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Abstract In a variety of applications, such as in
tidal zones, abutments of bridges and concrete tun-
nel linings, reinforced concrete is exposed to both
carbonation and chloride ingress. The exposure can
be either simultaneous or sequential. However, dura-
bility design rarely considers synergistic effects due
to carbonation and chloride ingress, even though
this may have detrimental consequences for per-
formance. Comparative implications of exposure
sequence across different concrete compositions are
also unknown. In this study, an experimental inves-
tigation on the effects of the sequence of carbonation
and chloride ingress was conducted, using two con-
cretes which differ by 50% cement replacement with
ground granulated blast furnace slag (GGBS). Speci-
mens were exposed to a combination of 10% CO,
accelerated carbonation and immersion in 3% sodium
chloride solution, in either sequence, and compared
with companion samples subjected to only one of
these aggressive environments. The extent of car-
bonation was measured using phenolphthalein indica-
tor solution, while silver nitrate and Rapid Chloride
Testing provided indicators of the chloride ingress.
For both concrete mixes, specimens with prior chlo-
ride ingress exhibited a decreased rate of carbonation
when compared to specimens with no prior exposure.
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Conversely, specimens with prior carbonation dis-
played an increased rate of chloride ingress compared
to non-carbonated counterparts and a step in the acid
soluble chloride content in the region of the car-
bonation front. The concrete composition appeared
to play a role since a greater increase in chloride
diffusion coefficient due to prior carbonation was
observed in the mix with 50% GGBS replacement
than the mix without. These findings suggest that in
concrete structures exposed to air and saline environ-
ments, the effects of sequential exposure should be
characterised.

Keywords Concrete - Carbonation - Chloride
ingress - Exposure sequence - GGBS

1 Introduction

Concrete is the most commonly used material in con-
struction, largely due its low cost, versatility, excel-
lent resistance to water and the wide-spread avail-
ability of its primary components [1]. Understanding
the durability performance of reinforced concrete
is important because the deterioration of concrete
infrastructure has significant safety, cost, and envi-
ronmental implications [2—6]. Implications for ordi-
nary Portland cement (OPC) cementitious binders
with supplementary cementitious material (SCM)
replacement such as ground granulated blast furnace
slag (GGBS) also require further elucidation as such
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materials have different chemical compositions and
particle distributions [7, 8].

In a variety of circumstances, such as in marine
environments, bridge abutments and concrete tunnels,
concrete is exposed to both carbonation and chloride
ingress either simultaneously, in succession, or cycli-
cally [9]. Durability design rarely considers the com-
bined effect of carbonation and chloride ingress [10].
In certain cases, consideration of degradation mecha-
nisms independently has been found to overestimate
the durability performance of concrete [4, 10].

Simultaneous exposure to carbonation and chlo-
ride ingress has been previously considered [11-13].
However, sequential exposure can be more readily
implemented using conventional laboratory equip-
ment so is more common in existing studies. In such
studies, there is broad agreement that chloride expo-
sure after prior carbonation increases the apparent
chloride diffusivity of OPC binders [4, 6, 14-16].
Ngala and Page [17] carried out pore size distribution
studies on carbonated and non-carbonated OPC and
GGBS pastes and found there was a reduction in the
total porosity due to carbonation, which potentially
reduces the chloride diffusivity, but an increase in
the proportion of large capillary pores, which could
contribute to an increase in chloride diffusivity. It
was postulated that the reduction in total pore volume
could be due to deposition of CaCO; during carbona-
tion, as the volume of CaCO; is greater than the vol-
ume of the hydrates, and that the pore coarsening was
associated with the formation of additional silica gel
due to the decomposition of C-S-H gel during car-
bonation [17]. Ngala and Page [17] also found that for
fully carbonated OPC and GGBS pastes the chloride
diffusion rates depended primarily on physical mech-
anisms and were not significantly affected by ion-pore
surface interactions [17]. Chang [18] found that com-
plete carbonation reduced the chloride binding capac-
ity of OPC and GGBS pastes to approximately zero.
It is suggested that the AFm phases (alumina, fer-
ric oxide and monosulfate, please see [19] for phase
details) react with carbonate ions to form monocar-
boaluminate phases, thereby depleting the AFm avail-
ability for reactions with chloride ions to form Frie-
del’s salt, and because the C—S—H gel is carbonated
there is then no more C—S—H gel to absorb chloride
ions [18]. Ye et al. [20] investigated chloride ingress
in OPC samples and samples with fly ash and GGBS
replacement exposed to cyclic drying-wetting and

carbonation and found carbonation to have a signifi-
cant impact on the distribution of free chloride. The
free chloride content at the surface dropped and the
chloride content reached a maximum 7-9 mm into the
sample, which likely coincided with the carbonation
front [20]. It is suggested that the reduced pH value
of concrete pore solution due to carbonation increases
the solubility of Friedel’s salt, leading to a chloride
gradient and thus facilitating the inward movement
of chloride ions [20]. The pore size distribution car-
ried out by Ye et al. [20] shows a similar reduction
in porosity and increase in average pore size to that
reported by Ngala and Page [17], which Ye et al. sug-
gest could be responsible for the reduction in chlo-
ride content in the carbonated region of concrete. Liu
et al. [21] investigated the impact of prior carbona-
tion on chloride ingress due to chloride aerosol expo-
sure in OPC concrete and found a similar reduction in
the free chloride content at the surface and increase
in the length of the convection zone to that observed
by Ye et al. [20]. SEM micrographs from Liu et al.
[21] show a more compact structure for the sample
exposed to prior carbonation and chloride aerosol,
compared to a more fractured structure for the sample
exposed to just chloride aerosol. Liu et al. [21] found
a reduction in porosity due to carbonation, but, unlike
Ye et al. [20] and Ngala and Page [17], found an
increase in the proportion of smaller capillary pores
due to carbonation.

Research on the impact of prior chloride on car-
bonation is more limited [10, 21-23]. Although there
is general agreement that prior chloride exposure
reduces the rate of carbonation in OPC, the materi-
als and exposure conditions studied vary significantly.
Kuosa et al. [10] found that carbonation was mini-
mal when concrete specimens with various binder
types first underwent a rapid chloride migration test
(RCMT). Malheiro et al. [22] found that prior chlo-
ride exposure reduced the carbonation depth in OPC
mortars. Lui et al. [21] found that prior chloride aero-
sol exposure led to reduced carbonation depths in
OPC concrete. It is suggested that the ability of salt
to physically block the pores of the cement matrix
contributes to this reduction in carbonation with prior
chloride ingress [23]. Optical images from Malheiro
et al. [22] show a crystalline structure in the pores
of OPC mortars subjected to prior chloride expo-
sure and carbonation, supporting this hypothesis. It is
suggested that the hygroscopic nature of salt, which
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increases the moisture content and water film thick-
ness inside the pores, also contributes to the reduc-
tion in carbonation [22]. Malheiro et al. [23] carried
out immersion water absorption tests in OPC con-
crete and found a reduction in porosity for specimens
immersed in chloride and then exposed to carbona-
tion, compared to specimens only exposed to carbon-
ation. Lui et al. [21] found a similar reduction in total
porosity, along with a reduction in the proportion of
medium and large capillary pores, under chloride aer-
osol exposure and carbonation.

OPC replacement with GGBS has generally been
found to increase the rate of carbonation [24-27].
It is believed that this is due to the consumption of
portlandite during the hydration of GGBS, which
decreases the alkalinity of the cement paste, resulting
in more rapid carbonation [24]. In contrast, cement
replacement with GGBS has been found to reduce
rates of chloride ingress relative to OPC binders [17,
24, 28, 29]. Rates of chloride ingress in concrete are
generally affected by the concrete’s permeability and
the chloride binding capacity of its cement matrix
[29]. The refined pore structure of cement pastes with
GGBS replacement reduces their permeability [24].
Chloride binding occurs when chlorides react chemi-
cally with tricalcium aluminate (C;A) to form Frie-
del’s salt [29]. Thermal analysis measurements car-
ried out by Dhir et al. [29] suggest that the increased
aluminate content of GGBS is largely responsible for
its improved chloride binding capacity [29]. Abd El-
Fattah et al. [30] suggest that the increased calcium
and aluminate content of GGBS both contribute to its
improved chloride binding capacity. There is also evi-
dence of the adsorption of chloride ions on the sur-
face of C—S-H, but this is less well understood [29,
31]. Limited research exists on the impact of GGBS
replacement on sequential carbonation prior to chlo-
ride ingress or chloride ingress prior to carbonation.
Ngala and Page [17] found that the increase in cap-
illary porosity and in the proportion of large capil-
lary pores due to carbonation was greater for pastes
containing GGBS than for pure OPC pastes. It is
suggested that the hydraulicity of GGBS reduces the
amount of portlandite, producing additional C—S—H
gel that can be decomposed to form silica gel [17].
These different phenomena are likely to influence
carbonation, chloride diffusion and chloride distribu-
tion in OPC/GGBS concrete subjected to sequential
exposure.

In the current work, chloride ingress prior to car-
bonation or carbonation prior to chloride ingress
are investigated using an OPC and a 50% OPC/50%
GGBS concrete such that direct comparisons can
be made. The main objectives are to investigate: the
effect of exposure sequence on concrete subjected to
carbonation and chloride; the role of GGBS replace-
ment on the observed behaviour; and the applicabil-
ity of single exposure carbonation or chloride ingress
models for concretes with existing carbonated or
chloride fronts. Cases where consideration of car-
bonation or chloride diffusion ingress independently
could over-estimate the durability performance are
discussed. The results thus inform guidance for the
long-term integrity of reinforced concrete structures
exposed to carbonation and chloride ingress.

2 Experimental justification and investigation

The experimental approach combines accelerated car-
bonation and chloride immersion of selected concrete
mixes. The exposure conditions, concrete mix com-
positions, and experimental procedures are presented.

2.1 Carbonation and chloride exposure conditions

Naturally, carbonation is a slow process due to an
atmospheric CO, concentration of approximately
0.04% [32]. Atlantic seawater has a 3% CI concentra-
tion [33]. Even after only a month or two, full sub-
mersion in 3% sodium chloride solution for chloride
ingress exposure is likely to lead to measurable chlo-
ride fronts (> 5 mm) beyond the surface layer in most
concretes. However, this is not the case for 0.04% car-
bonation exposure ingress as the carbonation ingress
is slower and progression front times longer. There-
fore, carbonation was accelerated by containment in a
controlled CO, environment.

One concern with accelerated testing is that differ-
ent concrete compounds carbonate at different CO,
concentrations [34]. Cui et al. [35] found that Ordi-
nary Portland cement concrete samples exposed to
CO, concentrations greater than 20% formed a dense
carbonated concrete microstructure in the outermost
layer of concrete, which reduced the rate of CO, dif-
fusion. This was not the case for concrete samples
exposed to lower CO, concentrations (below 20%).
This led to a choice of a 10% CO, concentration. In
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the case of the prior carbonation experimental speci-
mens, the depth of the carbonation front will be
deeper than it would be in practical applications at the
time of chloride exposure. However, the beneficial
trade off was that in the specimens with prior chlo-
ride exposure, accelerated carbonation allowed more
scope for the carbonation front to pass through the
chloride front.

2.2 Materials and mix selection

Two concrete mixes were selected, to enable explora-
tion of the impact of cement replacement with GGBS
on durability performance under sequential exposure.
These are referred to as C100 and C50G50, based on
the proportion of binder which was CEM II/A-LL
cement (C) or GGBS slag (G). The mix proportions
are shown in Table 1. C100 was designed using the
BRE mix design method for normal concrete mixes
[36], with 100% CEM II/A-LL 32.5 R cement as the
binder, and a w/b ratio of 0.7. A high water/binder
ratio was chosen to ensure that significant carbonation
and chloride ingress occurred within the proposed
timeframe and to observe phenomenological trends.
However, it should be noted that such a high w/b ratio
is unlikely to be used in practice. The composition
of C50G50 was identical to that of C100, except that
50% by mass of the binder was replaced with GGBS.
Such replacement proportion is typical in practice to
maximise carbon dioxide emissions savings, while
maintaining adequate cementitious activity [37]. The
specific gravities of OPC and GGBS have been found
elsewhere to be 3.1 g/lcm® and 2.87 g/cm® [38] so a
volume equivalence mix design would have led to a
slightly different mass of GGBS than what was used
here.

2.3 Casting and curing

Four 100 mm X 100 mm X 500 mm concrete prisms
were cast from each mix in accordance with EN

Table 1 Concrete mix constituents and proportions

12390-2:2019 [39]. As sawn surfaces were required
for chloride ingress, the concrete prisms were sub-
sequently cut using a diamond wet-cut saw into
five 100 mm X 100 mm X 100 mm cubes, resulting
in a total of 20 cubes per mix. This also ensured
identical casting and curing treatment of speci-
mens which would later be exposed to carbona-
tion or chloride ingress. Additionally, compan-
ion 100 mmx 100 mmXx 100 mm concrete cubes
were cast for compressive strength tests. The con-
crete was placed roughly in thirds and vibrated
using a vibrating table. The slump of mix C100
was recorded as 65 mm whereas the slump of mix
C50G50 was 15 mm. After 7 days of curing in a
water bath at 20 °C, the prisms were cut into cubes,
and held in laboratory conditions (20 °C and 50%
relative humidity) for a further 23 days until aged
30 days.

The cubes for compressive strength tests were
cured in a water tank until testing, in accordance
with BS EN 12390-3 [40]. The compressive cube
strengths were measured at 7, 28 and 64 days, fol-
lowing the protocol of BS EN 12390-3 [40].

2.4 Experimental programme

After curing, cubes with sawn faces were exposed
to a sequential combination of carbonation and
chloride ingress in phases 1 and 2 (35Cl1+tCO, or
35C0O, +1Cl) as summarised in Table 2. Compara-
tor cubes to be subjected to a single exposure condi-
tion in phase 2 (35+tCO, and 35 +¢Cl) were stored
in sealed plastic bags under controlled conditions
such that they were the same age as the specimens
undergoing dual exposure with prior carbonation or
chloride ingress during phase 1. The total duration,
t, of phase 2 exposure was 35 days. Therefore, the
final measurements were taken 100 days after the
concrete was initially cast.

CEMII/A-LL cement  GGBS (kg/m®) 0-10 mm gravel 0—4 mm sand Water (kg/m?) Water/binder
(kg/m) (kg/m?) (kg/m) ratio
C100 286 0 1021 740 200 0.70
C50G50 143 143 1021 740 200 0.70
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Table 2 Summary of the

Exposure notation
exposure sequence and

Phase 1 exposure

Transition period Phase 2 exposure

exposure notation 35+1CO, None (sealed), 34 days 1 day Carbonation, ¢ days
35+1Cl None (sealed), 34 days 1 day Chloride, ¢ days
35C1+1CO, Chloride, 34 days 1 day Carbonation, ¢ days
35C0O,+1Cl Carbonation, 34 days 1 day Chloride, t days

2.5 Carbonation conditions and preparation

Before commencing carbonation exposure, five of
the six sides of the cubes were sealed with vinyl tape,
leaving one sawn face exposed. The conditions in the
carbonation chamber were 10% CO,, 20 °C and 55%
relative humidity. After carbonation exposure, the
cube specimens were split using a tensile splitting test
apparatus. Phenolphthalein (Ph) indication was used
to visually identify the carbonation penetration depth
[41]. The freshly split surfaces were sprayed with 1%
phenolphthalein in ethanol solution and left for 1 h
for the colours to develop prior to measurement of the
carbonation depth.

For the 35C1 +CO, specimens exposed to chloride
solution prior to carbonation, the cubes were removed
from the solution, oven dried for 3 h at 30 °C, air
dried for a further 33 h, rewrapped in vinyl tape, and
then placed in the carbonation chamber with a con-
trolled relative humidity of 55%. Although the inter-
nal moisture conditions at the onset of carbonation
exposure were unknown, there was consistency in
the methodology for both the OPC and OPC/GGBS
specimens.

2.6 Chloride ingress conditions and preparation

Cubes were prepared for chloride ingress by vacuum
saturation according to BS EN 12390-11:2015 [33].
Five of the six sides of the cubes were then sealed
with vinyl tape, leaving one sawn face exposed. After
sealing, the cubes were placed in saturated calcium
hydroxide solution for 18 h, then transferred directly
to a container containing 3% sodium chloride solu-
tion at 20 °C, and the container sealed. For the cubes
with prior carbonation (35CO, +¢Cl), the cubes were
removed from the carbonation chamber, vacuum satu-
rated using deionised water, rewrapped in vinyl tape,
and placed in a sealed container with 3% sodium
chloride solution. After the desired length of time, the
cubes were removed from solution, unwrapped, oven

dried at 30 °C for 1 h, and then split open to reveal
internal material.

When measuring the chloride penetration depth in
previously carbonated specimens using silver nitrate,
studies [42] suggest that reactions between the silver
nitrate solution and carbon trioxide (CO;) can result
in a whitish colour on the surface of the concrete [42]
that may lead to false positive results in the measure-
ment of the chloride front. In the current work, false
positives were indeed observed when split surfaces of
previously carbonated specimens were sprayed solely
with 0.1 mol/L silver nitrate solution. To mitigate
these effects, the approach of Pontes et al. [43] was
therefore applied: after splitting, one of the freshly
split surfaces was sprayed with saturated sodium
hydroxide solution at a concentration of 150 g/L,
placed in the oven at 30 °C for 1 h, and then sprayed
twice with 0.1 mol/L silver nitrate solution. However,
one repercussion was that the application of sodium
hydroxide appeared to reduce the clarity of the col-
our change at the chloride front. There is, therefore,
more uncertainty in these chloride penetration depth
measurements.

2.7 Measurement of carbonation or chloride
penetration depths

The penetration depths of the carbonation and chlo-
ride ingress fronts were measured on the split sam-
ples at 0, 7, 14 or 18, and 35 days. For each sample,
five carbonation or silver nitrate chloride penetra-
tion depths were measured at regular intervals along
the exposed face using vernier callipers. The overall
penetration depth for each cube was calculated as the
average of these five measurements, excluding meas-
urements more than 10% away from the mean meas-
urement as outliers.

Chloride penetration profiles were also determined
in accordance with BS EN 14629:2007 [44]. A pil-
lar drill was used to extract ground powder over depth
increments of 5 mm after chloride exposure. This was
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done at depths of 5-10 mm, 10-15 mm, 15-20 mm,
20-25 mm and 25-30 mm. The initial surface chlo-
ride content, C,,, was also measured from samples
drilled at 0-5 mm depth prior to any chloride expo-
sure. All samples were taken from locations at least
10 mm from the cube edges to mitigate any influ-
ence from transverse chloride diffusion through the
side faces. The ground samples were passed through
a 250 pm sieve, to remove large pieces of aggregate,
and stored in airtight conditions prior to testing. The
acid-soluble chloride content of each ground sample
was then determined using a Rapid Chloride Test
system.
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Fig.1 Compressive cube strengths for C100 and C50G50
cubes. Error bars indicate one standard deviation

3 Experimental results and analysis
3.1 Compressive strength results

As shown in Fig. 1, at 7 days, the average compres-
sive cube strength of C100 was greater than that of
C50G50 but at 28 and 64 days, C50G50 had a higher
average strength than that of C100. Cement replace-
ment with GGBS has been found elsewhere [45] to
lead to a slower early age strength development. The
strengths of the two mixes were broadly similar over
the timeframes under consideration.

3.2 Carbonation as single exposure (35+4¢CO,), and
with prior chloride ingress (35C1+¢CO,)

Figure 2 shows the carbonation fronts revealed by Ph
indication for C100 and C50G50, measured through-
out phase 2 carbonation exposure with or without
prior chloride ingress. Despite five of the sides being
covered with vinyl tape, there is some unintentional
carbonation on the taped sides, showing the sealing
was not fully effective. A small amount of initial car-
bonation is observed only in the C50G50 single expo-
sure specimen, which remained for 35 days in sealed
conditions during phase 1 (354 0CQO,). For all other
combinations, the initial carbonation depth, x,, is
Zero.

Fig. 2 Carbonation fronts for a C100 under single exposure: 35 +1CO, b C50G50 under single exposure: 35+ 1CO, ¢ C100 under
dual exposure with prior chloride ingress 35CI+1CO, d C50G50 under dual exposure with prior chloride ingress 35C1+1CO,
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Various models have been presented for carbona-
tion within concrete elements [46] [47] [48]. Diffu-
sion-controlled carbonation is derived using Fick’s
first law, where the carbonation depth, Xco,» is pro-

Table 3 Carbonation coefficients (K¢,) for carbonation with
and without prior chloride ingress for C100, C50G50

Ko, (mm/day'”?)

portional to the square root of time, ¢ [49]. If an ini- 35+1C0, 33C1+1CO,
tial carbonated depth, x,, is present at the start of the C100 2.95 125
measured time interval, this influence can be mod- C50G50 421 256

elled using a non-linear approach [50], where:

Xco, = /%5 + KGo ! (1)

and K, is the carbonation coefficient.

The measured carbonation depths are plotted
against the square root of time in Fig. 3. Best-fit lines
indicate that the fit of Eq. 1 to the data produces R>
values greater than 0.92, suggesting good agreement
with Fick’s first law [49]. The gradients of the best-fit
lines are equal to the carbonation coefficients, K¢,
in specimens where x, =0, and tend towards this
value when using the non-linear approach from [50]
to account for a non-zero initial carbonation depth.
The K, results are summarised in Table 3.

The coefficients in Table 3 show that, for both
concrete mixes investigated here, specimens which
underwent dual exposure with chloride ingress prior
to accelerated carbonation (35C14 1CO,) had lower
carbonation rates than specimens which underwent

single exposure (354 1CO,). The apparent reduc-
tion in coefficient due to dual exposure is larger in
C100 (—58%) than C50G50 (—39%). The C50G50
specimens exhibited a larger carbonation coeffi-
cient than C100 under either single or dual exposure
conditions.

3.3 Chloride ingress as single exposure (35 +¢Cl),
and with prior carbonation (35CO, +tCl)

Figure 4 shows the chloride ingress fronts from sil-
ver nitrate indication for C100 and C50G50, meas-
ured throughout phase 2 chloride exposure with or
without prior carbonation. There is some uninten-
tional chloride ingress through the sealed sides of
the cubes indicating imperfect sealing.

Fig. 3 Depth of the car- 30 . . T 30 T T T
bonation front againstthe | [ C100, 35+tCO, | | | [ C50G50, 35+tCO,
square root of time for car- — e €100, 35C1+6CO4 =~ | |——— C50G50, 35C1+tCO,
bonation with and without = 925 L = 9251 o J
. A g g :
prior chloride ingress for a = ~ ! i
C100 and b C50G50. Error S) 8 Eql, R :0~92\ o)
bars indicate one standard g 20 L ) 20| L |
deviation in measurements g Chloride front, *é i
S 35C1 e %
= H -
g g g / b
15+ 2= - 15 ; 1
‘8 5 Eq.1, R 70.99\)/ ;% % /
< S 7 A
= 10} 1 Fw A ~
3 % /;ﬁ 3 7 Chloride front,
° = & \ 351
= E o 2 r /
2 5f I B 5p s . i
A ,/'( ,/‘%ﬂ/ % 2 A prs j ,,/’/ qu R*=0.99
q.1, R2=0.98 &/
> ///
() 2 L L 1 0 4 L L 1
0 2 4 6 0 2 4 6 8
Square root of time, t/2 (day'/?) Square root of time, t'/? (day'/?)
(@ (b)



178 Page 8 of 15

Materials and Structures (2024) 57:178

7 days

Fig. 4 Chloride penetration for (a) C100 under single exposure: 35 +¢Cl (b) C50G50 under single exposure: 35+ ¢Cl (¢) C100 under
dual exposure with prior carbonation 35CO, +1Cl (d) C50G50 under dual exposure with prior carbonation 35CO, 4 ¢Cl

The chloride concentration inside concrete is
typically modelled using Fick’s second law of dif-
fusion [51]:

Cxr.t)=Cy+C, |1 —erf| —— 2
=G l er<2 Dcﬂ)] @

where C is the chloride content at depth x at time
t, C, is the initial chloride content prior to chloride
exposure, C, is the chloride content at the surface,
D¢, is the chloride diffusion coefficient and erf is the
error function. As a result, the penetration depth of
the critical chloride content, x, is proportional to the
chloride diffusion coefficient, K~ and the square root
of exposure time, t, [46]:

Xor = K¢ \/; 3)

assuming constant diffusion coefficients and surface
chloride contents. In reality, these parameters are
strongly time dependent [52].

The measured chloride ingress fronts are plotted
against the square root of time in Fig. 5. The chlo-
ride coefficients, K, [46], calculated based on the
best fit of Eq. 3 to the chloride front measurements
obtained by the silver nitrate test, are presented in
Table 4. The best-fit lines have R* values greater
than or equal to 0.80, indicating reasonably good
fit with Fickian diffusion model. However, is noted
that Eq. 3 does not fit the chloride ingress data as

well as Eq. 1 fits the carbonation results. This indi-
cates that there are some time dependencies in the
chloride coefficient which are not observed in the
carbonation coefficient.

Due to the concerns about the less distinct visual
front in the samples with prior carbonation, seen in
Fig. 4, RCT measurements were also taken. In Fig. 6,
the RCT derived acid soluble chloride contents at dif-
ferent depths are presented. The depth was plotted as
the mid-point of the range under consideration e.g.
powder from 5-10 mm was noted as 7.5 mm. The
measured location of the carbonation front at 35 days
(denoted as ‘Ph carbonation front, 35 CO,’) is also
shown.

Using the initial chloride content prior to chloride
exposure C,, the surface chloride content Cg and the
chloride diffusion coefficient D were both back-
calculated from the measured acid-soluble chloride
contents in Fig. 6, by fitting Eq. 2 to the data using
non-linear-least-squares optimisation. These results
are also presented in Table 4.

The chloride coefficients,K,, presented in Table 4
suggest that dual exposure with prior carbonation
(35C0O,+35Cl) increased the rate of chloride pen-
etration in both concrete mixes when compared
to single exposure to chloride ingress (35+35Cl).
With a caveat about the quality of the fit, the inclu-
sion of slag led to a greater increase in K¢, +135%
for C50G50 versus +66% for C100, due to prior car-
bonation. The RCT results in Fig. 6 further show that,
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Table 4 Chloride coefficient, (K(), initial chloride content prior to chloride exposure (C), surface chloride content (Cg) and diffu-
sion coefficient (D) for chloride ingress without and with prior carbonation

K¢ (mm/day'/?) Co (%) Cs (%) D¢, (mm?/day)
C100 35+35C1 2.90 0.001 0.24 2.41
35C0,+35Cl 4.81 0.005 0.11 43.65
C50G50 35+35C1 1.70 0.009 0.34 0.75
35C0,+35Cl 4.00 0.011 0.07 45.18

with the exception of the readings at 7.5 mm, the
chloride contents in the previously carbonated speci-
mens (35CO,+¢Cl) appear to be similar or higher
than those with no prior carbonation (35+¢Cl). The
acid-soluble chloride contents in the C50G50 sam-
ples were generally lower than those in the C100
samples at any given depth. Whereas Eq. 2 showed
a good fit for single exposure to chloride ingress
(35+1Cl, R2>0.98), the correlation for dual expo-
sure with prior chloride ingress was relatively poor
(35C0,+1Cl, R*<0.19). This appears to be in part
due to a higher acid-soluble chloride content in the
region of the carbonation front and will be discussed
further in the next section.

4 Discussion
4.1 Carbonation with prior chloride ingress

The carbonation coefficients under dual expo-
sure with prior chloride ingress were 58% and 39%
smaller than the carbonation coefficients under single
exposure, for C100 and C50G50 respectively.

The observed reduction in carbonation rate for
the concretes exposed to prior chloride ingress could
be due to changes in pore structure. Prior chloride
exposure has been found to reduce the total poros-
ity and the proportion of medium and large capillary
pores in OPC concretes [21, 23] and the reduction in
total porosity is felt to be due, in part, to salt physi-
cally blocking the pores of the cement matrix, con-
sequently hindering the penetration of CO, [22, 23]
The hygroscopic nature of salt has also been proposed
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Fig. 6 Chloride penetration profiles for chloride ingress with and without prior carbonation at 35 days for a C100 and b C50G50

with 35 day Phenolphthalein (Ph) front noted

as a factor in reducing carbonation in OPC mortars
[22]. It appears that the resistance of C100 to car-
bonation is more affected by prior chloride ingress
than that of C50G50. Under single exposure chloride
ingress, GGBS replacement has been found to reduce
rates of chloride ingress relative to OPC, due to the
refined pore structure and improved chloride binding
capacity of cement pastes with GGBS replacement as
a result of the increased aluminate content of GGBS
[17, 24, 28, 29].

Figure 3 suggests that for C100, the carbonation
front has not yet reached the depth of chloride pen-
etration associated with the initial period of immer-
sion, whereas, for C50G50, the carbonation depth has
progressed beyond the depth of prior chloride ingress.
It might be expected that the carbonation rate thereaf-
ter would approach that of the concrete without prior
chloride ingress. Unfortunately, the large variation in
the C50G50 observed carbonation depth at 35 days,
resulting in large error bars on this data point, makes
it difficult to reach definitive conclusions.

Since the C50G50 sequential exposure carbonation
coefficient was back-calculated using data within and
beyond the chloride front, this could therefore under-
estimate the relative reduction in carbonation coef-
ficient due to prior chloride ingress and contribute

to a smaller difference between the single and dual
exposure carbonation coefficients relative to the OPC
specimens where the carbonation front remained
within the prior chloride front.

Chloride redistribution has been observed else-
where when cement pastes are exposed to prior chlo-
ride ingress and then carbonation [18, 20] and so one
point of note is that the chloride ingress front meas-
ured using silver nitrate solution may be less accu-
rate. Nevertheless, based on the results reported here
(see Fig. 3), carbonation through concrete previously
exposed to chloride ingress appears to be fairly accu-
rately modelled using Fick’s first law.

4.2 Chloride ingress with prior carbonation

Prior carbonation increased the rate of chloride
ingress in both concrete mixes, which is consistent
with findings elsewhere [4, 14, 15]. For C100 and
C50G50, the diffusion coefficients, D, were signifi-
cantly greater and the chloride coefficients, K, under
dual exposure with prior carbonation were respec-
tively 66 or 135% larger than those under single expo-
sure. The surface chloride content, Cg, was lower in
specimens with prior carbonation (see Table 4). In
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Fig. 5, the C100 chloride front reaches depths greater
than the prior carbonation front whereas the C50G50
chloride front remains within carbonated material.
Hence the C100 back-calculated chloride coefficient
includes progression through both carbonated and
non-carbonated material. This potentially underesti-
mates the relative increase in chloride coefficient due
to prior carbonation.

The observed increases in the chloride coeffi-
cient for concrete exposed to prior carbonation are
potentially due to changes in the pore structure and
chloride binding capacity of concrete that has under-
gone carbonation. Contributing factors could be an
increase in the proportion of large capillary pores,
due to the decomposition of C—S—H gel [17], carbon-
ation-induced microcracking [9], a reduction in the
chloride binding capacity due to AFm phase reactions
with carbonate ions, which deplete the AFm avail-
ability for reactions with chloride ions to form Frie-
del’s salt [18], and the reduced pH value of concrete
pore solution due to carbonation, which increases the
solubility of Friedel’s salt [20]. Notwithstanding the
previous caveat about C100 chloride progression into
non-carbonated concrete, it appears that the resist-
ance of C50G50 to chloride ingress is more affected
by prior carbonation than that of C100. Under single
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Fig. 7 Curve fitting in carbonated and non-carbonated regions
of the chloride penetration profiles of a C100 and b C50G50
for the case of carbonation followed by chloride exposure

exposure carbonation, an increased carbonation rate
due to GGBS replacement [27-29] is attributed to
the consumption of portlandite during the hydra-
tion of GGBS, lowering the alkalinity of the cement
paste [27]. In addition, Ngala and Page found that the
increase in capillary porosity and in the proportion of
large capillary pores due to carbonation is greater for
pastes containing GGBS than for OPC pastes [17].
Therefore, the larger extent of carbonation in C50G50
compared to C100 could explain why the chloride
coefficient of C50G50 is more affected by carbona-
tion than that of C100.

Changes in the pore structure and chloride binding
capacity due to prior carbonation also contribute to
explaining the shape of the acid soluble chloride pro-
files observed in this study. Figure 6 shows that Eq. 2
was a relatively poor fit for the specimens with prior
carbonation (35CO, +35Cl). For both mixes, an uplift
in acid soluble chloride content observed at a depth
approximately coincident with the phenolphthalein
indicated carbonation depth was not captured with a
continuous error function curve. This also suggested
that the equivalent surface concentration for the non-
carbonated material was higher than for the carbon-
ated material. To investigate further, Eq. 2 was fit-
ted separately to the acid soluble chloride contents

[ A C50G50, 35C0, + 35CI]

0.45
< 04 23
O 0.35} Z
g o3} 2
o 0.25 <
S 02
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(35C0O, +35Cl). *Note that an R? value of 1 is inevitable when
a fit is generated with only two datapoints, and therefore does
not necessarily indicate a high quality of fit
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Table 5 Chloride ingress parameters in specimens with prior carbonation treating carbonated and non-carbonated regions separately

C, (%) Cs (%) D¢, (mm?/day)
C100 35C0,+35C1 Carbonated region 0.005 0.14 5.65
Non-carbonated region 0.001* 0.38 4.88
C50G50 35C0O,+35Cl1 Carbonated region 0.011 0.08 13.34
Non-carbonated region 0.009* 1.19 2.11

*Inferred from measurements taken on non-carbonated specimens

before and after the carbonation front, as shown in
Fig. 7. The associated surface chloride contents in
the non-carbonated (free face) and carbonated (from
the interior side of the carbonation front) regions and
the chloride diffusion coefficients are indicated in
Table 5.

Ye et al. [20] also found a similar drop in chloride
content at the surface and a maximum chloride con-
tent that appeared to coincide with the carbonation
front when investigating chloride ingress in concrete
exposed to cyclic drying-wetting and carbonation.
This was attributed to an increase in the solubility of
Friedel’s salt due to a carbonation-induced reduction
in the concrete pore pH resulting in a chloride gra-
dient that increases the inward movement of chloride
ions [20]. A higher proportion of large capillary pores
and microcracking near the surface of the carbonated
zone would also contribute to an inward movement of
chloride ions in the carbonated zone [9]. A combina-
tion of changes in the solubility of Friedel’s salt and
the permeability of samples at the interface between
the carbonated and non-carbonated zones might
therefore explain the build-up of chloride ions at the
interface, leading to the observed increase in the acid-
soluble chloride content in the boundary region.

Zhu et al. [13] differentiated between carbonated
and non-carbonated zones when modelling the simul-
taneous combined action of carbonation and chlo-
ride ingress. They proposed that the chloride content
increases up to the carbonation boundary and then
decays through the non-carbonated region, in both
cases following error functions [13]. The chloride
content at the carbonation front interface was used as
a common boundary condition for the non-carbon-
ated and carbonated regions. However, the sequen-
tial exposure experimental findings presented here
suggest that the chloride content is decreasing from
the free face through the carbonated region and then
increases adjacent to the carbonation front. Although

further data supported with microstructural and com-
positional analyses would be required for more defini-
tive conclusions, this suggests that caution should be
exercised when using a continuous Fickian function
to model chloride ingress in OPC or OPC/GGBS con-
crete specimens exposed to prior carbonation. Initial
chloride content measurements taken close to the sur-
face could lead to the calculation of a chloride diffu-
sion coefficient that underestimates the chloride con-
tent at the depth of the steel reinforcement. The initial
findings suggest that a piece-wise model could hold
promise.

4.3 Limitations, practical implications and future
work

The results show that the sequence of carbonation or
chloride ingress affects the ingress of these chemi-
cals into OPC and OPC/GGBS concrete. Sequential
exposure suits laboratory environments and can be
performed under controlled conditions but in prac-
tice CO, and Cl exposure often occurs simultane-
ously rather than in sequence. In the current work,
chloride exposure was invoked using full immersion
in salt solution [33] with a concentration similar to
sea water, whereas concrete in tidal zones would be
wetting and drying due to submersion at high tide and
exposure to air at low tide. The moisture content of
the concrete has implications for the rate of CO, or
Cl penetration and, in particular, the humidity content
has been found to affect the rate of carbonation [53].
To provide a repeatable methodology, the experi-
mental specimens were subjected to air curing for a
set period (for CO, penetration) or vacuum satura-
tion with deionised water for Cl penetration (with or
without prior carbonation). The humidity in the CO,
chamber was also controlled. However, the internal
moisture conditions for single exposure to CO, were
likely to differ from those after a period of oven and
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air drying in the sequential exposure tests with prior
Cl immersion.

The extended timeframes for measurable ingress
using natural CO, concentrations can be prohibitive
for typical research investigations or for practical mix
characterisation so an elevated CO, concentration was
used to accelerate ingress. However, this can impact
different mix compositions in different ways. The rel-
atively high w/b ratio used in the experimental mixes
was also driven by a desire for rapid ingress such that
compositional differences could be observed. The
consequence of these choices meant that the prior car-
bonation front had extended relatively deep into the
concrete (> 15 mm) prior to chloride exposure which
would not have been the case with natural carbonation
and/or a mix with a low w/b ratio. The current study
kept the sequential exposure conditions the same for
the C100 and C50G50 mixes. Hence the depth of the
prior chloride or carbonation front at the time of sub-
sequent dual exposure differed since the two mixes
had different resistances. Future testing of samples
with different prior exposure times, and the acquisi-
tion of more data at smaller time intervals would help
to capture progression before, through and beyond a
prior carbonation or prior chloride front. In this way
the behaviour in these regions could be better inter-
rogated. Further work is also required to translate
and quantify the implications for design applications
and concrete mixes used in practice. Nevertheless,
the sequential exposure studies conducted here sug-
gest that differences between mixes could be identi-
fied and so the approach could potentially provide
the basis for short-term accelerated characterisation
to inform concrete mix design and mix selection for
onerous durability design conditions.

5 Conclusions

In practical applications, concrete structures can be
exposed to both carbonation and chloride ingress,
either simultaneously or in succession. An experi-
mental investigation was undertaken to better under-
stand the impact of prior carbonation on chloride
ingress and vice versa, and the implications for a
cementitious binder with or without 50% GGBS
cement replacement. For carbonation, specimens
were exposed to an accelerated environment of 10%
CO, concentration for up to 35 days. For chloride

ingress, specimens were immersed in 3% sodium
chloride solution for up to 35 days.

e In dual exposure, specimens subjected to prior
chloride ingress followed by carbonation showed
a decreased carbonation rate in both the con-
crete containing GGBS and that without, when
compared to specimens without prior chloride
ingress. The apparent reduction in carbonation
coefficient due to dual exposure was larger in
C100 than C50G50.

e Specimens of both concrete mixes subjected to
dual exposure with prior carbonation followed
by chloride ingress showed an increased rate
of chloride ingress when compared to speci-
mens without prior carbonation exposure. The
increase in the chloride coefficient due to prior
carbonation was greater in C50G50 than C100.

e The back-calculation of a single carbonation or
a single chloride diffusion coefficient for cases
where carbonation passes through a prior chlo-
ride front, or chloride passes beyond a prior car-
bonation front may mask progression rate differ-
ences before and after the front.

e Acid soluble penetration profiles for chloride
ingress with prior carbonation do not appear to
follow a continuous Fickian diffusion error func-
tion curve. Hence, modelling of chloride ingress
with prior carbonation using a continuous func-
tion and initial chloride content measurements
close to the surface could lead to an underesti-
mate of the free chloride content at the depth of
the steel reinforcement.

Acknowledgements The authors (JMLJ/ICF) grate-
fully acknowledge the support of the UK Engineering and
Physical Sciences Research Council through grants EP/
NO017668/1—Tailored Reinforced Concrete Infrastructure and
EP/N509620/1—University of Cambridge Doctoral Train-
ing Partnership. The technical support from staff in the Uni-
versity of Cambridge Civil Engineering Research Laborato-
ries, and use of the Civil Engineering and EPSRC UKCRIC
National Research Facility for Infrastructure Sensing (EP/
P013848/1) experimental facilities (EP/P013848/1) is also
much appreciated.

Author contribution Grace Blackshaw Conceptualiza-
tion; Methodology; Software; Validation; Formal analysis;
Investigation; Data Curation; Writing—Original Draft; Writ-
ing—Review & Editing; Visualization. Jessica C. Forsdyke
Conceptualization; Software; Formal analysis; Resources;



178 Page 14 of 15

Materials and Structures (2024) 57:178

Writing—Review & Editing; Visualization; Supervision;
Project administration. Janet M. Lees Conceptualization;
Resources; Writing—Review & Editing Preparation; Supervi-
sion; Project administration; Funding acquisition. For the pur-
pose of open access, the authors have applied a Creative Com-
mons Attribution (CC BY) licence to any Author Accepted
Manuscript version arising.

Funding Engineering and Physical Sciences Research Coun-
cil, EP/N017668/1, Janet M. Lees, EP/N509620/1, Jessica C.
Forsdyke, EP/P013848/1.

Open Access This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits
use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The
images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by/4.0/.

References

1. Hansson CM (1995) Concrete: the advanced industrial
material of the 21st century. Metall and Mater Trans A
26:1321-1341

2. Balafas I, Burgoyne CJ (2011) Modelling the struc-
tural effects of rust in concrete cover. J Eng Mech
137(3):175-185

3. Angst U, Elsener B, Jamali A, Adey B (2012) Concrete
cover cracking owing to reinforcement corrosion—theo-
retical considerations and practical experience. Mater
Corros 63(12):1069-1077

4. LiK, Zhang Y, Wang S, Zeng J (2018) Impact of carbona-
tion on the chloride diffusivity in concrete: experiment,
analysis and application. Mater Struct 51(6):164

5. Kim YY, Lee KM, Bang JW, Kwon SJ (2014) Effect
of W/C ratio on durability and porosity in cement mor-
tar with constant cement amount. Adv Mater Sci Eng
2014:1-11

6. British Standards Institution (2015) BS 8500-
1:2015+A2:2019,  Concrete-Complementary  British
Standard to BS EN 206-1; Part 1: Method of specifying
and guidance for the specifier

7. Karri SK, Rao GVR, Raju PM (2015) Strength and dura-
bility studies on GGBS concrete. SSRG Int J Civ Eng
2(10):34-41

8. Cyr M (2013) Influence of supplementary cementitious
materials (SCMs) on concrete durability. Eco-Efficient
Concrete. Elsevier, Amsterdam, pp 153-197

9. Wang Y, Nanukuttan S, Bai Y, Basheet PAM (2017)
Influence of combined carbonation and chloride ingress

niem

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

regimes on rate of ingress and redistribution of chlorides
in concretes. Constr Build Mater 140:173-183

Kuosa H, Ferreira RM, Holt E, Leivo M, Vesikari E
(2014) Effect of coupled deterioration by freeze-thaw, car-
bonation and chlorides on concrete service life. Cement
Concr Compos 47:32—-40

Zhu X, Zi G, Cao Z, Cheng X (2016) Combined effect of
carbonation and chloride ingress in concrete. Constr Build
Mater 110:369-380

Zhu X, Zi G, Sun L, You I (2019) A simplified probab-
listic model for the combined action of carbonation and
chloride ingress. Mag Concr Res 71(7):327-340

Zhu X, Dai X, Liu L, Bian W, Xu L, Meng Z (2020) A
simplified coupling model of carbonation and chloride
ingress based on Stefan-like condition. Eur J Environ Civ
Eng 26(7):2654-2670

Al-Ameeri AS, Rafiq MI, Tsioulou O (2021) Combined
impact of carbonation and crack width on the chloride
penetration and corrosion resistance of concrete struc-
tures. Cem Concr Compos 115:103819

Li K, Zhao F, Zhang Y (2019) Influence of carbonation
on the chloride ingress into concrete: theoretical analy-
sis and application to durability design. Cem Concr Res
123:105788

Malheiro R, Camoes A, Meira G, Amorim MT, Castro-
Gomes J (2020) Interaction of carbonation and chloride
ions ingress in concrete. RILEM Tech Lett 5:56-62
Ngala VT, Page CL (1997) Effects of carbonation on
pore structure and diffusional properties of hydrated
cement pastes. Cem Concr Res 27(7):995-1007

Chang H (2017) Chloride binding capacity of pastes
influences by carbonation under three conditions.
Cement Concr Compos 84:1-9

Matschei T, Lothenbach B, Glasser F (2007) The
AFm phase in Portland cement. Cem Concr Res
37(2):118-130

Ye H, Jin X, Fu C, Jin N, Xu Y, Huang T (2016) Chloride
penetration in concrete exposed to cyclic drying-wetting
and carbonation. Constr Build Mater 112:457-463

Liu J, Qui Q, Chen X, Xing F, Han N, He Y, Ma Y (2017)
Understanding the interacted mechanism between car-
bonation and chloride aerosol attack in ordinary Portland
cement concrete. Cem Concr Res 95:217-225

Malheiro R, Camoes A, Ferreira RM, Meira G, Amorim
T, Rei R (2014) Carbonation front progress in mortars
containing fly ash considering the presence of chloride
ions. Key Eng Mater 634:214-221

Malheiro R, Camoes A, Gibson M, Maria Teresa A (2021)
Influence of chloride contamination on carbonation of
cement-based materials. Constr Build Mater 296:123756
Black L (2016) Low clinker cement as a sustainable con-
struction material. Sustainability of construction materi-
als. Elsevier Ltd., Amsterdam, pp 415-457

Bouikni A, Swarmy RN, Bali A (2009) Durability prop-
erties of concrete containing 50% and 65% slag. Constr
Build Mater 23:2836-2845

Papadakis V (2000) Effect of supplementary cementing
materials on concrete resistance against carbonation and
chloride ingress. Cem Concr Res 30:291-299

Gruyeart E, Van den Heede P, De Belie N (2013) Carbon-
ation of slag concrete: effect of the cement replacement


http://creativecommons.org/licenses/by/4.0/

Materials and Structures

(2024) 57:178

Page 150f 15 178

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

level and curing on the carbonation coefficient. Cement
Concr Compos 35(1):39-48

Elahi A, Basheer PAM, Nanukuttan SV, Khan QUV
(2010) Mechanical durability properties of high-perfor-
mance concretes containing supplementary cementitious
materials. Constr Build Mater 24(3):292-299

Dhir RK, El-Mohr M, Dyer TD (1996) Chloride binding
in GGBS concrete. Cem Concr Res 26:1767-1773

Abd El-Fattah H, Abd El-Zaher Y, Kohail M (2024) A
study of chloride binding capacity of concrete containing
supplementary cementitious materials. Sci Rep 14:12970
De Weerdt K (2021) Chloride binding in concrete: recent
investigations and recognised knowledge gaps. Mater
Struct 54:214

Van den Heede P, De Schepper M, De Belie N (2019)
Accelerated and natural carbonation of concrete with high
volumes of fly ash: chemical, mineralogical and micro-
structural effects. Royal Soc Open Sc 6(1):18665

British Standards Institution (2015) BS EN 12390-
11:2015 Testing hardened concrete. Determination of the
chloride resistance of concrete, unidirectional diffusion
Neves R, Branco F, de Brito J (2013) Field assessment of
the relationship between natural and accelerated concrete
carbonation resistance. Cem Concr Compos 41:9-15

Cui H, Tang W, Liu W, Dong Z, Xing F (2015) Experi-
mental study on effects of CO, concentrations on con-
crete carbonation and diffusion mechanisms. Constr Build
Mater 93:522-527

Teychenne DC, Franklin RE, Erntroy HC, Marsh BK
(1997) Design of Normal Concrete Mixes. Building
Research Establishment, Watford

Higgins D (2009) Portland cement replacement: within-
mixer or factory-blend? Ready-Mix Concr 23:22-24

Oner A, Akyuz S (2007) An experimental study on opti-
mum usage of GGBS for the compressive strength of con-
crete. Cem Concr Compos 29(6):505-514

British Standards Institution (2019) BS EN 12390-2:2019
Testing hardened concrete. Making and curing specimens
for strength tests

British Standards Institution (2019) BS EN 12390-3:2019
Testing hardened concrete. Compressive strength of test
specimens

Chinchon-Paya S, Andrade C, Chinchon S (2016) Indica-
tor of carbonation front in concrete as substitute to phe-
nolphthalein. Cem Concr Res 82:87-91

Real LV, Oliveira DRB, Soares T, Medeiros MHF (2015)
AgNO; spray method for measurement of chloride pen-
etration: state of the art. ALCONPAT J 5(2):141-151

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pontes CV, Reus GC, Araujo EC, Medeiros MHF (2021)
Silver nitrate colorimetric method to detect chloride pen-
etration in carbonated concrete: how to prevent false posi-
tives. J Build Eng 34:101860

British Standards Institution (2007) BS EN 14629:2007
Products and systems for the protection and repair of con-
crete structures—test methods—determination of chloride
content in hardened concrete

Suresh D, Nagaraju K (2015) Ground granulated blast
slag (GGBS) in concrete—a review. IOSR J Mech Civil
Eng 12(4):76-82

Zhou Y, Gencturk B, William K, Attar A (2015) Carbona-
tion-induced and chloride-induced corrosion in reinforced
concrete structures. ] Mater Civ Eng 27(9):04014245

Qiu Q (2020) A state-of-the-art review on the carbonation
process in cementitious materials: Fundamentals and char-
acterization techniques. Constr Build Mater 247:118503
Czarnecki L, Woyciechowski P (2015) Modelling of
concrete carbonation; Is it a process unlimited in time
and restricted in space? Bull Polish Acad Sci: Tech Sci
63(1):43-54

Kropp J, Hilsdorf HK (1995) Performance criteria for
concrete durability, RILEM. CRC Press, Boca Raton
Forsdyke JC, Lees JM (2023) Model fitting to concrete
carbonation data with non-zero initial carbonation depth.
Mater Struct 56:22

Costa A, Appleton J (1999) Chloride penetration into
concete in marine environment—Part I: Main param-
eters affecting chloride penetration. Mater Struct
32(4):252-259

Yu H, Tan Y, Feng T (2019) Study of temporal change
in chloride diffusion coefficient of concrete. ACI Mater J
116:103-112

Xu Z, Zhang Z, Huang J, Yu K, Zhong G, Chen F,
Chen X, Yang W, Wang Y (2022) Effects of tempera-
ture, humidity and CO, concentration on carbonation of
cement-based materials: a review. Constr Build Mater
346:128399

Publisher’s Note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

niem



	Effects of exposure sequence and GGBS cement replacement on performance of concrete subjected to carbonation and chloride ingress
	Abstract 
	1 Introduction
	2 Experimental justification and investigation
	2.1 Carbonation and chloride exposure conditions
	2.2 Materials and mix selection
	2.3 Casting and curing
	2.4 Experimental programme
	2.5 Carbonation conditions and preparation
	2.6 Chloride ingress conditions and preparation
	2.7 Measurement of carbonation or chloride penetration depths

	3 Experimental results and analysis
	3.1 Compressive strength results
	3.2 Carbonation as single exposure (35 + tCO2), and with prior chloride ingress (35Cl + tCO2)
	3.3 Chloride ingress as single exposure (35 + tCl), and with prior carbonation (35CO2 + tCl)

	4 Discussion
	4.1 Carbonation with prior chloride ingress
	4.2 Chloride ingress with prior carbonation
	4.3 Limitations, practical implications and future work

	5 Conclusions
	Acknowledgements 
	References


