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Abstract

 

In this work the durability of Portland cement systems incorporating supplementary cementing materials (SCM; silica fume, low- and
high-calcium fly ash) is investigated. Experimental tests simulating the main deterioration mechanisms in reinforced concrete (carbon-
ation and chloride penetration) were carried out. It was found that for all SCM tested, the carbonation depth decreases as aggregate re-
placement by SCM increases, and increases as cement replacement by SCM increases. The specimens incorporating an SCM, whether it
substitutes aggregate or cement, when exposed to chlorides exhibit significantly lower total chloride content for all depths from the sur-
face, apart from a thin layer near the external surface. New parameter values were estimated and existing mathematical models were
modified to describe the carbonation propagation and the chloride penetration in concrete incorporating SCM. © 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

 

The majority of concrete deterioration cases is con-
nected to corrosion of reinforcement due to carbonation- or
chloride-induced depassivation of steel bars [1]. In urban
and industrial areas, where environmental pollution results
in a significant concentration of carbon dioxide, carbon-
ation-initiated reinforcement corrosion prevails. Numerous
surveys have indicated that chloride ions, originating from
deicing salts or seawater, are the primary cause of reinforc-
ing steel corrosion in highways and marine or coastal struc-
tures [2]. The chlorides that are transported through the
concrete pore network and microcracks depassivate the ox-
ide film covering the reinforcing steel and accelerate the re-
action of corrosion. Even high-performance concrete may
not necessarily ensure long-term durability in a severe envi-
ronment unless it is designed for dimensional stability and
soundness [3].

On the other hand, it has been well established [4] that
sustainable development of the cement and concrete indus-
tries can be achieved by complete utilization of cementi-
tious and pozzolanic by-products, such as fly ash, slag, and

silica fume, produced by thermal power plants and metallur-
gical industries. In addition to the effect on usual structural
properties, such as strength and volume stability, the dura-
bility of concrete incorporating these supplementary cement-
ing materials (SCM) should be taken into account. Despite
the numerous contributions of a practical or experimental
character regarding the effect of SCM on concrete durabil-
ity [5–7], it is still not possible to identify the “ideal” con-
crete to provide optimum performance in a particular corro-
sive environment because of the numerous material, design,
and environmental parameters involved in this problem [2].
In addition, efforts in the direction of a fundamental
approach of SCM effect on concrete durability are very lim-
ited.

In previous publications [8,9], a simplified scheme de-
scribing the activity of silica fume and fly ash in terms of
chemical reactions is proposed, yielding quantitative ex-
pressions for the estimation of the final chemical and volu-
metric composition of an SCM concrete.

In the present work, an experimental investigation of the
effect of SCM (silica fume, low- and high-calcium fly ash)
on Portland cement systems resistance against carbonation
and chloride penetration was carried out, defining precisely
what material is replaced when an SCM is added to the vol-
ume unit. Moreover, a theoretical approach to this effect is
presented.
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2. Experimental program

 

2.1. Materials and mixture proportions

 

Three typical SCM (i.e., a silica fume, a low-calcium fly
ash, and a high-calcium fly ash) were used, representing a
wide range of chemical compositions, from highly poz-
zolanic to almost cementitious. The silica fume (SF) origi-
nated from Norway (Elkem Materials A/S, Kristiansand )
and is a highly pozzolanic material. The low-Ca fly ash (FL)
was produced in Denmark (Danaske I/S, Aalborg) and is
categorized as normal pozzolanic material. The high-Ca fly
ash (FH) was produced in Greece (Public Power Corpora-
tion, Ptolemais) and is a cementitious mineral admixture,
which also has the most similar composition to a typical
blast-furnace slag (GGBS) among all SCM tested. SF and
FL were used as they were delivered from the producers,
whereas FH was dry-pulverized prior to use to meet the FL
mean particle size. A rapid-setting Portland cement was
used (410 m

 

2

 

/kg Blaine’s fineness). The physical and chem-
ical characteristics of all materials are presented in Table 1.
Normal graded sand and a common plasticizer (lignosul-
fonate) were used. Thus, only mortars were prepared; how-
ever, it is assumed that comparable conclusions derived
from mortars may be also applicable to concrete.

A constant volume unit (1 m

 

3

 

) of mortar was chosen as a
common basis. When an SCM was added to this unit, then
an equal volume of another component, either cement or ag-
gregate, was removed to keep the same total volume and the
common comparison basis. The mixture proportions of
mortar specimens prepared for the durability measurements
are summarized in Table 2. In the control specimen the wa-
ter-cement ratio (W/C) was 0.5 and the aggregate-cement
ratio (A/C) was 3.

In the case of aggregate replacement by SCM, three dif-
ferent amounts were selected according to SCM type: silica
fume—5, 10, and 15% addition to cement mass (specimens
SFA1, SFA2, and SFA3, respectively); low-Ca fly ash—10,
20, and 30% addition to cement mass (specimens FLA1,
FLA2, and FLA3, respectively); and high-Ca fly ash—10,
20, and 30% addition to cement mass (specimens FHA1,
FHA2, and FHA3, respectively).

In the case of cement replacement by SCM, the same
amounts were also selected: silica fume—5, 10, and 15%
replacement of the control cement mass (specimens SFC1,
SFC2, and SFC3, respectively); low-Ca fly ash—10, 20,
and 30% replacement of the control cement mass (speci-
mens FLC1, FLC2, and FLC3, respectively); and high-Ca
fly ash—10, 20, and 30% replacement of the control cement
mass (specimens FHC1, FHC2, and FHC3, respectively).

The water content (kg/m

 

3

 

) was kept constant for all spec-
imens.

The dry materials were mixed for 2 min. Then the water
was added, containing the plasticizer (0.5% by weight of the
cement plus SCM), and the mixing was continued for a fur-
ther 2 min (representing standard practice). The mortar
specimens were cast in steel cylinders of 100-mm diameter
and 200-mm height, vibrated for 30 sec on a vibration table,
and then hermetically sealed to minimize water evaporation.
The molds were stripped after 24 h and the specimens were
placed, separately for each mixture, underwater at 20

 

8

 

C
[saturated in Ca(OH)

 

2

 

], for 1 year. This long-term curing
period underwater ensures an advanced degree of both Port-
land cement hydration and pozzolanic activity.

 

Table 1
Main physical, chemical, and mineralogical characteristics of cement, 
silica fume, and fly ashes

Cement SF FL FH

Physical properties
Mean diameter (

 

m

 

m) 14.0 0.36 13.9 12.6
BET surface area (m

 

2

 

/g) 1.3 18 1.2 6.2
Density (kg/m

 

3

 

) 3,130 2,260 2,250 2,660
Chemical Analysis (%)

SiO

 

2

 

20.10 90.90 53.50 39.21
Al

 

2

 

O

 

3

 

4.25 1.12 20.40 16.22
Fe

 

2

 

O

 

3

 

3.49 1.46 8.66 6.58
CaO 63.20 0.69 3.38 22.78
Free CaO 1.48 0.024 0.36 5.18
MgO 1.26 0.77 2.25 2.35
Na

 

2

 

O 0.26 0.35 0.22 0.71
K

 

2

 

O 0.34 0.57 0.52 1.22
SO

 

3

 

2.88 0.38 0.60 4.30
Loss on ignition 1.75 3.00 2.20 2.10

Other characteristics
Insoluble residue (%) 0.11 62.85 78.4 30.88
Glass phase (%) — 96 75 50

Table 2
Absolute and relative mixture proportions for mortar specimens

 

a

 

Specimen

 

C W P A W/C P/C A/C

 

Control 514.6 257.4 0.0 1,543.8 0.50 0.00 3.00
SFA1 514.6 257.4 25.7 1,513.4 0.50 0.05 2.94
SFA2 514.6 257.4 51.5 1,483.0 0.50 0.10 2.88
SFA3 514.6 257.4 77.2 1,452.6 0.50 0.15 2.82
FLA1 514.6 257.4 51.5 1,482.7 0.50 0.10 2.88
FLA2 514.6 257.4 102.9 1,421.7 0.50 0.20 2.76
FLA3 514.6 257.4 154.4 1,360.6 0.50 0.30 2.64
FHA1 514.6 257.4 51.5 1,492.1 0.50 0.10 2.90
FHA2 514.6 257.4 102.9 1,440.5 0.50 0.20 2.80
FHA3 514.6 257.4 154.4 1,388.8 0.50 0.30 2.70
SFC1 488.8 257.4 25.7 1,535.3 0.527 0.053 3.14
SFC2 463.1 257.4 51.5 1,526.9 0.556 0.111 3.30
SFC3 437.4 257.4 77.2 1,518.4 0.588 0.176 3.47
FLC1 463.1 257.4 51.5 1,526.6 0.556 0.111 3.30
FLC2 411.7 257.4 102.9 1,509.4 0.625 0.250 3.67
FLC3 360.2 257.4 154.4 1,492.3 0.715 0.429 4.14
FHC1 463.1 257.4 51.5 1,536.0 0.556 0.111 3.32
FHC2 411.7 257.4 102.9 1,528.3 0.625 0.250 3.71
FHC3 360.2 257.4 154.4 1,520.5 0.715 0.429 4.22

 

a 

 

C

 

, 

 

W

 

, 

 

P

 

, 

 

A

 

: kg of cement, water, supplementary cementing material
(SF, FL or FH), and aggregate (sand), respectively, per m

 

3

 

 of total mortar
volume (for zero air content); W/C, 

 

P

 

/

 

C

 

, 

 

A

 

/

 

C

 

: the water-cement, SCM-
cement, and aggregate-cement ratio (by weight), respectively.
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2.2. Accelerated carbonation experiments

 

Slices 90 mm thick were cut from the middle of the spec-
imens and covered with a gas-tight paint on the cylindrical
surface, leaving free the two opposite ends to be exposed to
carbonation. Two samples for each mixture were taken. The
test specimens were kept for 1 month in a laboratory envi-
ronment to stabilize internal humidity. They were then
placed in a chamber with a controlled 3% concentration of
CO

 

2

 

, temperature 25

 

8

 

C, and relative humidity 61% for 100
days (nordtest method NT Build 357, 1989). After carbon-
ation, the specimens were cut normal to the exposed sur-
faces and the carbonation depth was determined by means
of a phenolphthalein indicator. For each mixture, the aver-
age carbonation depth of the four measurements is reported.

 

2.3. Rapid chloride permeability tests

 

The AASHTO T277 rapid test method to rank the chlo-
ride penetration resistance of concrete by applying a poten-
tial of 60 V of direct current and measuring the charge
passed through the specimen was followed. The tested mor-
tar cores were slices 51 mm thick, cut from the middle of
the initially 200-mm specimens and coated with watertight
tape on their cylindrical surface.

 

2.4. Chloride penetration experiments

 

The remaining two slices, 70 mm thick, from the initial
specimens were intended for long-term ponding experi-
ments, according to nordtest method NT Build 443 (1995).
Prior to immersion, the samples were coated with epoxy
resin and then a 10-mm thick slice was removed from one
end (the end closer to the middle of the initial specimen).
The samples were immersed in a chloride solution (165 g
NaCl/L) for 100 days. The temperature was kept constant at
20

 

8

 

C throughout the entire test period. At the end of the im-
mersion period, the exposed surface was ground using a dry
process to a diameter of 75 mm by removing thin successive
layers from different depths (1–2, 3–4, 5–6, 8–10, 12–15,
18–21, and 21–24 mm from the external surface). The total
chloride content of the powders was determined by the Vol-
hard titration method in accordance with the method NT
Build 208 (1984).

 

3. Carbonation results and modeling

 

3.1. Experimental results

 

The measured carbonation depths for all specimens are
shown in Fig. 1 (mean variation about 10%). For all SCM
tested, the carbonation depth decreases as aggregate re-
placement by SCM increases and increases as cement re-
placement by SCM increases. The frequently cited state-
ment that as fly ash or SF reduce the amount of calcium
hydroxide they may increase the carbonation rate is valid
only for cement replacement. This is because not only the
calcium hydroxide is carbonated, but also the calcium sili-

cate hydrate (CSH), which is the main product of poz-
zolanic reaction. Thus, for aggregate replacement by an
SCM the total amount of carbonatable constituents remains
almost the same and moreover the porosity decreases result-
ing in lower carbonation rates. For cement replacement by
an SCM the total amount of carbonatable constituents de-
creases due to decrease in total CaO, resulting in higher car-
bonation rates. Drawing a comparison between results for
10% SCM addition either replacing aggregate or cement,
the lowest carbonation depth is observed for high-Ca fly
ash, then for low-Ca fly ash, and the highest for silica fume.

Despite the numerous controversial discussions in the lit-
erature about the effect of SCM on concrete carbonation,
when experiments were designed as in the present paper,
similar conclusions were drawn. For instance, when high
amounts of fly ash replace part of the fine aggregates the
carbonation depth decreases [10]. It has also been observed
[11] in 5-year period of exposure in natural conditions that
when fly ash or GGBS substitute cement the depth of car-
bonation increases. In addition, it has been found that con-
crete made with blended cements is subject to more rapid
carbonation than normal Portland cement concrete [5,12].

 

3.2. Theoretical modeling

 

Let us suppose that 1 m

 

3

 

 of fresh concrete or mortar is
composed as follows:

 

C

 

, kg cement/m

 

3

 

P

 

, kg SCM (SF, FL, or FH)/m

 

3

 

A

 

, kg aggregates/m

 

3

 

W

 

, kg water/m

 

3

 

D

 

, kg admixtures/m

 

3

 

ε

 

air

 

, m

 

3

 

 of entrained or entrapped air/m

 

3

 

r

 

C

 

, cement density (kg/m

 

3

 

)

 

r

 

P

 

, SCM density (kg/m

 

3

 

)

 

r

 

A

 

, aggregate density (kg/m

 

3

 

)

 

r

 

W

 

, water density (kg/m

 

3

 

)

 

r

 

D

 

, admixture density (kg/m

 

3

 

)

The following balance equation should be fulfilled [see Eq.
(1)]:

(1)

It has been shown [8,9] that in the case of “complete” hy-
dration and pozzolanic action and for the present particular
SCM the amounts of Ca(OH)

 

2

 

 (CH), C

 

3

 

S

 

2

 

H

 

3

 

 (CSH), in kg/
m

 

3

 

 of concrete, and the total porosity of carbonated con-
crete, 

 

ε

 

c

 

, are given as follows:

• for SF-Portland cement concrete (SF 

 

,

 

 0.18 C):
CH 

 

5

 

 0.29 

 

C

 

 

 

2

 

 1.62 SF
CSH 

 

5

 

 0.57 

 

C

 

 

 

1

 

 2.49 SF

 

ε

 

c

 

 

 

5

 

 (

 

W

 

 

 

2

 

 0.267 

 

C

 

 

 

2

 

 0.0278 SF)/1,000
• for FL-Portland cement concrete (FL 

 

,

 

 0.23 C):
CH 

 

5

 

 0.30 

 

C

 

 

 

2

 

 1.30 FL
CSH 

 

5

 

 0.57 

 

C

 

 

 

1

 

 1.25 FL

 

ε

 

c

 

 

 

5

 

 (

 

W

 

 

 

2

 

 0.268 

 

C

 

 

 

2

 

 0.177 FL)/1,000

C ρC P ρP A ρA W ρW D ρD εair 1=+⁄+⁄+⁄+⁄+⁄
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• for FH-Portland cement concrete (FH 

 

,

 

 0.58 C):
CH 

 

5

 

 0.29 

 

C

 

 

 

2

 

 0.50 FH
CSH 

 

5

 

 0.57 

 

C

 

 

 

1

 

 0.79 FH

 

ε

 

c

 

 

 

5

 

 (

 

W

 

 

 

2

 

 0.267 

 

C

 

 2 0.203 FH)/1,000

The previous expressions may be used for the present
mortars as they have been hydrated for a year and an ad-
vanced degree of reaction could be assumed.

Papadakis et al. [13,14] were the first to develop and ex-
perimentally verify a fundamental and comprehensive reac-
tion engineering model of the processes leading to concrete
carbonation. These processes include the diffusion of CO2

in the gas phase of concrete pores, its dissolution in the
aqueous film of these pores, the dissolution of solid
Ca(OH)2 in pore water, its ultimate reaction with the dis-
solved CO2, and the reaction of CO2 with CSH and with
some unhydrated phases of cement. The mathematical
model yields a complex nonlinear system of differential
equations in space and time and must be solved numerically
for the unknown concentrations of the materials involved.
For the usual range of parameters (especially, for relative
humidity . 50%), certain simplifying assumptions can be
made that lead to the formation of a carbonation front, sepa-
rating completely carbonated regions from those in which
carbonation has not yet started. For one-dimensional geom-
etry, the evolution of the carbonation depth xc (m), with time
t (s), is given by the analytical expression shown in Eq. (2):

(2)

where CO2 is the CO2 content in the ambient air at the con-
crete surface (%) and De,CO2 is the effective diffusivity of
CO2 in carbonated concrete (m2/s). In an ambient relative
humidity (RH), the diffusivity is given by the following em-
pirical equation [15] [see Eq. (3)]:

(3)

The parameters A, a, and b are 1.64 · 1026, 1.8, and 2.2, re-
spectively, obtained from regression analysis of experimen-
tal data for 0.5 , W/C , 0.8.

The intrinsic diffusion rate at which ions or molecules
are transported in concrete depends on the size and connec-
tivity of the pore system. As the W/C is lowered, the pore
system becomes finer and less connected. Below W/C 5
0.45, adequately cured concrete will develop a disconnected
pore system, which will lead to very low transport rates
[16]. Thus, the diffusion parameter values mentioned above
are not valid for W/C , 0.5. Moreover, the SCM addition
may further promote the pore disconnection. Using De,CO2

as an adjustable parameter and keeping the same exponent
for the relative humidity term (i.e., 2.2), new parameter val-
ues were estimated so that the calculated carbonation depths
from Eq. (2) agree with the experimental results. The opti-

xc

2De CO, 2
CO2 100⁄( )t

0.33CH 0.214CSH+
----------------------------------------------------=

De CO, 2
A

εc

C
ρC
------ P

ρP
------ W

ρW
-------+ +

---------------------------------

 
 
 
 
 

a

1 RH 100⁄–( )b=

Fig. 1. Experimental results and model predictions of carbonation depth of
mortars incorporating (a) silica fume, (b) low-calcium fly ash, and (c) high-
calcium fly ash. The right-hand side refers to the case of aggregate replace-
ment by SCM (constant water and cement content) and the left-hand side to
the case of cement replacement by SCM (constant water and almost con-
stant aggregate content).
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mum parameter values are 6.1 · 1026 and 3 for A and a, re-
spectively. These values are valid for 0.38 , W/(C 1 kP) ,
0.58, where k is the SCM efficiency factor for the 28-day
compressive strength (2, 0.5, and 1 for SF, FL, and FH, re-
spectively).

The predictions of Eq. (2) using the new parameters for
the diffusivity are also shown in Fig. 1, and are in very good
agreement with the corresponding experimental data.

4. Chloride penetration results and modeling

4.1. Rapid chloride permeability results

The rapid chloride permeability results for all specimens
are presented in Fig. 2. The electrical charge passed through
the control specimen may be higher than 4,000 Coulomb.
This quite high value is due to high cement paste volume
and the absence of coarse aggregate. All specimens incorpo-
rating an SCM, whether it substitutes aggregate or cement,
exhibited lower electrical charge. Silica fume exhibited the
lowest charge (10% SF, about 550 Coulomb), then low-cal-
cium fly ash (10% FL, about 1,250 Coulomb), and high-cal-
cium fly ash the highest (10% FH, about 3,000 Coulomb).
The charge passed through a specimen was found inversely
proportional to SCM content in mortar volume.

4.2. Normal chloride penetration results

The total chloride concentration profiles from the speci-
mens immersed for 100 days in the chloride solution are
shown in Fig. 3. As observed, the specimens incorporating
an SCM, whether it substitutes aggregate or cement, exhibit
significantly lower total chloride content for all depths from
the surface, apart from a thin layer near the external mortar
surface. However, when an SCM substitutes cement, the
chloride content is higher than when it substitutes aggregate
(although much lower than the control). Among all SCM
tested, silica fume exhibited the lowest degree of chloride
penetration, then low-calcium fly ash, and high-calcium fly
ash exhibited the highest degree. As the SCM content in the
mortar volume increases, the chloride content decreases.

In agreement with the above results, it has been found
[11] that all mineral admixtures (fly ash, GGBS, silica
fume) are efficient in preventing chloride ions from intrud-
ing into concretes under a marine environment for long-
term tests.

4.3. Comparison between rapid and normal
chloride penetration

A general qualitative agreement is observed between
rapid (using an electrical field) and normal chloride penetra-
tion. However, it is observed from normal chloride penetra-
tion tests that when an SCM substitutes cement, the chloride
content is higher than when it substitutes aggregate; this is
not observed in rapid chloride penetration tests. The rapid
tests are influenced from the interactions between ions and
pore walls more than the normal tests. ASTM C1202 recog-

nizes that a correlation between rapid chloride permeability
test and long-period ponding test results should be estab-
lished, while AASHTO T277 does not require this corre-
lation.

As clearly indicated [17], it is not correct to use the
passed charge from rapid tests to evaluate chloride perme-
ability of concrete incorporating SCM. This is because the
rapid test is a measurement of the electrical conductivity of

Fig. 2. Rapid chloride permeability of mortars incorporating (a) silica
fume, (b) low-calcium fly ash, and (c) high-calcium fly ash. The right-hand
side refers to the case of aggregate replacement by SCM and the left-hand
side to the case of cement replacement by SCM.
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concrete, which depends on both pore structure and compo-
sition of the pore solution. The addition of SCM changes
greatly the chemical composition of the pore solution,
which has little to do with the pore structure itself.

4.4. Modeling of chloride diffusion and reaction in concrete

In many papers, chloride transport in concrete is mod-
eled using Fick’s second law of diffusion, neglecting the
chloride interaction with the solid phase. However, several
field studies in recent years have indicated that the use of
this law is not applicable to long-term chloride transport in
concrete, very often calculating a decreasing chloride trans-
port coefficient in time [18]. It is widely accepted that the
transport behavior of chloride ions in concrete is a more
complex and complicated process than can be described by
Fick’s law of diffusion [19–21]. This approach, therefore,
can be characterized as semiempirical, resulting in the cal-
culation of an “apparent” effective diffusivity.

There is a generally good correlation between C3A content
(or C4AF when there is lack of C3A phase) and chloride bind-
ing capacity. There is also evidence for the binding of chlo-
rides in CSH gel, possibly in interlayer space [22]. The Na1

ions can be bound in CSH gel lattice [23], especially when
the C/S ratio is low [6]. Several secondary chloride-calcium
compounds have also been reported [24]. In addition to the
chemical binding, the effects of ionic interaction, lagging mo-
tion of cations, and formation of an electrical double layer on
the solid surface all play an important role in the transport of
chloride ions in concrete [20]. The relationship between
bound and free chlorides is nonlinear and may be expressed
by the Langmuir equation [25], the Freundlich equation, or
the modified Brunauer, Emmet and Teller (BET) equation
[21]. Of these, the Langmuir equation is both fundamental
and easier to use in practical applications.

Pereira and Hegedus [25] were the first to identify and
model chloride diffusion and reaction in fully saturated con-
crete as a Langmuirian equilibrium process coupled with
Fickian diffusion. Furthermore, Papadakis et al. [26,27]
generalized this pioneering model effort of Pereira and He-
gedus and extended it to more general conditions, offering
an alternative simpler, yet equally accurate, numerical and
analytical solution. By introducing a chloride-solid phase
interaction term, the calculation of an “intrinsic” effective
diffusivity is possible.

The physicochemical processes of diffusion of Cl2 in the
aqueous phase of pores, their adsorption and binding in the
solid phase of concrete, and their desorption are described
by a nonlinear partial differential equation for the concen-
tration of Cl2 in the aqueous phase [Cl2(aq)] (kg/m3 pore
solution), from which that of Cl2 bound in the solid phase
[Cl2(s)] (kg/m3 concrete) can be computed algebraically
[26], as seen in Eqs. (4) and (5):

(4)

∂ Cl2 aq( )[ ]
t∂

--------------------------

D
e Cl2, 1 K+ eq Cl2 aq( )[ ]{ }

2

Keq Cl2 s( )[ ] sat ε 1 Keq Cl2 aq( )[ ]+{ }
2

+
----------------------------------------------------------------------------------------------------∂2 Cl2 aq( )[ ]

∂x2
-------------------------------

=

Fig. 3. Normal chloride penetration profiles for mortars incorporating (a)
silica fume, (b) low-calcium fly ash, and (c) high-calcium fly ash (symbols:
experimental data; lines: model predictions).
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(5)

initial condition: [Cl2(aq)] 5 [Cl2(aq)]in at t 5 0 (initial
concentration);

boundary conditions: [Cl2(aq)] 5 [Cl2(aq)]0 at x 5 0
(concrete surface) and q[Cl2(aq)]/qx 5 0 at x 5 M
(axis of symmetry)

In these equations, x is the distance from the concrete
surface (m); t is the time (s); De,Cl denotes the intrinsic ef-
fective diffusivity of Cl2 in concrete (m2/s); Keq is the equi-
librium constant for Cl2 binding (m3 of pore solution/kg);
[Cl2(s)]sat is the saturation concentration of Cl2 in the solid
phase (kg/m3 concrete); and ε is the concrete porosity (m3

pore volume/m3 concrete). As observed from Eq. (5), the
chloride binding capacity depends both on [Cl2(s)]sat (con-
tent of sites that can bind chlorides) and Keq (ratio of adsorp-
tion to desorption rate constants).

Eq. (4) can be solved only numerically. The solution al-
lows estimation of the time required for the chloride con-
centration surrounding the reinforcement to increase over
the threshold of depassivation of reinforcing bars.

As observed from Eq. (4), chloride ingress is retarded as
De,Cl decreases, [Cl2(s)]sat increases, or Keq increases. When
an SCM is added in concrete, chloride binding capacity in-
creases, as the present experimental results showed (higher
total chloride content in a thin layer near the external mortar
surface). This may be attributed to higher CSH content, es-
pecially that with lower C/S ratio, which can bind Na1 ions
and, therefore, the accompanying Cl2. On the other hand,
the pore restructuring due to pozzolanic products may de-
crease intrinsic diffusivity as well. In Fig. 4 a scanning elec-
tron micrograph of 10% silica fume-cement paste after 14
days of hydration is shown. As observed, a fine network of
pozzolanic product (CSH) has been created in the middle of
a capillary pore, acting as a trap for chlorides. Using atomic
force microscopy [28], it was found that the internal surface
of the SCM cement pastes presents small spheroid bulges
giving an additional roughness.

The picture is different when a noninteracting molecule
diffuses in a concrete incorporating SCM, as observed from
the carbonation results of the present work. The ratio of ox-
ygen to chloride diffusion coefficients was found constant
for OPC pastes of high W/C ratio, but can attain high values
for fine-textured blended cement pastes that have not suf-
fered drying/carbonation [29]. It has also been reported [30]
that this ratio increases as W/C ratio decreases. Also, it was
found [31] that in the presence of chlorides the diffusivity of
dissolved oxygen into saturated concretes decreases over
and above the decrease of oxygen solubility in solution. It
has also been reported [32] that up to a fly ash level of 33%
the intrinsic air permeability remains fairly constant and
then is higher compared to the control. The apparent chlo-
ride diffusion coefficient was found to decrease by a factor
of 7. Chloride binding capacity increases by a factor of four

Cl2 s( )[ ]
Keq Cl2 aq( )[ ]

1 Keq Cl2 aq( )[ ]+
-------------------------------------------- Cl2 s( )[ ] sat=

and then remains constant. It seems, therefore, that chloride
binding capacity is the determining factor in improving re-
sistance to chloride ingress.

4.4.1. Parameter estimation
In the case of “complete” hydration and pozzolanic ac-

tion, the total porosity of concrete can be calculated using
the mathematical expressions given elsewhere [8,9]. How-
ever, for the oxide analyses of the present SCM, these ex-
pressions are simplified as follows:

• for SF-Portland cement concrete (SF , 0.18 C):
ε 5 εair 1 (W 2 0.226 C)/1,000

• for FL-Portland cement concrete (FL , 0.23 C):
ε 5 εair 1 (W 2 0.227 C 2 0.188 FL)/1,000

• for FH-Portland cement concrete (FH , 0.58 C):
ε 5 εair 1 (W 2 0.226 C 2 0.193 FH)/1,000

The intrinsic effective diffusivity of Cl2 in concrete (m2/s)
can be estimated by the following semiempirical equation
[27 (for NaCl); see Eq. (6)]:

(6)

Parameter n 5 3 for 0.5 , W/C , 0.7 and 0 , A/C , 6; for
CaCl2 the numerator is 2 3 10210; where k is the efficiency
factor of the SCM for chloride penetration, P is the content
of SF, FL, or FH in concrete (kg/m3), and εeff is an effective,
for diffusion, porosity, calculated as shown in Eq. (7):

(7)

In seawater attack, the chloride concentration in the
aqueous solution at the concrete surface, [Cl2(aq)]0 (kg/m3

pore solution), depends on the sea (e.g., Atlantic ocean: 20
kg/m3, North Sea: 16 kg/m3, and Baltic Sea: 4 kg/m3). In the
case of deicing salts, the precise estimation of [Cl2(aq)]0 is
difficult due to many involved parameters (frequency and

D
e Cl, 2

2.4.10210

C kP+
ρc

----------------- W
ρw
------+ 

  2
------------------------------------- εeff( )n=

εeff W ρw 0.226 1023 C kP+( )–⁄=

Fig. 4. Scanning electron micrograph (3,5003) of 10% silica fume-cement
paste after 14 days of hydration.
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quantity of salt spreading, amount of available water from
rain or melted snow for salt dissolution, etc.).

Parameters [Cl2(s)]sat and Keq can be determined from chlo-
ride binding isotherms. An experimental approach described
elsewhere [32] was followed. The equilibrium constant for Cl2

binding was found fairly constant for all mixtures (Keq 5 0.1
m3 of pore volume/kg Cl2). For the saturation concentration of
Cl2 in the solid phase, the following empirical expression may
be used, which is in good agreement with previously reported
results [e.g., 21,27; see Eq. (8)]:

(8)

4.4.2. Model predictions and comparison with the
experimental data

Eq. (4) was solved numerically using a finite difference
method. A Windows-based program, developed in Danish
Technological Institute, was used. The total specimen
length (M 5 0.06 m) was divided into 60 equal cells and a
time step of 60 s was used. The Cl2 concentration in the so-
lution at the specimen surface was 94.82 kg Cl2/m3. In or-
der for the model predictions to fit the experimental data for
the control specimen, an optimum value of parameter n in
Eq. (6) of 3.5 was estimated. This is due to the significant
decrease in pore connectivity for W/C , 0.5, as also de-
scribed in carbonation modeling.

In Fig. 3, the model predictions (i.e., applying the Eqs.
(4) through (8) for the total Cl2 concentration,
ε[Cl2(aq)]1[Cl2(s)], as a function of the distance from the
outer concrete surface, are presented. For these predictions
to fit the experimental data, the following optimum effi-
ciency factors were estimated:

• k 5 6 for silica fume,
• k 5 3 for low-calcium fly ash,
• k 5 2 for high-calcium fly ash.

Good general agreement between model predictions using
the above k values and experimental data is observed. These
significantly higher k values for SCM efficiency against chlo-
rides, compared with the corresponding values for strength (2,
0.5, and 1 for SF, FL, and FH, respectively) can be explained
as due to important interactions of Cl2 with the pore walls, or
by the electrical double layer at the pore walls-pore solution in-
terface. Another important observation is that k values depend
proportionally on the silica content of SCM (and therefore, on
CSH content), as also observed in the case of strength [8,9].

5. Conclusions 

1. It was established that for all supplementary cement-
ing materials tested (silica fume, low- and high-cal-
cium fly ash), the carbonation depth decreases as ag-
gregate replacement by SCM increases, and increases
as cement replacement by SCM increases. The lowest
carbonation depth is observed for high-Ca fly ash,
then for low-Ca fly ash, and the highest for silica
fume. New parameter values were estimated and used

Cl2 s( )[ ] sat 8.8 1023 C kP+( )=

in an existing mathematical model to describe the car-
bonation of concrete incorporating SCM.

2. The specimens incorporating an SCM, whether it sub-
stitutes aggregate or cement, exhibit significantly
lower total chloride content for all depths from the
surface, apart from a thin layer near the external sur-
face. Of all SCM tested, silica fume exhibited the
lowest degree of chloride penetration, then low-cal-
cium fly ash, and high-calcium fly ash the highest.
High efficiency factors for resistance against chloride
penetration of 6, 3, and 2 for silica fume, low-Ca fly
ash, and high-Ca fly ash, respectively, were estimated
(where Portland cement has by definition an effi-
ciency factor equal to 1) and used in a modified math-
ematical model to describe the chloride penetration in
concrete incorporating SCM.

3. A general qualitative agreement is observed between
rapid (using an electrical field) and normal chloride
penetration. A correlation between rapid chloride per-
meability test and long-period ponding test results
should be established for quantitative conclusions.

4. The use of silica fume or fly ash has a significantly
higher effect on the chloride transport than on a simi-
larly sized neutral gas molecule because of the inter-
actions with the charged pore walls, or by the electri-
cal double layer at the pore walls-pore solution
interface.

5. The use of SCM as an addition to a concrete mix, re-
placing either aggregates or cement, significantly
lengthens the chloride-induced corrosion initiation
stage. The use of SCM as an addition to a concrete
mix, replacing aggregates, also lengthens the carbon-
ation-induced corrosion initiation stage. However, the
use of SCM as a cement replacement may result in a
shortened carbonation-induced initiation stage and
thereby increase the risk of corrosion.
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