signing for a
solution for them is tentatively given.

Summary

The objective of this research was to lay a theoretical, systematic and practical
basis for treating the problems of carbonation and chloride penetration in
concrete. For that purpose theoretical/analytic models were first derived for
carbonation and chloride penetration on a normal concrete surface. Then these
solutions were extended to more challenging cases, such as cracks in concrete,
coated concrete surfaces, aging of concrete and concrete affected by other
degradation mechanisms. The other degradation mechanisms which were assumed
to occur simultaneously with carbonation and chloride penetration were internal
frost attack and frost scaling. The mutual effects of carbonation and carbonation
were discussed.

The theoretical solutions for carbonation and chloride penetration problems were
derived with the final purpose of developing service life models based on the
‘factor approach’. In several cases a theoretically sound solution which would
allow separation of material, structural and environmental parameters could be
obtained. In some other cases, however, an analytical solution could not be
derived but a numerical solution was given instead. Thus, the ‘interaction factors
for the effects of simultaneous internal frost attack and frost-salt scaling could be
numerically determined.
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