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Abstract

The impact of climate change on the deterioration of reinforced concrete elements have been frequently highlighted
as worthy of investigation. This article addresses this important issue by presenting a time-variant reliability analysis
to assess the effect of climate change on four limit states; the probabilities of corrosion initiation, crack initiation,
severe cracking, and failure of a simply supported beam built in 2020 and exposed to chloride-induced corrosion. The
historical and future climate conditions (as projected by three different emission scenarios) for different climate zones
in Sweden are considered, including subarctic conditions where the impact of climate change may lead to large
increases in temperature. The probabilities of all limit states are found to be: 1) higher for scenarios with higher GHG
emissions and 2) higher for southern than for northern climate zones. However, the end-of-century impact of climate
change on the probabilities of reaching the different limit states is found to be higher for northern than for southern
climate zones. At 2100, the impact of climate change on the probability of failure can reach up to an increase of 123%
for the northernmost zone. It is also noted that the end-of-century impact on the probability of failure is significantly

higher (ranging from 3.5-4.9 times higher) than on the other limit states in all climate scenarios.
Keywords: Climate change, Infrastructure deterioration, Reinforcement corrosion, Monte Carlo simulation

Introduction

The climate system is undergoing considerable changes
compared to the climate of the preindustrial era [1].
These changes can have substantial implications for
the safety and performance of concrete structures with
their service lives spanning over several decades. Recent
studies have identified a large number of potential cli-
mate change impacts on infrastructure and the built
environment [2-5] including accelerated deteriora-
tion of infrastructure and built environment elements
[6-8], increased long-term deformations [2], increased
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wind-induced loads [8, 9], and increased intensity and/or
frequency of flooding [10].

Among the identified risks, infrastructure and built
environment deterioration is often highlighted as a
major concern, even when climate change impacts are
disregarded. Globally, the annual cost of corrosion is
estimated to surpass 1.8 trillion USD [11, 12]. Country-
specific estimates of the cost of corrosion (see [13] for
Australia, [14] for the United States, and [15] for the
United Kingdom) highlight the substantial economic
consequences of deterioration. In Sweden, the mainte-
nance costs of bridges and tunnels totalled ~1 billion
SEK in 2019 (~ 0.1 billion USD) [16]. In addition to these
exceptionally high economic consequences, the failure
of infrastructure and built environment elements due to
severe deterioration can lead to more dire consequences
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related to risks to life and limb. The recent collapse of
the Morandi Bridge over the Polcevera River, Genova,
Italy in 2018 with 43 fatalities serves as an example of
infrastructure failure that was, at least partly, attrib-
uted to deterioration [17, 18]. Another example is the
recent collapse of the 12/13-story Champlain Tow-
ers South Condominium in Miami, Florida, the United
States in 2021 with 98 fatalities [19, 20]. Although the
exact causes of failure are still unclear, early investiga-
tions indicated extensive reinforcement corrosion as a
likely cause among others. Hence, many recent studies
highlight that assessing the impact of climate change on
deterioration of the built environment is of paramount
importance [6, 7, 11, 21, 22].

Noting that concrete is the most used construction
material [23], studying the impact of climate change on
the durability of concrete structural elements is espe-
cially attention-worthy. The current article addresses
this important issue by probabilistically analyzing the
impact of climate change on chloride-induced corro-
sion of reinforced concrete members in different climate
zones, represented by four different Swedish counties;
namely the southernmost county (Skane), the northern-
most county (Norrbotten), and two in-between counties
(Uppsala and Gévleborg). For this purpose, a time-variant
reliability analysis is presented to assess the effect of cli-
mate change on the probabilities of corrosion initiation,
crack initiation, severe cracking, and failure of a simply
supported beam exposed to chloride-induced corrosion.
Furthermore, sensitivity analysis is conducted to compare
the effect of climate change and changes in other param-
eters on the corrosion process. It should be mentioned
that the validity of the used models for the various cor-
rosion processes, like any model, has some limitations
[24]. However, studying those limitations and improv-
ing the models is beyond the scope of the current paper.
The main reason for choosing the selected models is their
relative simplicity and the availability of previous studies
that adopted them which facilitates the interpretation of
the results in the current study. Although other deterio-
ration mechanisms of reinforced concrete elements are
possible (e.g., carbonation-induced corrosion [6, 25] and
biodeterioration [26, 27]), chloride-induced corrosion
is generally more damaging and more costly to repair
[28]. Several recent studies have focused on probabilisti-
cally assessing the impact of climate change on chloride-
induced corrosion [6, 7, 11, 25, 29-31]. However, none of
these studies considered Nordic climate conditions with
very different climate zones depending on the location.
Furthermore, very few studies, if any, have explicitly con-
sidered all the limit states analyzed in the current study
(i.e., corrosion initiation, crack initiation, severe cracking,
and failure).
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The article starts by briefly describing the different cli-
mate change scenarios and the projections of the envi-
ronmental parameters involved in the analysis under
these scenarios. The next section describes the chloride-
induced corrosion modelling approach that is adopted
in the study in detail. A section presenting an illustrative
example of a simply supported beam that is exposed to
chloride-induced corrosion is then introduced. Lastly,
important discussion points and concluding remarks are
highlighted.

Climate change scenarios and data

Several generations of climate change scenarios have
been introduced in literature. In the study presented
herein, the Representative Concentration Pathways
(RCP) scenarios adopted in both the fifth and sixth
assessment reports of the Intergovernmental Panel on
Climate Change (IPCC) [1, 32] are considered. The RCP
scenarios adopted are: 1) a low Greenhouse Gas (GHG)
emissions scenario (referred to as RCP2.6) where strict
regulations enforcing climate change mitigation would
be implemented [33], 2) a high GHG emissions scenario
(referred to as RCP8.5) that describes a highly energy-
intensive future in the absence of climate change mitiga-
tion policies [34], and 3) a moderate emissions scenario
(referred to as RCP4.5) that describes a future with GHG
emission level that is between the other two scenarios
[35]. It should be highlighted that under the current state
of knowledge accurate probabilities cannot be reliably
assigned to the different scenarios [36].

For producing the climate change data for the current
study, the Rossby Centre regional Atmospheric climate
model (RCA4) is adopted [37]. The RCA4 was operated
over Europe at 50 x 50 km grid spacing. Aggregated data
for the annual average relative humidity and temperature
over each of the four studied counties is used. The cli-
mate change data used in the current study is based on
RCA4 downscaling five different global climate models
(GCMs) under RCP2.6, RCP 4.5, and RCP8.5. The dif-
ferent GCMs have been used in the context of CMIP5
(the fifth phase of the coupled model intercomparison
project), see [38]. The five downscaled GCMs are: 1)
EC-EARTH, 2) MIROCS5, 3) HadGEM2-ES, 4) MPI-
ESM-LR, and 5) NorESM1-M. These GCMs provided
boundary conditions for producing the data used herein.
Details about the five downscaled GCMs, respectively,
can be found in [39-43]. A more elaborate description
of the RCA4 climate projections can be found in [37].
The projections of the annual average relative humid-
ity and temperature for the four considered counties are
shown in Fig. 1. Large interannual variability is observed
for both relative humidity and temperature projections.
The interannual variability related to relative humidity is
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Fig. 1 Projections of the annual average values of relative humidity and temperature for Skane, Uppsala, Gavleborg, and Norrbotten; counties
are ordered from south (left) to north (right); multiple lines for each scenario represent different climate projections based on the five used GCMs

smaller for northern (i.e., Norrbotten) than for southern
counties (i.e., Skane). It can generally be noted that Norr-
botten has the highest while Skane has the lowest rela-
tive humidity. On the other hand, Skéne has the highest
while Norrbotten has the lowest temperature. For relative
humidity, there is virtually no clear trend in all counties
except Norrbotten where an increasing trend over time
is observed. For temperature, on the other hand, a clear
warming trend is observed for all counties (particularly in
the highest emissions scenario, i.e.,, RCP8.5). For Monte
Carlo simulation in Sect. 4, the annual average relative
humidity and temperature data for each RCP scenario
were fitted to a normal distribution.

Modelling chloride-induced corrosion

Reinforcement steel in sound concrete is surrounded by
a passive oxide film. This passive layer is formed due to
the high alkalinity of the concrete pore solution [44, 45].
Exposure to chlorides (from, e.g., sea salt spray, seawater
wetting, and/or deicing salts), however, can lead to the
breakdown of this protective layer and subsequently cor-
rosion of reinforcement steel. The corrosion process is
described by two phases [6, 25, 29, 45]: 1) the corrosion
initiation phase and 2) the corrosion propagation phase.
The time it takes for chlorides to penetrate to the level of
the reinforcement and accumulate in sufficient quantities
to break down the protective film and initiate the corro-
sion process (i.e., reach a critical chloride concentration)

is known as the corrosion initiation time. Following cor-
rosion initiation, the corrosion propagation phase starts.
This phase is governed by the reinforcement corro-
sion rate (i.e., corrosion current density). The formation
of rust due to corrosion propagation (which can have
a volume that is twice to six times that of the corroded
steel [46]) results in internal stresses which lead to cover
cracking and eventually spalling of the concrete sur-
rounding the reinforcement. The remainder of this sec-
tion outlines the models used in this article to describe
the corrosion process.

Time to corrosion initiation
Several models can be found in literature for estimating
the corrosion initiation time [47-49]. One of the most
widely used models is the model proposed in [48] based
on Fick’s second law of diffusion [6, 25, 29, 50, 51]. Based
on this model the corrosion initiation time (;) [years] is
calculated as follows:
2] T
)T

where §;, is a model uncertainty factor to account for the
idealization implied by Fick’s second law, x is the concrete
cover depth [mm], k,, k., and k; are environment, curing,
and test method factors respectively, D.(T,RH) is the
chloride diffusion coefficient as a function of temperature
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(T) and relative humidity (RH), ty is the reference time
[years], n. is age factor, erf ~! represents the inverse of
the Gaussian error function, and C,, and C; are the criti-
cal chloride concentration and the chloride concentra-
tion at the reinforcement surface, respectively. In Eq. (1),
the dependency of D.(T,RH) on T and RH is evaluated
as follows [25]:

DC(T’ RH) = Dc,ref'Fl(T)'FZ(RH) (2)
with
e (11
fn = & (777 ®
(1+ a-riy* >71 @)
Fy(RH) = e\ (1-Ri"

where D, ¢ is the reference diffusion coefficient at a ref-
erence temperature of 20 °C (i.e., T,y = 293K and a ref-
erence relative humidity of 75% (i.e.,RH. = 0.75), U, and
R are the activation energy of chloride diffusion process
(4 x 104ﬁ) and the gas constant (8.314%) respec-
tively, and T and RH are the temperature [°C] and the
relative humidity in decimals (e.g., 0.8 for 80% relative
humidity), respectively.

Corrosion rate

Similar to the corrosion initiation time, several models
for predicting the corrosion rate can be found in litera-
ture, see [24] for a comparison between a number of dif-
ferent models. For the purpose of the current article, the
model proposed by [52] is used along with the tempera-
ture, relative humidity, and chloride concentration modi-
fication factors proposed by [53], see also [25, 29]:

w\—1.64

37.8(1- %) o
E— (085 (¢ =) fr fan S (5)

leorr () = 6; -

where ¢ (2) is the corrosion current density [%], Bicorr
is a model uncertainty factor (represented by a Weibull
distribution with a mean of 1.355 and a coefficient of
variation (COV) of ~0.57 [24]), % is the water to cement
ratio, ¢ is the concrete age [years], fr is a modification
factor accounting for a temperature deviation from the
20 °C reference temperature considered in [52], fry is
a modification factor accounting for a relative humidity
deviation from the 75% reference relative humidity con-
sidered in [52], and f; is a modification factor account-
ing for the increase in chloride concentration during the
propagation phase. The different modification factors are
evaluated as follows [25, 29]:

fr=Q+Kr [T —20]) (6)
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with
{0,025 if T <20°C

Kr = { 0073 if T > 20°C @)

and
6
fRH = e—GOOO(RHEO'%) (8)
Cs + Cer
Ja =~ . €

It is worth highlighting that varying values for the model
uncertainty factor (§; ) can be found in literature [24, 25,
52]. The value adopted in the current study is based on
recent findings in [24]. In Lu et al. [24], the authors com-
pared the predictions of the corrosion rate model adopted
herein, as well as seven other models, to experimental
results and found that the model uncertainty factor (§;, )
is best described by a Weibull distribution with a mean of
1.355 and a COV of~0.57. However, Vu and Stewart [52]
assumed a uniform distribution with a mean of 1.0 and a
COV of 0.2 for this factor. It should be noted that, the dif-
ferent estimates of this factor do not take into account the
three aforementioned modification factors (i.e., fr, frm,
and f¢;) which would be expected to improve the model
predictions (i.e., reduce the uncertainty). Deriving more
reliable estimates of this uncertainty factor should be
addressed in future studies.

Time to initiation of cover cracking

Similar to both the corrosion initiation time and the corro-
sion rate, various models exist for the prediction of corro-
sion-induced cover cracking [54]. In the current article, the
model developed by [55] and later recommended in Dura-
Crete [48] is adopted. The time to corrosion-induced cover
cracking is predicted as follows [54]:

x
Xor = 838474 — — 226 f (10)
dr,O
Xer
tr = ——— +1
T T 116 - o +i (11)

where d,o is the initial reinforcement bar diameter
[mm], fu is the splitting tensile strength of concrete
[MPa), x., is the critical corrosion penetration at which
cover cracking occurs [um], and f. is the age at which
cover cracking initiates [ years].

Time to severe cracking (i.e., spalling)

Similar to the time to corrosion initiation, corrosion
rate, and the time to crack initiation, several models that
describe crack propagation can be found in literature
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[56, 57]. In the current article, the model developed
by [57] is adopted. The age when a limit crack width
wyim[mm] is reached can be evaluated as follows:

Wim — 0.05
kConf. : Srcmck *Ferack

0.0114

icorr—ZO

Lyp = kg - + Ler (12)

where £, is the age of severe cracking (i.e., the time
when wy,, is reached, also referred to as concrete
spalling) [years], kconr. is the confinement factor that rep-
resents the effect of confinement on crack propagation
(taken as 1.0 [6]), é,,,,., represents the model uncertainty
factor for the rate of crack propagation model (repre-
sented by a normal distribution with a mean of 1.04 and a
COV 0f 0.09 [6]), icorr—20 is the corrosion current density
[C’tn—ﬂ] at 20 °C (represented by a lognormal distribution
with a mean of 2.586 and COV of 0.67 for elements under
cyclic wetting and drying [6, 48]), kr is the rate of loading
correction factor, and rg, is the rate of crack propaga-
tion [777]. In the current article, similar to in [6], severe
cracking is represented by a limit crack width of 1 mm.
kg and 7.y, are evaluated using Egs. (13), (14) and (15),
respectively [6]:

_ O'S'icorr(exp)

i icorr(exp)
kR ~ 095 - le Leorr—20 - + 03
2500 - icorr—20

(13)

Terack = 0.0008 - eiljwcp (14)

with
X
Vo= w5

where icorr(exp) is the accelerated corrosion rate used

to derive 7y (100 AZ [6]), ¥ is a cover cracking

Ha
cm
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parameter, and f; is the direct tensile strength of concrete
[MPal.

Loss of reinforcing steel area

Chloride-induced corrosion of reinforcement in con-
crete structures can be divided into two types: 1) uni-
form corrosion and 2) pitting corrosion [44, 45, 58], see
Fig. 2. Uniform corrosion (also referred to as general
corrosion), as the name implies, results in a uniform loss
of metal over the perimeter of a reinforcing bar. On the
other hand, pitting corrosion is non-uniform over the
perimeter of a reinforcing bar and results in a more local-
ized loss of metal. In this subsection, the models used to
assess the loss of reinforcing steel area due to both types
of corrosion are outlined.

Uniform corrosion

The time-dependent cross-sectional area of one steel
reinforcement bar due to uniform corrosion (Ag;i/(2))
can be evaluated as follows [47]:

a0 § ft=t 4
Aqu@®) = &0 F ifti<t <ti+ 52 (16)
0 if t =8+ 20

Tcorr

where d, g is the initial reinforcement bar diameter before
corrosion [mm], d,(t) is the reinforcement bar diameter at
age ¢ [mmy], and rcopr is the annual metal loss per unit sur-

face area [;Z—a”j]. dy(t) and 7.4y are evaluated as in Egs. (17)

and (18), respectively, based on icor [C’jn—‘t] [25,47]:

t
dr(t) = dr,O —0.0232 - / icorr(t)dt (17)
Li

Uncorroded

reinforcement

Fig. 2 Uniform and pitting corrosion, hatching indicates corroded steel

corrosion
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Teorr = 0.0116 - oy (18)

Pitting corrosion

One of the most frequently used models for estimating the
loss of reinforcement bar cross-sectional area due to pitting
corrosion is the hemispherical model developed by Val and
Melchers [59]. Based on this model, the residual cross-sec-
tional area of one reinforcing steel bar after the formation
of a deep pit (A, pp(2)) can be calculated as follows:

Asto — A1 — Ay if p(f) < drT';
Ast,pp(£) = Al — Ay if Li;g <p@®) <drp
0 p(t) > dr,O
(19)
with
1 dr() 2 drO P(t)z
A=~ . ’ —a- = —
1=7 (91 ( 5 > 5 dro (20)
. 1 2 P(t)2
Ay = 5 <92 pt)” —a Ao ) (21)
a
01 =2- arcsin( ) (22)
dr,()
6y = 2 - arcsin 4
2= 290 23
2
a=2-p(t)-1|1— <p (t)) (24)
dr,O

where Ag o is the original reinforcement area before
corrosion [mm?], p(t) is the pitting penetration at time ¢
[mml], a is the width of a deep pit [mm], and R is the ratio
between the maximum penetration of pitting to the aver-
age penetration of uniform corrosion. Varying values of
R can be found in literature [44]. For instance, according
to [60] this ratio can be modelled as following a Gumbel
distribution with parameters depending on the bar sur-
face area and length. On the other hand, in [61] this ratio
is assumed as uniformly distributed between 4.0 and 6.0.
The latter distribution is adopted in the current article.
Following the evaluation of Ay (t) and Ag pp(t), the
residual cross-sectional area of one reinforcing steel bar at
a pit location due to both uniform and pitting corrosion
(Agt,114p) [mm?] can be computed as follows [25, 58]:
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a
2-d,,

Aguip = (Agu® = Agp) - (1 - ) +Aupp®)  (26)

Effect of corrosion on steel strength

In addition to the reduction of reinforcement cross-
sectional area, corrosion also affects the mechanical
properties [62] and ductility [63] of reinforcement steel.
Both the ductility and strength of reinforcement steel
are reduced by corrosion (see also [64]). However, this
reduction is relatively small compared to the reduction in
the cross-sectional area (see Sect. 3.5) [62]. In the current
article, the effect of corrosion on the reinforcement yield
strength is considered as follows [62, 65]:

fy(t) = (1 —38Q, - ch) ']3),0 (27)
with
Ago — As
Qur = £,0 t,u+p (%) (28)

Ast,O

where 8¢, is a model uncertainty factor, f; is the ini-
tial yield strength before corrosion and f,(¢) is the yield
strength at age t. Although it is acknowledged that rein-
forcement corrosion has several other effects (e.g., reduc-
tion of concrete strength, reduction of steel-concrete
bond strength, reduction of low cycle fatigue and buck-
ling strength [29, 64]), these effects are not considered in
the current article.

Effect of climate change on the deterioration

of a simply supported beam and its long-term
flexural reliability

As shown by the models in the previous section,
changes to the annual average relative humidity and
temperature due to climate change affect the corrosion
process by altering the corrosion initiation time (due
to changing the diffusion coefficient) and the corrosion
rate which subsequently affect the other models pre-
sented. In this section the effect of climate change on
chloride-induced corrosion of a simply supported beam
exposed to marine environment and its long-term reli-
ability are analyzed using Monte Carlo simulation. For
this purpose, three different climate change scenarios
(i.e., RCP2.6, RCP4.5, and RCP8.5) as well as the histori-
cal climate (1961-1990) are considered for four different
Swedish counties (see Fig. 3.); namely the southernmost
county (Skane), the northernmost county (Norrbot-
ten), and two in-between counties (Uppsala and Gévle-
borg). The considered example is adapted from Val [44]
and is shown in Fig. 4. It is assumed that the beam is
built in 2020 and was cured for 28 days. Additionally,
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Norrbotten

Gévleborg

Fig. 3 Map of Sweden illustrating the four studied counties

the beam is assumed to be under atmospheric expo-
sure conditions and to be exposed to many humid-dry
cycles. The beam is subjected to uniformly distributed
dead and live (sustained and extraordinary) loads. As in
[44], the ratio of the nominal values of the live (Q,) and
dead (G,) loads is assumed as %Z = 1.75with Q,, = 35’%
and G, = 20%{. The beam has a length of 10 m, a height
of 0.8 m, a width of 0.35 m and is reinforced with nine
No. 8 bars. This example is suitable for the purpose of
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the current article as it does not involve the assessment
of climate change impacts on environmental loads (e.g.,
snow, temperature, or wind loads) which is out of the
scope of the current article. However, it should be high-
lighted that the considered example is only illustrative,
and the same procedure adopted herein can be gener-
ally applied to other cases.

As in previous studies, e.g., [65], the maximum bending
moment at mid span is considered for assessing the flex-
ural reliability of the beam. Although failure can occur at
other sections along the beam due to pitting corrosion
[44], this is not considered herein. The following limit
state function is considered [65]:

@) =8y, -1 Agyp(®) - f(0) - <d = K, - b
(29)

with

(G+Qs+ Q) -L?

Mc =
s 8

(30)

where 8, is the flexural resistance model uncertainty
factor, d is the effective depth of the cross section [mm],
K, represents the flexural resistance ratio, b is the sec-
tion width [mm], f; is the compressive strength of con-
crete [MPa], Ms is the applied bending moment at
midspan [N - mm], G is the dead load [kWN}, Qs is the sus-

tained live load {kWN}’ Qr is the extraordinary live load
{%\[}, and L is the beam length [mm]. Failure is defined as
the event that g(¢) becomes less than or equal to zero
(i.e., the beam flexural resistance is lower than or equal to

the applied bending moment):

Pr(t) =P(g(t) =0) (31)

where Py(¢) is the probability of failure at time ¢. The
variables considered in this illustrative example are
shown in Table 1.

Probability of corrosion initiation, crack initiation,

and severe cracking

Figures 5, 6 and 7 show the probabilities of corrosion ini-
tiation, crack initiation and severe cracking (i.e., spalling),

Y_ VY VY Vv ¥ ¥ ¥ ¥ v v v ¥ ¥yQg~Gamma(p=6.65,6=4.389)
v Vv VY v VY ¥ v v v Vv ¥ ¥ ¥Qs~Gamma(p=10.5,6=6.3)

v Vv v VvV v v ¥ v Vv v v v vyG~Nommal(p=21l,6=2.1)

« 10 m >

Fig. 4 The studied simply supported beam
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Table 1 Variables considered in the illustrative example

Variable Unit Distribution Mean Standard deviation Equation(s) Reference

X [mm] Normal 50.0 6.0 (1,5,10,15) [65]

3y, [—] Lognormal 1.0 0.05 Q) [51]

ke [—1 Gamma 0676 0.114 1 [51]

ke -] Beta 08 0.1 0 [51]

ke [-] Normal 0.832 0.024 M [51]

to [days] Deterministic 28 - (M [57]

Nel [—] Beta 0.362 0.245 M [51]

Cer [%owtbr] Normal 09 0.15 (1,9 [51]

A [%wtbr] Normal 2.565 0.356 - [51]

£cs [Yowtbr] Normal 0 0.405 - [51]

De ref [om Normal 473 473 o) [64]

year

8o -1 Weibull 1355 0775 ©) [24]

w [-] Lognormal 05 0.05 5) [51,66]

dro [mm] Normal 254 1.016 (10,15-17,19-22, 24, 26) [44, 64]

fer [MPa) Normal 069+/E(fo)° 0.138/E(fo)" (10) (52]

leorr—20 [[%‘2] Lognormal 2.586 1733 (12,13) [6]

corr(exp) [EI:TAZ] Deterministic 100 - (13) [6]

8ok [-] Normal 1.04 0.0936 (12) [6]

fy [MPal Normal 053/E(f)* 0.069/E(f)° (15) (6]

RP -1 Uniform 50 ~0577 (25) [61]

fy0 [MPa] Lognormal 490 49 (27) [44]

8, [-1 Lognormal 0.005 0.0006 (27) [65]

S -] Normal 10 0.1 9) [65]

n [-1 Deterministic 9 - (29) [44]

Ko -] Normal 06 0.03 9) [65]
[mm] Normal 710 142 (29) [44]

b [mm] Normal 350 7 (29) [44]

fe [MPa] Lognormal 26.2 4716 (29) [44]

G [%’V] Normal 21 2.1 (30) [44]

Qs [%] Gamma 10.5 63 (30) [44]

QF [%’V] Gamma 6.65 4389 (30) [44]

L [mm] Deterministic 10,000 - (30) [44]

% wt br percent weight of binder

2 Acs and €5 are parameters used to calculate Cs as follows: Cs = Acs - E(%) + €cs with E(+) representing the expected value

bRis represented by a uniform distribution with a lower limit of 4.0 and an upper limit of 6.0 [61]

“E(-) represents the expected value

respectively, under historical (1961-1990) and future cli-
mate conditions for the four studied counties. It can be
seen that the probability of corrosion initiation is higher
for scenarios with higher GHG emissions. This is mainly
due to the higher annual average temperatures in these
scenarios. Although the increasing trend of the rela-
tive humidity in Norrbotten (see Fig. 1) can also have a
negative effect on corrosion initiation (i.e., can accelerate
corrosion initiation), the negative effect of the increasing
trend of the temperature is significantly higher. For all
climate scenarios, the probability of corrosion initiation

is highest for Skane followed by Uppsala, Gavleborg,
and Norrbotten, respectively (i.e., decreasing trend from
south to north).

The probabilities of crack initiation and severe crack-
ing show trends similar to the probability of corrosion
initiation; i.e., 1) The probabilities are higher for RCP8.5
followed by RCP4.5, RCP2.6, and the historical climate,
respectively, and 2) the probabilities are higher for Skane,
followed by Uppsala, Gévleborg, and Norrbotten, respec-
tively. While the end-of-century probability of crack
initiation is approximately identical to the probability
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of corrosion initiation for all counties in all climate sce- It is interesting to note that the probability of corrosion
narios, the end-of-century probability of severe cracking initiation (e.g., 0.2605 for Skane at the end of century in
varies from~0.22 to~0.24 for Skéne,~0.19 to~0.22 for ~RCP8.5) is very close to the probability of crack initiation
Uppsala, ~0.18 to ~0.21 for Gévleborg, and~0.13to~0.17  (e.g., 0.2558 for Skane at the end of century in RCP8.5)
for Norrbotten depending on the climate scenario. for all counties in all scenarios. This indicates that the
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time from corrosion initiation until crack initiation is
very short compared to the time from the beginning of
service life until corrosion initiation. This is in line with
previous literature, see, e.g., [6]. Furthermore, the prob-
ability of severe cracking (e.g., 0.2424 for Skéne at the end
of century in RCP8.5) is also close to the probability of
corrosion initiation for all counties in all scenarios. This
is also consistent with the findings of other studies, see,
e.g., [6].

Table 2 presents the trends of the end-of-century per-
centage increases in the probabilities of corrosion ini-
tiation, crack initiation, and severe cracking due to the
different climate change scenarios. It is observed that the
percentage increase in these probabilities is highest for
Norrbotten followed by Gévleborg, Uppsala, and Skane,
respectively (i.e., an increasing trend from south to
north). For Skane and Uppsala, the end-of-century per-
centage increase in the probabilities of corrosion initia-
tion, crack initiation, and severe cracking vary from ~7%
to~13% for Skane and~9% to~17% for Uppsala (see
Table 2). This is generally in line with the observations
of Stewart et al. [6] for Sydney and Darwin. For Géavle-
borg and Norrbotten, on the other hand, the percentage
increases in the probabilities of corrosion initiation, crack
initiation, and severe cracking can reach up to~20%
for Gévleborg and ~34% for Norrbotten. Furthermore,
Table 2 shows that the percentage increase in the prob-
ability of severe cracking is higher than or equal to that in
the probability of crack initiation which in turn is higher

than or equal to that in the probability of corrosion initia-
tion. For instance, the percentage increases in the proba-
bilities of corrosion initiation, crack initiation, and severe
cracking in RCP8.5 for Norrbotten are~33%,~ 34%,
and ~ 34%, respectively.

Time-variant flexural reliability analysis

Figure 8 shows the probability of failure of the studied
beam under the historical (1961-1990) and the future
climatic conditions in Skane, Uppsala, Gévleborg, and
Norrbotten. From Fig. 8 it can be observed that the prob-
ability of failure in all counties is highest in RCP8.5 fol-
lowed by RCP4.5, RCP2.6, and the historical climate,
respectively. It can also be observed that the probability
of failure in all climate scenarios is highest in Skane fol-
lowed by Uppsala, Gévleborg, and Norrbotten, respec-
tively. These trends are similar to the trends observed for
the probabilities of corrosion initiation, crack initiation,
and severe cracking in the previous section.

Figure 9 presents the percentage increase in the prob-
ability of failure of the studied beam under the three dif-
ferent RCP scenarios for Skane, Uppsala, Gévleborg, and
Norrbotten. The end-of-century percentage increase in
the probability of failure is considerably higher (ranging
from 3.5-4.9 times higher) than that in the probability
of reaching the other limit states. For Norrbotten, for
instance, the end-of-century percentage increase in the
probability of failure in RCP8.5 is+ ~123% while the
corresponding percentage increase in the probabilities
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Table 2 Trends in the end-of-century percentage increases in the probabilities of corrosion initiation, crack initiation, and severe
cracking due to climate change for Skane, Uppsala, Gavleborg, and Norrbotten

Limit state Scenario Skane Uppsala Gavleborg Norrbotten
Corrosion initiation RCP2.6 + ~7% + ~9% + ~10% + ~18%
RCP4.5 + ~9% + ~12% + ~14% + ~24%
RCP8.5 +~12% +~17% + ~19% + ~33%
Crack initiation RCP2.6 + ~7% + ~9% +~11% + ~19%
RCP4.5 + ~9% +~12% + ~15% + ~25%
RCP8.5 + ~13% +~17% + ~20% + ~34%
Severe cracking RCP2.6 + ~7% + ~10% + ~12% + ~20%
RCP4.5 + ~9% + ~13% + ~15% + ~26%
RCP8.5 + ~13% +~17% + ~20% + ~34%
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Fig. 8 Probability of failure for the studied beam under the historical (1961-1990) and future climatic conditions for Skane, Uppsala, Gavleborg, and
Norrbotten

of corrosion initiation, crack initiation, and severe crack-
ing are+ ~32.6%, + ~34.3%, and + ~ 34.4%, respectively.
Similar to the percentage increases in the probabilities of
corrosion initiation, crack initiation, and severe crack-
ing, an increasing trend of the end-of-century percent-
age increase in the probability of failure can be observed
from south to north (i.e., the percentage increase is low-
est for Skane followed by Uppsala, Gavleborg, and Norr-
botten). Nonetheless, Fig. 9 reveals that the impact of
climate change on the probability of failure depends on
the reference period considered. At mid-century, for
instance, the aforementioned increasing trend of the per-
centage increase in the probability of failure from south

to north is reversed (i.e., southern counties have higher
percentage increases than northern counties).

Sensitivity analysis

To assess the effect of changes in the different parameters
involved in the corrosion process and compare this effect
to the effect of climate change, a sensitivity analysis is
presented herein. Changes to the annual average relative
humidity and temperature due to climate change affect
the corrosion process by altering the corrosion initiation
time and the corrosion rate which subsequently affect the
other models presented in Sect. 3. Therefore, the sensitiv-
ity analysis in this subsection is limited to the corrosion
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Fig. 9 Percentage change in the probability of failure for the studied beam under the future climatic conditions compared to the historical climate
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initiation and corrosion rate models. The sensitivity anal-
ysis is conducted by varying the mean value of each of
the input parameters in these two models (one parameter
at a time) in the range of -20% —+20% and assessing the
change in the output.

Figure 10 presents the percentage change in the end-
of-century probability of corrosion initiation consider-
ing the historical climate due to changes in the different
input parameters in the corrosion initiation model. It can
be observed that changes in the parameters C, Cs, 1.,
and x have the highest effect on the end-of-century prob-
ability of corrosion initiation. For instance, a 20% increase
in the mean surface chloride concentration (C;) in Skane
causes ~ 32% increase in the end-of-century probability
of corrosion initiation. This effect is close to three times
higher than the effect of climate change in the highest
emission’s scenario (i.e., RCP8.5), see Table 2. The param-
eters ke, k¢, ki, and D s have similar effects ranging
from an increase of 11% — 18% and a decrease of -20% —
-13% in the probability of corrosion initiation due a 20%
increase and decrease, respectively, in their mean values.
A 20% increase in the mean value of §;, causes a reduction
in the range of -14% — -9% while a 20% decrease causes
an increase in the range of 12% — 17% in the probability
of corrosion initiation. £ has only a minor effect of less
than 3% increase or reduction in the probability of corro-
sion initiation for a 20% increase or reduction in its value,
respectively.

A reduction in the annual average relative humidity
can have a significant effect on the probability of corro-
sion initiation (a 20% reduction in the mean annual aver-
age relative humidity in Skane causes~35% reduction
in the probability of corrosion initiation). On the other
hand, a 20% increase in the mean annual average relative
humidity causes only a moderate increase in the prob-
ability of corrosion initiation (~13% in Skane). Changes
in the mean annual average temperature have a smaller
effect on the probability of corrosion initiation (limited
to~6.6% for a 20% change in the mean annual average
temperature). It is important to note, however, that cli-
mate change can cause an increase in the mean annual
average temperature of up to~ 145% in the studied coun-
ties while its effect on the mean annual relative humidity
is limited to less than 3%. The sensitivity of the probabil-
ity of corrosion initiation to the different input parame-
ters is summarized in Fig. 11. This sensitivity is assessed
based on the average absolute slope of the lines in Fig. 10
in the range of -1% — 1% change in the mean value of
each parameter.

Figure 12 presents the percentage change in the mean
value of the end-of-century corrosion rate consider-
ing the historical climate due to changes in the differ-
ent input parameters in the corrosion initiation and
corrosion rate models. It can be observed that changes
in the mean values of © and the annual average relative
humidity have the highest effect on the mean value of
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the end-of-century corrosion rate. For instance, a 20%
increase in the mean value of ¥ in Skane causes~115%
increase in the mean value of the end-of-century corro-
sion rate. It should be noted that, in addition to directly
affecting the corrosion rate as seen in Eq. (5), ¥ also
affects C; (see the caption of Table 1). Following % and the
annual average relative humidity, changes in the param-
eters C., Cs, ny, and x have the next highest effect on
the mean value of the corrosion rate. As an example, a
20% increase in the mean surface chloride concentration
(Cs) in Skane causes ~47% increase in the mean value of
the end-of-century corrosion rate. A 20% increase in the
mean value of §;,, causes an increase in the vicinity of

Leorr

20% while a 20% decrease causes a decrease in the vicin-
ity of -20% in the mean value of the end-of-century cor-
rosion rate. A 20% increase and decrease in the mean
annual average temperature in Skane causes changes
of +12% or -11%, respectively, in the mean value of the
corrosion rate. Changes in the parameters 8;,, fo, ke, ke, ks,
and D, s have similar effects to those on the probability
of corrosion initiation. The sensitivity of the mean value
of the end-of-century corrosion rate to the different input
parameters is summarized in Fig. 13. This sensitivity is
assessed based on the average absolute slope of the lines
in Fig. 12 in the range of -1% — 1% change in the mean
value of each parameter.
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Discussion and conclusions

In the current article, the impact of climate change on
chloride-induced corrosion of reinforced concrete struc-
tures was studied considering the Swedish climate con-
ditions. It was found that the impact of climate change
on the probability of failure can be considerable (reach-
ing up to+ ~123% increase by the end of century) espe-
cially for northern counties. This impact was found to be
considerably higher (ranging from 3.5-4.9 times higher)
than the impact of climate change on the probabilities of
corrosion initiation, crack initiation, and severe crack-
ing. Furthermore, the impact of climate change at the end

of century was found to have an increasing trend from
south to north.

An important research gap that was not addressed in
the current article (nor in previous studies) concerns the
effect of climate change on surface chloride concentra-
tions. Climate change increases ocean salinity in some
locations and decreases it in other locations [1]. Hence,
the surface chloride concentration (C;) of marine struc-
tures can also be affected by climate change. Noting that
the corrosion process is highly sensitive to changes in
this parameter (as shown in Sect. 4.3), addressing this
research gap is of considerable importance. However, this
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Fig. 13 The sensitivity of the mean value of the end-of-century corrosion rate to the different input parameters
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parameter is also dependent on several other local fac-
tors such as wind patterns and precipitation (which are
both also affected by climate change), distance of struc-
ture from ocean, and surface orientation, see, e.g., [67].
The unavailability of the climate data needed hinders the
quantification of this effect.

Several other research directions are considered worth-
while. Noting that other studies [6, 25] found that car-
bonation-induced corrosion of concrete infrastructure is
significantly affected by climate change, quantifying this
effect for the Swedish climate conditions and its interac-
tion with chloride-induced corrosion is worthy of inves-
tigation. Furthermore, a simply supported beam with
atmospheric exposure was studied in the current article.
The impact of climate change on the corrosion of other
reinforced concrete structural elements (e.g., bridge
piers) under different exposure conditions (e.g., splash,
tidal, or submerged) should be explored. Additionally,
the cost-effectiveness of the different adaptation options
for the increased impact of infrastructure corrosion [68]
(e.g., Using cathodic protection, increasing the concrete
cover thickness, or improving the quality of concrete)
should be assessed under the Swedish climate conditions.
Moreover, future research should address the combined
effect of concrete corrosion and other potential climate
change impacts on concrete structures (e.g., thermal-
stress—strain behaviour [69]). Lastly, assessing the impact
of climate change on the reliability of structural elements
made of other materials (e.g., timber, steel, and masonry)
under Swedish climate conditions is worth exploring.
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