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Abstract Reusing reinforced concrete structures
within a Circular Economy offers substantial environ-
mental benefits, but requires reliable assessment of
their remaining service life. Conventional approaches
to concrete durability, based on prescriptive design
parameters for new structures or carbonation depth
measurements in existing ones, are insufficient to
ensure reuse for an additional 50 or 100 years. This
study addresses this gap by introducing a perfor-
mance-based probabilistic framework for evaluating
carbonation-induced corrosion, tailored to circu-
lar construction. The study incorporates parametric
analysis and probabilistic modeling of corrosion
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initiation and propagation phases, and assesses two
precast concrete buildings located in Nordic cli-
mates. The study also examines how storage period
before reuse, changes in exposure class after decon-
struction, altered carbonation rates during a second
service life, and repair interventions, affect service
life. Monte Carlo simulations are used to estimate
the total service life under various conditions, with
outdoor carbonation rates reflecting typical Nordic
exposures. Corrosion propagation is modelled follow-
ing fib Model Code 2020 and fib Bulletin 112. The
results demonstrate that reused concrete elements
can achieve service lives comparable to new struc-
tures, provided that performance-based assessment
and appropriate repair interventions are applied. The
proposed framework supports data-driven decisions
on service life, repair, and reuse strategies for struc-
tural concrete, considering exposure classes and per-
formance. It can be complemented by non-destructive
testing and durability indicators. It provides a scien-
tific basis for extending the service life of reused con-
crete elements and supports design for circularity and
resource efficiency, thereby advancing circular con-
struction and the transition toward a sustainable built
environment.
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1 Introduction

Concrete is the most widely used construction mate-
rial, accounting for 8-9% of global man-made CO,
emissions [1]. Reducing the life cycle environmental
impacts of concrete is a crucial step towards a more
sustainable built environment [2]. Adaptive reuse of
entire buildings and service life extension is often
seen as the most sustainable pathway [3]. When this
is not viable, reusing building components holds sig-
nificant potential for reducing environmental impacts
[4-6]. In several instances, buildings may be demol-
ished for other reasons than structural integrity, such
as redevelopment and densification in cities, and
building obsolescence in terms of adaptability to
accommodate new uses, evolving functional and per-
formance requirements, or user needs [7-9]. At pre-
sent, most of the concrete from obsolete buildings is
often recycled considering the CO, uptake potential
from carbonation at end-of-life, repurposed for road
base construction, or used as aggregate in new con-
crete production [10, 11]. One lesser-applied circular
economy strategy for concrete is component reuse of
concrete elements in new projects [8, 12]. Compo-
nent reuse helps to avoid some of the greenhouse gas
emissions (GHGe) associated with new concrete pro-
duction, as well as reducing construction waste from
demolition [13]. Additionally, concrete reuse offers
significantly greater embodied carbon savings than
recycling, even when considering carbonation during
and after service life [10, 14].

Prior to reuse, concrete elements from exist-
ing buildings must undergo deconstruction, struc-
tural investigation (e.g., damages, structural capac-
ity, durability, hazardous substances), and necessary
refurbishment (e.g., removal of coverings, clean-
ing, repairs of damages) [15, 16]. Although there is
research on repairing and extending the service life of
existing concrete structures (from buildings and infra-
structures) [17], less attention has been paid in the
concrete literature to durability, repairs, and service
life of concrete structures and components for reuse
in new buildings [8, 10, 18].

The most common durability concerns for rein-
forced concrete structures are carbonation- and chlo-
ride-induced corrosion [19]. Chlorides are most of a
concern for concrete structures exposed to a marine
environment or de-icing salts [20]. On the other hand,
carbonation affects all structures over time and can

be a durability concern as it reduces the concrete’s
alkalinity [21]. This reduction may depassivate the
protective film around the rebars and may lead to
reinforcement corrosion and subsequent damage
[22]. Additionally, practical experiences from Fin-
land, Switzerland and Japan, shows that carbonation
does not always cause significant damage in concrete,
which may allow for longer service life and reuse
potential [22-24]; it is moisture at the rebar interface
that may lead to corrosion, while the concrete cover
and other surface layers act as a protective barrier for
outdoor exposed concrete during wet and dry cycles
[22].

Several approaches for durability design and ser-
vice life prediction models exist in literature and
standards [25-30]. Among these, performance-
based approaches, semi- or fully probabilistic, are
considered the most robust, as they account for rel-
evant material properties, influencing environmental
variables, and consider directly measured properties
such as carbonation depth or indirect correlations
[27, 29, 31]. These approaches offer greater reliabil-
ity compared to “prescriptive” approaches and are
especially useful in assessing existing structures. For
example, air-permeability tests have been correlated
to carbonation rates for estimating the residual (also
called remaining) service life in existing structures
[32]. Another recent study investigating the interplay
between lifespan, carbonation, and embodied carbon,
found that concrete elements in Nordic climates may
have a sufficient remaining service life for reuse [10,
33]. However, reuse of concrete will depend on the
required service life and exposure conditions of the
new recipient structure. In these prior studies, car-
bonation of concrete was considered in the remaining
service life assessment, but the subsequent corrosion
propagation phase was not.

Typically, the service life of reinforced concrete
is modelled as two consecutive phases: the initia-
tion phase, during which the carbonation front pro-
gresses through the concrete cover; and corrosion
propagation phase, which may begin once carbona-
tion reaches the steel reinforcement [34]. Other
studies examined the lifespan associated with the
propagation phase in carbonated concrete facades
[35-37]. While the initiation phase is the main fac-
tor that ensures service life, the propagation phase
significantly extends it by 10 to 40 years [35, 38].
In severe cases, precast concrete facades exposed



Materials and Structures (2026) 59:28

Page30f33 28

to wind-driven rain had a propagation time of 5 to
8 years, requiring repairs during their service life
[39].

While previous studies provide some evidence
supporting the reuse of structural (precast or cast-
in-place) concrete, they do not assess the full ser-
vice life, nor determine whether they can meet the
typical 50 or 100 year design service life required
by codes and standards. Much of the current litera-
ture on concrete in a Circular Economy context pays
limited attention to durability and service life [3, 8§,
18, 33, 40-44]. Another part of the literature has
overlooked reused concrete, focusing instead on ser-
vice life modelling and the carbonation challenge in
concretes with supplementary cementitious materials
(SCM)—which carbonate faster than traditional Port-
land cement—and highlighting the need to consider
corrosion propagation time in service life predictions
and codes [22, 23, 45-47].

This research addresses this gap by proposing a
novel performance-based durability framework for
assessing the reuse potential of concrete structures
and elements—arguably the first in the literature to
explicitly link service life modelling with circular
construction. The study investigates how to ensure
the durability and service life of these elements for
reuse in new construction, considering both initiation
and propagation phases, the effects of storage before
reuse, and repair strategies to prolong service life.
Drawing on literature data from and insights from the
ReCreate project [13], this study pursues the follow-
ing objectives:

1. Propose a probabilistic framework to assess
remaining service life concrete elements exposed
to carbonation-induced corrosion, consider-
ing initiation, propagation, and total service life
through Monte Carlo simulations.

2. Evaluate the effects of storage conditions,
changes in exposure during the second life, and
environmental factors on carbonation and service
life.

3. Estimate remaining service life of two precast
buildings of different typologies to evaluate reuse
potential in a circular construction context.

4. Examine how repair strategies and surface treat-
ments can extend service life during the propaga-
tion phase within the probabilistic framework.

The findings of this research aim to support
researchers, practitioners, and stakeholders by offer-
ing methods and insights that enable the reuse of
concrete and advance circular construction practices.
Finally, the study also provides a decision-making
flowchart on concrete reuse across different exposure
class scenarios.

2 Methods

In this study, we rely on our carbonation depth meas-
urements in buildings, complemented by relevant lit-
erature data, and service life prediction models. We
consider exposure conditions in the first service life
(before reuse), after deconstruction (reuse/second
service life), and how factors like relative humidity
(RH) and CO, concentration may change and affect
carbonation and remaining service life. Additionally,
we also consider the influence of the storage period
on carbonation depth. Figure 1 provides an overview
of service life and reuse based on Tuutti’s model for
corrosion of steel in concrete [34] As illustrated in
Fig. 1, after depassivation and ending of the initia-
tion phase, the propagation phase may be subdivided
into crack formation from the expansion of corrosion
products, spalling of the concrete cover, and even-
tual loss of structural capacity. As indicated in Fig. 1,
repair interventions that can extend service life, will
be examined within a probabilistic approach, to
examine how it can enhance reuse potential. Repairs
are usually done to fix visible damage, ensuring struc-
tural integrity and functionality for another service
life. Reconditioning, on the other hand, is a proactive
measure to extend an element’s service life before
visible damage appears. It includes any necessary
cleaning, cutting and retrofitting measures to ensure
the element is suitable for re-assembly and reuse.

2.1 Exposure conditions

EN 206 defines exposure classes for carbonation-
induced corrosion, given in Table 1 [50]. These des-
ignations do not exclude surface treatments for con-
crete or steel. Concrete can be subjected to more than
one environmental action, and in such cases a com-
bination of exposure classes should be considered. In
Nordic regions, concrete in buildings is generally pro-
tected from direct ground contact. For elements such
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Fig. 1 Deterioration process of carbonation-induced steel corrosion in concrete, based on two-phase model for service life, including
repair(s) for service life extension, storage phase, and reuse. Adapted from Tuutti [34] and fib Bulletin 34 [49]

Table 1 Exposure classes in EN 206

Exposure class Description Examples

XC1 Dry or permanently wet Concrete inside buildings with low air humidity; Concrete permanently
submerged in water

XC2 Wet, rarely dry Concrete surfaces subject to long-term water contact; Many foundations

XC3 Moderate humidity Concrete inside buildings with moderate or high air humidity; External
concrete sheltered from rain

XC4 Cyclic wet and dry Concrete surfaces subject to water contact, not within XC2

XF1 Moderate water saturation, Vertical concrete surfaces exposed to rain and freezing

without deicing agent

XF3 High water saturation, without
de-icing agent

Horizontal concrete surfaces exposed to rain and freezing

as foundations, a constant high relative humidity level
of 100% is assumed (XC2). While multiple exposure
classes can apply—including freeze thaw (XF) for
outdoor elements—XC1, XC3, and XC4 are among
the most relevant for assessing carbonation-induced
corrosion, and are the focus of this study. Structures

under XC2 are typically foundations, often in cast-
in-place concrete, and designed not only for building
loads and dimensions, but also to adapt to specific
ground properties. Due to these customized design
requirements, their reuse can be challenging. In the
Nordic climate, unsheltered concrete facades may be
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subjected to freeze—thaw cycles, under XF1 or XF3
classes (see Table 1).

2.2 Service life prediction

The total service life of concrete structures in the
probabilistic assessment is modelled as the sum of the
two phases, initiation time (t,;) and propagation time
(tprop)-

tSL = z‘ini + tprop (1)

ini

2.2.1 Initiation phase

While there are many mathematical expressions in lit-
erature for predicting carbonation depth in concrete,
a square root of time is usually utilized. The carbona-
tion depth is estimated with the following equation:

x=k><\/; 2

Where x is the carbonation depth (in mm), k is
the carbonation rate (or carbonation coefficient in
mm/ \/ year), and ¢ is the time (in years). In this study,
the carbonation coefficient k is treated as an empiri-
cal parameter from field data taken after decades of
exposure, implicitly accounting for the main vari-
ables, such as diffusion coefficient, environmental
parameters, and concrete’s chemical resistance (avail-
ability of carbonation reactants) [51].The remaining
initiation time (%, ;,;) can be calculated from the car-
bonation rate (or depth), concrete cover, and age of
the structure [10]:

temi = (/K —t, = (¢ X \/t./x)*—t, 3)

Where c is the concrete cover (in mm), ¢, is the
time (in years) when carbonation depth x was meas-
ured, and ¢, is the age of structure (in years). A para-
metric analysis for the remaining Initiation time (t, ;)
was conducted, for various carbonation rates and con-
crete covers, with an assumed first service life (z,) of
50 years (same as of design service life of 50 years).
However, actual lifespans of buildings vary depend-
ing on typology, region, and construction period [52];
where demolitions are often driven by behavioral
and economic factors—such as land value, demand
for new development, and functional obsolescence,
rather than structural degradation [53].

In addition, scenarios of partly carbonated concrete
cover are considered (e.g. 5, 10 and 15 mm); In these
scenarios, remaining time for carbonation to progress
through the uncarbonated part of the concrete cover is
calculated as:

i = ti—te = (/K7 —(x,/k)? )

Where x; is the carbonation depth before reuse
(specified for the parametric analysis or measured for
the case studies assessment). In the literature and fib
Model Codes, modification factors are often intro-
duced to account for the effect of relative humidity
and wetting—drying cycles [30, 49, 51]. While such
refinements are important in diffusion-based mod-
elling and in the durability design of new concrete
structures, the empirical square-root-of-time model
remains sufficiently accurate for assessing existing
structures and has been validated and outdoor expo-
sures in the Nordic climate [48].

2.2.2 Storage period

The effect of storage on carbonation depth of the
concrete cover is evaluated for three cases, i.e. 1, 3,
5 and 10 years of storage. In Case 1, concrete ele-
ments are assumed uncarbonated from protective
surface treatments (e.g. tiles, thick plasters) [54, 55].
Other examples for Case 1 include repurposed pre-
cast concrete products that did not meet geometric or
project requirements. For instance, during the 2022
City Expo in Helsingborg (Sweden), a demonstrator
pavilion was built with reclaimed hollow-core slabs
sourced from Stringbetong’s factory rejects [56].
For Case 1, Eq. (2) is used to estimate carbonation
depth during storage. In Case 2, we assume that con-
crete elements are reused after a typical service life
of 50 years. It is worth noting that donor buildings in
Recreate had an approximate service life of 40 years
(office buildings in Finland and Netherlands), and
nearly 60 years (residential building in Sweden) [57].
For the parametric analysis, carbonation depth change
is estimated as the difference between year 50 and 1,
3, 5, or 10 years after, with the following equation:

Xstorage = X(1=50+2) ~ X=s0) = k X ( Vit+z— \/;> Q)

Where z is the number of years in storage.
Unchanged carbonation rate during storage and first life
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is assumed. In case 3, carbonation depth during stor-
age is evaluated from a known depth, e.g. 10 mm. This
reflects situations where the concrete’s age is unknown,
such as if documentation is missing, or traceability of
elements was not part of the reuse process. As a refer-
ence, the Norwegian standard NS 3682:2022 “Hollow
core slabs for reuse” requires assessing the remaining
service life of reused concrete elements only when
carbonation depth exceeds 10 mm, but without justify-
ing this threshold [58]. In Case 3, the time to reach the
carbonation depth of 10 mm is determined for each k
value with Eq. (2), and afterwards, the change in depth
during storage is estimated with Eq. (5).

2.2.3 Carbonation rates

Table 2 presents carbonation rates derived from natu-
ral carbonation depth measurements (i.e. excluding
accelerated tests), including data from donor buildings
in the ReCreate and Aterhus projects, as well as other
studies in a Nordic climate, EN 16757:2022 stand-
ard, and from a statistical study based on 1999 depth
measurements [16, 59-62]. We also report the standard
deviation when available. Carbonation rates in the lit-
erature have a median of 3 and a standard deviation of
4, with a skewed distribution towards smaller carbona-
tion rates [59]. In the Nordic climate, the mean rate in
facades was around 2,55 mm/\/year, with values of
two standard deviations not exceeding 6 mm/ \/ year;
The mean value of the standard deviations is 1,33 and
the median is 1,29. Although the carbonation rates
may sometimes deviate from normality, a normal dis-
tribution is commonly assumed in probabilistic service
life modelling [30, 38], and in this study. The mean
of standard deviations from Table 2 is 1,12. Standard
deviations in Table 2 are sometimes below 1, espe-
cially for indoor concrete, arguably due to high quality
concrete and dry indoor environment reported in con-
crete reuse pilot projects. Based on this data, the para-
metric analysis is limited to carbonation rates ranging
from 1 to 6 mm/ \/ year, as well as used to inform the
probabilistic assessment detailed in Sect. 2.5

2.2.4 Propagation phase

In carbonation-induced corrosion, cracking or
spalling is usually considered the durability limit state

(DLS) due to the uniformity of the corrosion pro-
cess and volume of rust produced, which can lead to
structural damage [30, 49]. In this study, the time to
crack formation is considered the DLS, aligning with
the approach in fib Bulletin 112 [30]. The corrosion
rate, also referred to as thickness loss, represents the
reduction of cross-sectional area of reinforcing steel
over time [30]. Propagation time (in years) is calcu-
lated as [30]:

tprop = Pcorr/ Vcorr (6)

Where P, is the penetration of corrosion attack

corr

fulfilling the durability limit state (in pm), and V,,, is
the corrosion rate (in pm/year). Various P . limits in

the literature are given in Table 3.

2.2.5 Corrosion rates

Corrosion limits and literature data on corrosion rates
were used to conduct a parametric analysis of Propa-
gation times for different exposure conditions; Data
in graphical format were extracted using ‘WebPlot-
Digitizer’ [71]. Based on Faraday’s law, a corrosion
current density (i) of 1 pA/cm? corresponds to a
steel corrosion rate of approximately 0,0115 mm/
year [72]. This conversion factor was applied to the
data in Table 4. It is worth noting that the average
yearly extrapolated corrosion rates in Finland con-
cern South-facing facades exposed to the most severe
weather with wind-driven rain [37]. Additionally, the
large scatter in the data in Table 4 is due to the param-
eters affecting corrosion rates in carbonated concrete,
where relative humidity played a significant role [73].

2.2.6 Corrosion rates after repairs

While literature data on corrosion rates in carbon-
ated concrete is limited, a few studies have investi-
gated corrosion rates after repairs, with some data
available for Nordic climates given in Table 5 [22,
69, 74]. The three facade repair methods in Table 5
exhibit comparable corrosion rates, with a mean
thickness loss value of 1,5 pm/year post repair.
These paint-based methods were chosen as they
are the most common repairs. They are also appli-
cable to various element types, not only facades.
The effects of other methods of repair on corrosion
rates are not part of this study, but are of interest
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Table 2 Carbonation rates from natural carbonation depth measurements in buildings

Concrete Element Exposure class Mean k [mm/ \/ year] Std.dev., ¢ Details References
[mm/ \/ year]

Precast Facade XC4 0,25 0,65 N =15 ReCreate [16, 57]
sandwich elements, project, Finland, built
ceramic tile cover in 1982

Precast Indoor ele- XC1 0,15 0,09 N =30 ReCreate [16, 57]
ments, plastered project, Finland, built

in 1982, beams and
columns

Indoor XC1 1 0,14 Aterhus pilot, donor [61, 62]

buildings from 1970s

Ceramic tile covered  XC4 0,7 1,4 N =27, buildings built [24]
facade elements 1948-1996

Parapet outer/inner XC4 2,2 1,3/1,1 N =160, normal [24]

distribution, 80% of
samples

Slab panels soffitm XC3; XC4 3,1; 1,7 1,2;2,3 N=190, N=48 normal [24]
Brick tile distribution, 80% of

samples

Exposed aggregate XC4 1,59 0,24 N=17, Built 1967- [63]

1969, C25/30
Balcony side panels XC4 3,02 0,69 N =4, Built 1967- [63]
1969, C25/30

Exposed aggregate; XC4; XC4; XC3 2;2,7; 3,08 N =443 facades, [38]
brushed painted; N =331 balconies,
balcony soffits built 1965-1995,

close fit to a normal
distribution

Brick tile; painted; XC4 1,06: 2,62; 0,59 1,31; 1,64; 0,7 Facades and balconies, [39]
white concrete 72 buildings, built

1990 or after

Slab upper/lower part  XC4; XC3 1,15; 3,21 0,9; 1,42 Facades and balconies, [39]
72 buildings, built
1990 or after

Side panel, outer/inner XC4; XC3 1,5; 1,63 1,02; 1,24 Facades and balconies, [39]
72 buildings, built
1990 or after

Parapet, outer/inner XC4; XC3 1,09; 1,48 1,13; 1,02 Facades and balconies, [39]
72 buildings, built
1990 or after

Brushed and painted, XC4, XC4, XC3, XC3 2,2; 1,59; 2;55; 2,24 0,86; 0,9; 1,04; 0,71 18 buildings, built [48]
exposed aggregate; between 1969 and
balcony soffit slab; 1992, second assess-
balcony side panels ment

Indoor with cover; XCl1; XC3; XC4 2,7 (>35MPa) 4,6 EN 16757 based on [64, 65]
unsheltered, sheltered (25-35 MPa); Lagerblad’s model

2,7 (>35MPa) 4,4
(25-35 MPa);
1,1 (>35MPa) 1,6
(25-35 MPa);
Natural carbonation 3 (median), 4,08 4,02 1999 literature meas-  [59]

rates, excluding accel-

erated tests

(mean)

urements
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Table 2 (continued)

Concrete Element Exposure class Mean k [mm/ \/ year] Std. dev., ¢ Details References
[mm/ \/ year]
Brushed painted, XC3; XC4 2,55 (mean value), 1,33 (mean of 6); 0,84— 3542 measurements [60, 66]
exposed aggregate, 1,4-3,24 (range of 2,01 (range of ) from database of
balcony soffit and data) 947 buildings, built
side panels between 1965-1995
Table 3 Penetration of corrosion limits for crack formation in literature
Minimum Design Maximum Further details References
reported value value [pm] reported value
[um] [pm]
22 50 200 P, with partial safety factor=50/1.5=33.3 pm fib MC 2020 and
Bulletin 112 [25,
30]
22,2 67,5 119,1 Finnish climate [66]
14,5 53,6 90,4 Range of values from evaluated samples [67]
10 100 0,01-0,1 mm crack [68]
30 Value used for facades with protective coating [69]
50 Value for other elements not mentioned [69]
100 Value for ventilated cladding systems, where aesthetic [69]
relevance is not considered
15 50 Range of values for first visible crack (< 0.1 mm width) [70]

for further studies. It should be noted that the esti-
mation of post-repair propagation times (Table 5)
relies on limited literature data, and corrosion rates
involve considerable variability and uncertainty;
these values should be interpreted as indicative
rather than generalizable to all repair scenarios.

2.3 Effect of environment and exposure condition

Some studies examined the effect of surface treat-
ments on carbonation using accelerated tests
[76-78]. Carbonation depth measurements in build-
ings also indicate how concrete facade types and
surface treatments affect carbonation [60]. How-
ever, differences in modeling, test setups, and lim-
ited data (only prior to reuse at the time of writ-
ing), make predictions in reuse scenarios complex.
Carbonation may also be affected to some extent by
changes in exposure and surface treatments between
service lives. Nonetheless, the literature contains
some useful approaches that can be used to relate
the diffusion coefficient (or the carbonation rate k)
to relative humidity and CO, concentration. The

effect of relative humidity on CO, diffusion was
evaluated in some models [79], but subsequent
studies applied varying parameter values [80]. Due
to such uncertainties, we relied on the more recent
approach in the fib Model Code 34, using the envi-
ronmental function k, (-) calculated as:

IIRYA
- ()

RH,; \/e
(W)
where RH,,, is the relative humidity of the carbon-
ated layer, RH,, is the reference relative humidity
(65%), and g, (2,5) and f, (5) are dimensionless con-
stant parameters. In fib MC 34, the environmental
function accounts for the effect of humidity on the
diffusion coefficient, is included within the square
root term of the carbonation depth equation, and is
multiplied by other parameters [49].

Secondly, urban areas have higher atmospheric
CO, levels than rural areas, with a proposed urban
correction factor (k,4,,) of 1,15 (dimensionless)
[81]. Thirdly, many carbonation models assume the

k =

e

)



Materials and Structures (2026) 59:28

Page 90f 33 28

Table 4 Corrosion rates for carbonation-induced corrosion in literature. Corrosion current values (i

sion to thickness loss rates in [pm/year] are indicated in brackets

worr D pA/cm?) used for conver-

Element type or exposure condition

Minimum

corrosion rate

Average corrosion
rate [pm/year]

Maximum corrosion Reference
rate value [pm/year]

[um/year]
Facade panels (inland), 2001-2002, monthly averages 0,575 (0,05) 9,66 (0,84) in 2001; 23,92 (2,08) [37, 66]
3,68 (0,32) in 2002
Facade panels (coast), 2001-2002, monthly averages 1,265 (0,11) 7 (0,61) in 2001; 14,49 (1,26) [37, 66]
4,3 (0,37) in 2002
Facade panels (inland), predicted from weather 13,8 (1,2) [37]
parameters 1979-2009
Facade panels (coast), predicted from weather 19,55 (1,7) [37]
parameters 1979-2009
Balcony soffits 0,115 (0,01) 0,805 (0,07) 1,84 (0,16) [37, 66]
50% probability of literature data, i.e. 50 publications 0,529 (0,046) 23 (2) [73]
(1980-2016)
90% probability of literature data, i.e. 50 publications 4,83 (0,42) 40,365 (3,51) [73]
(1980-2016)
Range of all values 0,023 (0,002) 230 (20) [73]
Average value of minimum or maximum 0,092 (0,008) 23 (2) [73]
XC3, indoors 0,023 (0,002) 8,05 (0,7) [73]
XC3, 60-75% RH 0,115 (0,01) 23 (2) [73]
XC3, 80-90% RH 2,3(0,2) 34,5 (3) [73]
XC3, 95%-100% RH 0,23 (0,02) 44,85 (3,9) [73]
XC4 1,15 (0,1) 34,5 (3) [73]
XC3, XC4 0,345 (0,03) 33,35(2,9) [73]
RH 40-55% 0 0,3 4,7 [22]
RH 60-75% 0,096 1,9 21,9 [22]
RH 80-90% 0,15 5,1 34,4 [22]
RH 95-100% 0,17 6 39,6 [22]
Table 5 Corrosion rates after repairs based on literature [69, 75]
Element Average yearly corrosion  Repair
rate [pm/year]
Facade (baseline) 7 Silicate paint permeable to water and water—vapor
Facade 1 1,5 Silicon-based water-repellent but water vapor-permeable paint
Facade 2 1.4 Water-repellent primer and organic paint for coating substrate
Facade 3 1,7 Polymer-containing finishing mortar (2 mm) and organic paint
Balcony frame panels (baseline) 7 No repair (reference for comparison)
Balcony frame panels 4 Balcony glazing
Balcony slab (baseline) 2 No repair (reference for comparison)
Balcony slab 1 Balcony glazing
Balcony frame panels (baseline) 11 No repair (reference for comparison)
Balcony frame panels 5 Ventilated sheet cladding
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diffusion coefficient (or diffusive flux) is directly
proportional to CO, concentration (or concentra-
tion gradient) [80-82]. Accelerated tests are usu-
ally correlated with natural carbonation through
this relationship, although empirical fitting factors
are required [83]. Thus, modeling the impact of cli-
mate change on carbonation may be more straight-
forward, as it primarily involves changes in CO,
concentration [80]. The following equation is used
for determining a third influencing factor (kcq,) on
carbonation rate in the second service life:

C(CO, second life)
\/ kco, = \/ C - ®
(CO, first life)
where C(CO,) is the concentration of ambi-
ent CO, (in kg/m3), using a conversion factor of
1 ppm=0,0019x 107 kg CO,/m’ of air [81]. The
Million Program in Sweden started in 1965 and ran
for about a decade, during which around a million
residential units were built using prefabrication and
precast concrete [84]. These buildings offer signifi-
cant potential for renovation, or reuse of their precast
panels. For example, the rise in average atmospheric
CO, from 320 ppm in 1965 to 422 ppm in 2024 [85],
yields a k¢, of 1,319. We tested whether carbonation
rates from the first service life, together with environ-
mental parameters, can be used to approximate the

carbonation rate under changed exposure conditions
in the second life, proposing the following equation:

k2 = V ke X kurban X kC02 X kl (9)

where k, is the carbonation rate (in mm/ \/ year) in the
second life/exposure, and k; in the first life/exposure.

2.4 Case studies

Service life predictions were investigated in two
case studies, using donor buildings in the ReCre-
ate project [15]. The Swedish donor is a residential
building from 1965 featuring a cross-wall structure
with load-bearing precast walls and slabs [10]. The
Finnish donor is an office building from 1982, fea-
turing a skeletal frame with precast columns and
beams, hollow core slabs, and facade sandwich con-
crete panels with insulation [57]. The production
of precast concrete in Sweden is considered to have
been sufficiently reliable during the Million Program

[84]; Concrete covers in the assessed structure in
Drottninghhog area in Helsingborg, were found to be
within 10 mm standard deviation with Ground Pen-
etrating Radar (GPR) measurements, and within the
values found in drawings of 22,5 mm [10]. Aterhus
reuse pilot projects in the Stockholm region reported
comparable concrete covers in the range 22-24 mm
[61, 62]. Therefore, we assumed a constant/deter-
ministic value of the concrete cover for assessing the
Swedish case in Sect. 4.4.1. However, in Finland,
the concrete cover of precast facades and indoor ele-
ments in the case study were found to have greater
variation (See Appendix). For the Finnish case,
parametric analyses were carried out using a set of
fixed cover depths (10, 20, 30, 40 mm), correspond-
ing to minimum values from standards. These val-
ues were not sampled probabilistically but kept con-
stant within each scenario of remaining service life
prediction in Sect. 4.4.2, i.e., based on average car-
bonation depth (d, ,,.,,) and maximum depth (d, ,,..)
(see EN 14630:2006), and conservative assessment
considering increased k in the second service life of
1 mm/ \/ year (Aterhus project in Sweden, indoor con-
crete in XC1), and 2,55 mm/ \/ year (outdoor average
rate in Nordic climate, and in XC3, see Tables 2 and
6).

2.5 Monte Carlo simulation

The principle Monte Carlo (MC) method is that, by
running a sufficiently large number of simulations
with randomly generated input parameters, the prob-
ability distribution of an outcome can be estimated
based on the frequency of its occurrence [86]. Sim-
ulations are performed using a Python script with a
sampling number of 10,000 to estimate the probabil-
istic distribution of total service life.

Initiation and propagation times are treated as
probabilistic variables to capture the variability and
uncertainty in material properties and exposure con-
ditions. MC simulation integrates these two different
distributions into a probabilistic assessment of the
total service life. This is not explicitly addressed in
literature or current/previous fib Model Codes, where
initiation and propagation phases are treated sepa-
rately. This integration represents one of the novel
contributions of the present study.

Initiation time is modelled using a normal distribu-
tion, in line with fib Model Code 34 and fib Bulletin
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Table 6 Monte Carlo simulation parameters

Parameter Mean Std. Dev. (o) of Cov Unit Distribution ~ Reference
carbonation rate  [%] for
(k) VCO]T

Concrete Cover 225 - - mm Constant Million Program buildings
in Dréttninghdg area in
Helsingborg, Aterhus pilots in
Stockholm region [10, 62]

Carbonation rate in XC3 255 1 - mm/ \/ year Normal Table 2, median in XC3
exposures in [38, 48], mean of
outdoor exposures in Nordic
climate

Carbonation rate in XC4 1,6 0,9 - mm/ \/ year Normal Recurrent value in several
studies in Table 2 in XC4, EN
16757 value for XC4

Corrosion rate in XC1 0 - pm/year Deterministic fib Bulletin 112 [30]

Corrosion rate in XC2 4 - 150 pm/year Weibull fib Bulletin 112 [30]

Corrosion rate in XC3 2 - 150 pm/year Weibull fib Bulletin 112 [30]

Corrosion rate in XC4 5 - 175 pm/year Weibull fib Bulletin 112 [30]

Corrosion rate in XC4 with 1.5 - 150 pm/year Weibull Table 5 and fib Bulletin 112 for

repair ~ XC3 probability distribution [30]
Penetration of corrosion limit 67,5 — pm Constant [66]
(PCOIT)

112 [30, 49]. This distribution was also found to pro-
vide a good fit to empirical data, covering 95% of the
observed vales for concrete facades in the Finnish cli-
mate [38]. In the case of carbonation rate in XC4 in
Table 6, it would lead to a small percentage of very
low or negative values, leading to very long initiation
times. However, using log-normal distribution would
eliminate negative values but also shift the distribu-
tion and overestimate the number of higher carbona-
tion rates [38].

Propagation time is modelled using a Weibull dis-
tribution following fib Bulletin 112 [30], with further
details in Table 6. The selected carbonation and cor-
rosion rates were chosen for their broader relevance
beyond the evaluated case studies, reflecting a larger
number of buildings from measured and literature
data, exposures and surface types.

A constant (fixed deterministic value) for cover
depth of 22.5 mm was assumed (Table 6). This sim-
plification was made as: (1) it aligns with covers
for historic precast concrete elements in Sweden
from the Million Program, and (2) covers depths
below 20 mm would not satisfy durability require-
ments based on the parametric analysis presented
later in Sect. 4.1, and would not be permitted by

prescriptive rules in EN 1992-1-1:2023, which
would require at least 20 mm covers for XC1, XC3
and XC4 exposures. Although actual measured
covers in the Finnish case (Fig. 11) showed vari-
ability, the chosen value is considered representa-
tive and conservative for the analysis.

Figure 2 illustrates the possible service life sce-
narios based on different carbonation and corrosion
rates (further discussed in the results and discussion
sections). In the context of Fig. 2, the start point of
reuse (second life) is defined as the moment when
a building—or parts of it—are selected for decon-
struction and reused, which may occur before or
after the typical 50 years of designed service life.
The reuse potential depends on the condition of the
elements at the end of their first life (i.e., carbona-
tion depth, corrosion state), as well as on exposure
conditions in the second life. In the MC simulation,
total service life results will be presented in 50-year
intervals: the first 50 years correspond to the first
life (donor building), after which, elements transi-
tion into a second (reuse) service life, meaning that
achieving a 100 year total service life corresponds
to two service lives (i.e. first service life and the

subsequent reuse life).
nilem
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time

Fig. 2 Service life scenarios considering two life cycles, and carbonation and corrosion across exposures

3 Results

This section presents a parametric assessment of ini-
tiation and propagation times of carbonation-induced
corrosion in concrete, effects of storage and exposure
conditions on carbonation depth, remaining service
life across two case studies, and probabilistic assess-
ment of total service life via MC simulations, includ-
ing the impact of repair strategies on extending ser-
vice life. Results presented in Sects. 3.1 through 3.4
are deterministic.

3.1 Initiation phase

Figure 3 illustrates the remaining initiation times
based on expected carbonation rates in build-
ings (ranging from 1 to 6 mm/\/ year; see Table 2).
Part (a) shows the remaining service life as a function
of the carbonation rate after 50 years of first service
life, calculated using Eq. (3). Parts (c), (b), and (d)
show the remaining service life of reused concrete
elements in their second life calculated using Eq. (4),
as a function of the carbonation rate and initial car-
bonation depths of 5 mm, 10 mm, and 15 mm, carried
over from the first service life. To show the influence
of the propagation phase on the service life, error bars
indicate an assumed propagation time of 50 years.
This reflects a conservative scenario for outdoor reuse
in sheltered conditions (XC3), based on fib’s expected
corrosion rate with a corrosion penetration limit of

100 ym [30, 68]. Comparable minimum propagation
times—such as 45 years for XC3—are also found in
Portuguese codes [77].

Concrete elements with covers of 10 mm are gen-
erally insufficient for ensuring another 50 years of
service life, even with the inclusion of the propa-
gation time, except under low carbonation rates
(21 mm/ \/ year) mostly found in concretes with sur-
face treatments, such as tiles or white concrete in XC4
(Fig. 3a and Table 2). Negative values in Fig. 3 repre-
sent the estimated number of years that have passed
since the carbonation front reached the reinforcement.
In Fig. 3c, for carbonation depths up to 5 mm, propa-
gation time could suffice for 50 years, though some
elements may show the first cracks during the reuse
life, requiring repairs.

As carbonation depth can be assumed to be pro-
portional to the square root of time, a 20 mm cover
will be sufficient for reuse, for carbonation rates
up to 2 mm/\/year, 30 mm covers for rates up to
3 mm/\/year, and so forth. While the propagation
phase extends the service life, it is not always suffi-
cient for achieving 50 years (Fig. 3a). However, part
(b), (c) and (d) of Fig. 3 show that when carbona-
tion depth is known (e.g. depth measurements before
reuse), propagation time can sometimes allow for
reaching 50, or even 100 years of total service life,
compared to results in Fig. 3a (e.g. from old carbona-
tion depth data or modeling assumption).
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Fig. 3 Remaining initiation time for carbonation-induced corrosion, after 50 years of first service life in part a, and scenarios of car-

bonated depths of 5, 10 and 15 mm in parts ¢, b, and d, respectively

3.2 Influence of storage period on carbonation

The parametric analysis applies the same range of
carbonation rates (1 to 6 mm/ \/ year) expected in
buildings to storage conditions as well, covering both
sheltered and unsheltered exposure after the first ser-
vice life or from a known carbonation depth.

Carbonation progresses faster in the early years of
service life, having more effect on new/uncarbonated
elements, as shown in Fig. 4a; The longer the stor-
age period and/or higher carbonation rate, the greater
the advance of the carbonation front, as indicated for
depths of 5, 10, and 15 mm, potentially impacting
service life. This is especially relevant for elements
lacking surface treatments that could slow down car-
bonation. Removing surface treatments or cementi-
tious grouts during deconstruction, or alternatively
preserving them, will influence carbonation during
storage.

In Fig. 4b, storage after 50 years appears to influ-
ence little carbonation depth by less than 5 mm,
even for durations of up to 10 years or increased car-
bonation rates such as due to environmental factors.

For elements with a known carbonation depth (e.g.
10 mm, Fig. 4c), storage has noticeable effects for
longer periods (>5 years) and higher rates (>3.5
mm/\/year); Carbonation depths of 10 or 15 mm
may still provide sufficient service life, depending
on carbonation rate and concrete cover (see Fig. 3).
In cases of direct reuse after 50 years (Fig. 4d), car-
bonation during a second 50 year life accounts for
roughly 29% of the total depth, (assuming same k).
When including storage before reuse (Fig. 4e), total
depth increased by up to 1%, and storage contributes
0.7% (1 year storage), 2.1% (3 years), 3.4% (5 years),
and 6.4% (10 years) of total, with the second life then
representing 26-29% of the total depth depending on
storage duration. Figure 4f compares storage depths
between two cases, part (c) and (b) in Fig. 4, showing
that both modeling approach and carbonation rates
impact carbonation depth. The carbonation rate and
its change could be observed by performing depth
tests at the start of storage and after 1 or a few years
within this period, or non-destructively through cor-
relations with air-permeability tests [87].
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ond service life

Even at similar starting depths, concretes may car-
bonate differently depending on material properties,
age, and storage conditions compared to the previ-
ous exposure. As such, maintaining a digital record,
by tracing an element’s history using data carriers for
circular construction, can support monitoring its con-
dition and reuse suitability [15, 40, 42, 88].

3.3 Propagation phase

Figure 5a presents propagation times based on the
median corrosion rates from a recent review on steel
corrosion in carbonated concrete, and from facade and
balcony data in a Finnish coastal and inland climate
[22, 37]. Propagation times exceed 50 and 100 years
at lower relative humidity but drop significantly to
decades or even a few years under high humidity. Bal-
cony soffits, sheltered from direct contact with water,
exhibit longer propagation times (over 27 years) com-
pared to facades exposed to wind-driven rain (under
10 years in severe cases). The time to cracking is also
affected by the corrosion limit assumed.

Figure 5b provides propagation times based
on upper and lower bounds of corrosion rates for

Portland cement concretes, various w/b ratios and
environmental conditions. Environmental conditions
with higher humidity, and having higher corrosion
rates, result in reduced propagation time. Even within
similar environments, the range of results for lower
and upper bounds of corrosion rates show large vari-
ability, from a few years, to decades, or very long ser-
vice lives.

Corrosion can lead to visible cracks in concrete,
but these early cracks usually do not influence the
structural capacity of the elements and are often
viewed as an aesthetic issue [89, 90]. However, even
small cracks can reduce service life, during initiation
or propagation phases, by allowing CO, or aggressive
substances to penetrate, leading to increased carbona-
tion depths and/or steel loss section at crack locations
[91, 91, 91]. If some level of cracking is acceptable,
spalling may occur with cracks up to 3 mm [90].
However, the significance of cracking and corrosion
also depends on its location, whether it affects load-
bearing zones (and loss of strength) [89]. Time for
cracks to appear ranged between 5.7 and 37.5 years in
fagades in Finnish climate conditions, depending on
the geographical location [39]. In colder climates (at
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a Propagation time with average corrosion rates across P..,, limits
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Fig. 5 Propagation times based on corrosion rates from literature: average values from [22, 37] in part a, and minimum/maximum

values from [73] in part b, shown across different corrosion penetration limits (P,

higher latitudes), propagation times tend to be longer
due to the smaller amount of wind-driven rain [66].
In the context of reuse, the structural acceptabil-
ity of cracks depends on their width, location, and
whether they compromise durability or structural
capacity. For instance, elements with minor surface
cracks (< 0,3 mm) may be reused if durability can be
ensured through surface treatments or if the exposure
conditions in the second life are less severe. Clear
documentation of crack patterns and repair history
becomes critical in assessing reuse, for evaluating
structural reliability and remaining service life.

3.4 Remaining service life in evaluated buildings

This section presents the estimated remaining service
life and reuse potential of two different, typical pre-
cast concrete structures: a Swedish residential build-
ing and a Finnish office building.

3.4.1 Swedish residential building from the million
program

The remaining initiation time for the Swedish case
study is presented in Table 7. Precast concrete ele-
ments are grouped by their exposure class, indicating
elements with one side indoors or outdoors. Most ele-
ments (75%) are located indoors in XC1 conditions.
Outdoor walls with an indoor-facing side account for
7% of elements, while 13% of slabs have one side

co. rr)

exposed to the outdoor environment. Additionally, 5%
of precast slabs are outdoors.

Remaining initiation time after the first service life
(60 years) is calculated for the mean carbonation rate,
and within one and two standard deviations, covering
approximately 68% and 95% of the data, respectively.
Based on the mean carbonation rates, a remaining
service life of more than 50 years can be expected for
all types of elements. Longer service lives are pos-
sible for elements with lower carbonation rates, due
to prior surface treatments or unsheltered conditions,
where rain exposure may have slowed down the dif-
fusion process during certain periods of the year. The
shortest average initiation time occurs in sheltered
outdoor walls (40,9 years), but adding an average
propagation time (e.g. 25 years based on fib Bul-
letin 112 values for P,,,, and V. in XC3) can help
achieve beyond 50 years of remaining service life.
However, calculations within one and two standard
deviations suggest a few years or a couple of decades
for outdoor elements, and some cases with carbonated
covers within the first service life. As such, probabil-
istic assessment of service life could provide a more
robust understanding and data-driven assessment of
reuse potential.

Carbonation depths and uncarbonated covers from
the first service life (shown in Table 7), are used in
Eq. (4) to predict remaining initiation time under
assumed changes in carbonation rates due to altered
environmental exposure in the second life. For each
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element type, two scenarios are calculated, where car-
bonation rates tend towards the higher expected rate
in XC3 (k=2,55) or towards the carbonation rate in
XC4 (k=1,6). In case of increased carbonation rates
in the second life, calculations can be considered
conservative as the contribution of the new diffu-
sion process will require some time before affecting
the carbonation rate. Calculated results also suggest
that remaining initiation time can be extended sig-
nificantly depending on environmental conditions
and/or by slowing down carbonation through surface
treatments.

Reuse potential in terms of service life would
increase by locating outdoors the side of the pre-
cast element with less carbonation depth, such as
the indoor sides. However, careful consideration
should be made for reusing indoor elements out-
doors, whether (a) freeze—thaw durability is required
in the local climate and (b) if the concrete has pro-
tective pore system. Indoor concrete constitutes most
elements in a Swedish cross-wall precast concrete
structure, with potentially longer remaining initiation
times and greater reuse potential compared to out-
door elements. Visual inspection of reclaimed indoor
precast walls and slabs for the Swedish H22 pavilion
showed no visible cracks. However, cored specimens
for strength and carbonation tests were checked with
polarized light and UV light under a microscope. The
concrete contained a small portion of air pores less
than 0,3 mm, consisting of natural entrapped air in
the pore structure. Frost durability depends not only
on pore size but also on the distribution and spac-
ing of entrained air voids, typically 0,01-0,3 mm in
diameter (from EN 206) with a spacing factor below

Remaining lifespan prior to reuse, of outdoor elements, based on
expected value of carbonation and corrosion rates (Swedish case)
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Fig. 6 Remaining service life of Swedish and Finnish cases

b

Time [years,

0,2 mm [50, 94]. The recommended spacing factor
can vary between countries. In Finland, the equiva-
lent spacing factor should be within the range of 0,23
mm to 0,30 mm, depending on both water-cement
ratio and the XF exposure class [95]. However, even
non-air-entrained concrete takes years before visible
cracking appears, around 22 years in the southern
coastal areas and 24 years inland, in Finland [60].

3.4.2 Finnish case and remaining service life
including propagation time

Remaining service life predictions, inclusive of prop-
agation time for Swedish and Finnish cases are given
in Fig. 6. For the Swedish case (Fig. 6a), estimations
focus on outdoor elements, which have shorter lifes-
pans than indoor elements (see Table 7) and may
lack sufficient reuse service life if only initiation
time is considered. Based on average data, initiation
time dominates the service life for both walls and
slabs (>55% of total service life). The relative share
of propagation time increases when: (1) initiation
time is reduced, and (2) in sheltered conditions, in
which the corrosion propagation phase contributes to
achieving a sufficient reuse lifespan for walls in XC3
(> 50 years) and slabs in XC3 (> 100 years).

Due to variability in measured concrete covers in
the Finnish case, results are presented in Fig. 6b for
minimum cover depths of 10, 20, 30 and 40 mm.
Given the low carbonation rates observed in indoor
elements, service lives of 50 or 100 years are achiev-
able even with a concrete cover as low as 10 mm. Full
service life calculations in Fig. 6b presents scenarios
with carbonation rates based on: (a) mean carbonation

Remaining lifespan prior to reuse, of indoor elements, for carbonation
rates in XC1 and XC3 (Finnish case)
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depth (d pean)- (b) maximum depth (d, ,,,,) as per EN
14630:2006 [96], (¢) increased indoor rate in the sec-
ond life (1 mm/\/ year, comparable to the Aterhus
project) [61, 62], and (d) reuse outdoors with average
outdoor rate in a Nordic climate (k=2,55 mm/ \/ year)
[60, 66]. Given the high concrete quality and car-
bonation resistance of concrete in this building, the
carbonation rate may not be expected to increase sub-
stantially in the reuse life or exceed the average in a
Nordic climate, highlighting the high reuse potential
of indoor concrete elements. Of the 501 precast struc-
tural elements, 27% are wall and fagade panels, while
73% are indoor elements, comprising 23% columns,
12% beams, and 38% hollow core slabs. Additionally,
future studies are needed to investigate and meas-
ure the changes in carbonation depth, rate and diffu-
sion process in adaptive reuse of concrete structures
or reused concrete elements. For facade elements,
the reuse potential may be limited due to (1) insuf-
ficient insulation of sandwich panels to meet current
energy codes, (2) insufficient freeze—thaw resistance
of reclaimed elements.

3.4.3 Carbonation rates in the second service life

The change in carbonation rates is explored through
the scenarios presented in Table 8. Scenarios repre-
sent changes in environmental exposure after reuse,
with humidity being a key factor affecting carbona-
tion depth [97, 98], while also accounting for the
gradual increase in CO, concentrations over time and
in densifying urban environments in Nordic coun-
tries. For the Swedish 1960s buildings, the analy-
sis in Table 8 varies only the exposure factor &, for

second-life conditions, while &
constant.

Recurrent values of k; (carbonation rate in first
life) are selected from Table 2. In Northern-European
climates, the highest carbonation depth and rate is
expected for outdoor sheltered concrete at 60%—65%
RH [99]. In the tested scenarios, relative humid-
ity for XC3 was assumed to be around 65% (same
as the RH,,; in fib MC 34), with higher RH values
expected in unsheltered conditions (XC4). The results
in Table 8 indicate that it may be possible to expect
changes in carbonation rates towards comparable val-
ues measured in buildings for the new exposures in
the second service life. The proposed Eq. (9) can be
validated in future work using condition assessments
from concrete reuse projects, and applying any nec-
essary corrections for the influence of RH on k,. In
Scenario 6 (Table 8), values in brackets show results
considering only one factor, k,, as factors like out-
door CO, concentration may have less influence for
indoor reuse, indicating some reduction in carbona-
tion rate.

A parametric analysis of k, values is shown in
Fig. 7. According to fib MC 34 [49], Eq. (7) yields
k,>1 for RH,,,;<65%. However, when outdoor con-
crete is reused indoors, where RH typically ranges
from 30 to 60%, lower carbonation rates (and k,< 1)
would be expected. To reflect this, the modified
Eq. (7) used in Fig. 7a reverses the positions of RH,,;
and RH, . This formulation produces k, <1 when sec-
ond life exposure (RH,,,) is lower than 65% (refer-
ence RH,,, first life exposure)—e.g. reuse from XC3/
XC4 to XCI. It would also yield a k, slightly above
1 in cases of RH,, lower than a RH,,, of 65% (e.g.
reuse from XC1 to XC3).

urban aNd k¢, are held

Table 8 Change in carbonation rate from first (k,) to second service life (k,), based on three factors for: relative humidity (k,), ambi-
ent CO, concentration (kcq,), and increased CO, levels in urbanizing environments (k)

Scenario RH,; RH,, Environmental \/ kcoaX \/ Kyrpan X \/ k, ky [mm/ \/ year]  k, [mm/ \/ year]
function k, [-]  from Eq. (9) [-]
1 (From XC3 to XC4) 0,65 0,86 0,2778 0,65 2,55 1,65
2 (From XC4 to XC3) 0,78 0,65 1,722 1,62 1,6 2,58
3 (From XC4 to XC3) 0,78 0,65 1,722 1,62 1 1,62
4 (From XC4 to XC3) 0,87 0,65 4,123 2,5 1 2,5
5 (From XC1 to XC3) with 0,3 0,65 1,352 1,43 1,6 2,29
modified Eq. (7) as in Fig. 7a
6 (From XC3 to XC1) 0,65 0,3 0,739 1,06 (0,86) 1,6 1,69 (1,38)

with modified Eq. (7) as in Fig. 7a
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Fig. 7 Square root of k, (-) with constant or changing RH, RH,,,, (second life exposure, reuse) or RH,,, (previous service life expo-

sure, i.e. reference exposure in fib MC 34)

Weather data can be used for determining k,; fib
MC 34 recommends using mean daily values and
suggests that mean yearly values could be sufficient
[49]. For instance, the average yearly RH of the most
recent weather files for Tampere (FIN_TR_Tam-
pere.Satakunnankatu.027440_TMYx) is 78,6%, and
for Helsingborg (SWE_SN_Helsingborg.026110_
TMYx) is 82,1%. These average yearly values are
relatively close to the selected and tested RH values
in unsheltered exposures (XC4) in Table 8.

The red dashed-line rectangle in Fig. 7b indicates
conditions where the applied k, function may be unre-
liable; this is because carbonation depth increases
first with an increase in RH, and then decreases above
80% RH [97, 98]. Future experimental are needed
to validate the k, equation, and any refinements to
account for exposure and humidity effects from cli-
mate and microclimate conditions. Lastly, climate
change is expected to increase atmospheric CO,,
which could raise carbonation rates by approximately
17.0% by 2050 and 48.2% by 2100 [39]; however,
increased rain and sleet may counteract this effect,
reducing carbonation by 5.7% and 15.4% over the
same periods.

3.5 Probabilistic service life assessment

Section 3.5.1 describes the probabilistic model-
ling of carbonation and corrosion rates, followed in
Sect. 3.5.2 that presents the probabilistic total service
life assessment.

3.5.1 Probabilities of initiation and propagation
times

Figure 8a shows the probability distribution of car-
bonation rates representative of a larger group of
buildings and outdoor exposures (see Tables 2 and
6). The secondary axis indicates initiation time for a
typical concrete cover assumed for precast concrete
elements in Sweden; carbonation rates are modelled
with a normal distribution, defined by their mean
value (¢) and standard deviation (o). Figure 8b shows
the probability distribution of corrosion rates for car-
bonation-induced corrosion, modelled with a Weibull
distribution and characterized by the shape factor (o)
and scale factor (p); the secondary axis shows the
propagation time calculated with Eq. (6). As fib Bul-
letin 112 does not specify Weibull parameters, these
were derived from mean corrosion rates and COVs in
Table 6, using approximation methods and Weibull
lookup tables in literature [100, 101].
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Fig. 8 Cumulative probability distributions of a carbonation rates, and b corrosion rates from fib Bulleting 112 and post-repair con-

ditions (Weibull mean, shape, and scale factors for each exposure)

3.5.2 Total service life probabilities

Total service life probabilities for outdoor concrete
exposures are presented in Fig. 9.e., total initiation
time combined with propagation time using Eq. (1).
A small probability of reaching the end of service life
(i.e. only the durability limit state) is expected for less
than 5% of outdoor concrete elements (0,6% for XC4
in Fig. 9 and 2,9% in XC3 in Fig. 9¢). In the case that
unsheltered concrete elements were to be treated with
water-repellent paints (Fig. 9b), the failure probability
in the first service life (<50 years bin) is minimized,
and failure probability is reduced by 55% in the sec-
ond service life (i.e. 50100 years histogram bin, i.e.
from 8,9% to 4%), highlighting the effectiveness of
surface treatments on extending service life. The case
of Fig. 9b could be considered as XC4 with recondi-
tioning or repair for reuse of structural concrete, or
as equivalent to reuse in sheltered XC3 conditions,
since surface treatments reduce water exposure;
Additionally, similar corrosion rates between “XC4
with repair” and “XC3”, support this consideration
(see Tables 5 and 6). The case in Fig. 9a could also be
considered a very conservative assessment of reusing
indoor concrete (XC1) in outdoor conditions (XC3

or XC4), as carbonation rates indoors were usually
within 1 mm/\/ year (see Table 2). Further, Fig. 9c
can also be considered representative of most condi-
tions of concrete facades in the Finnish or Nordic cli-
mates (see Tables 2 and 6).

In all cases shown in Fig. 9, the frequency of
concrete elements with lifespans exceeding than
100 or 150 years decreases slightly with each
additional 50-year bin. This leads to a fraction of
probabilistic results with lifespans over 1000 years,
which are grouped into the overflow bin in each
histogram. Consequently, parts (a), (b), and (c)
of Fig. 9 display a sharp increase in the cumula-
tive percentage polyline at its end, a feature that
is absent in part (d), where the cumulative distri-
bution is shown without binning. Table 9 presents
lifespan percentiles from the cumulative probabili-
ties of Fig. 9d. Acceptable probability limits for
performance-based assessments to ensure service
life will depend on the thresholds (target failure
probability or level or reliability) set in standards
or national regulations. For instance, a 10% accept-
ance for depassivation was applied in Norway for
its “deemed to satisfy” criteria and other thresholds
were being considered in other European countries
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Fig. 9 Probabilistic service life assessment (initiation and propagation phases) via Monte Carlo simulation
Table 9 Percentiles of probabilistic total service life and frequency probabilities for two service lives of 50 years each
Percentiles [%] tg in XC4 [years] fg in XC4 tg in XC3
with repair [years]
[years]
5% 78,93 102,03 57,51
10% 99,8 133,22 72,38
20% 142,04 187,14 97,59
25% 164,8 216,61 110,45
50% 343,18 449,47 204,41
Frequency probability [%] [%] [%]
Failure probability of less than 100 years (i.e. sum of histogram bins ‘ <50 and 9.5% 4.2% 21,9%
*50-100’ in Fig. 9)
Probability of more than 100 years (a first service life of 50 years and second 90,5% 95,8% 78,1%

service life of over 50 years, sum of all histogram bins, excluding bins ‘ <50’

and’50—

100”)
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[26]. Different threshold choices would yield a
range of estimated service lives for the same struc-
ture under comparable environmental conditions
[26]. In our study, a 10% limit yields service lives
of 100 years in XC4, 133 years in XC4 with repair,
and 72 years in XC3 for existing structures, while a
25% limit would result in 165, 217 and 110 years,
respectively. For cases in Fig. 9, a minimum ser-
vice life of 50 years for reuse can be ensured in
XC4, and with higher safety margins when includ-
ing repairs, but not for XC3 for 10% acceptance
criteria, i.e. 72 (total lifespan)—50 (first service
life) =22 (remaining service life) <50 (design ser-
vice life for a new building). Using a higher limit of
25% would result in all three cases allowing for the
reuse of structures and concrete elements, for an
additional 50 years of elements in XC3, and at least
100 years in XC4. In our analysis (see also Fig. 6),
and consistent with literature, where carbonation
rates follow the order sheltered > exposed > indoors
[59], initiation time is longer in XC4, dominat-
ing total lifespan, despite shorter propagation
times, whereas XC3 exhibits shorter initiation and
longer propagation periods. The Monte Carlo input
parameters predict a longer total service life for
XC4, although sheltered conditions or protective
measures in XC3 or XC1 can be more favorable for
reusing elements.

3.6 Performance-based procedure for reuse

Based on the findings, a performance-based durabil-
ity assessment procedure for the reuse of reinforced
structural concrete under carbonation-induced cor-
rosion is proposed in Fig. 10. It is worth noting that
the assessment of the concrete cover may be needed
also for reusing concrete indoors, when determin-
ing the structural capacity and fire resistance, see
for example EN 1992-1-1:2023 (Eurocode 2) [102].
Further, freeze—thaw durability of concrete is largely
determined by its original design specifications, such
as air entrainment, water-cement ratio, and mate-
rial composition [103]. Depending on climate, this
will influence its suitability for storage and possible
reuse outdoors. If concrete lacks freeze—thaw resist-
ance, its reuse in XC4 may not be recommendable in
cold climates. In these situations, outdoor protective

measures may be needed to prevent direct water expo-
sure and freeze—thaw deterioration.

4 Discussion

Service life prediction models can be applied to both
new designs and existing buildings [104]. Since rel-
evant properties are measured directly on existing
structures for concrete reuse, the uncertainty from
material and environmental factors may be reduced.
The findings demonstrate considerable reuse potential
for indoor elements, as well as for outdoor elements
under Nordic climate conditions.

4.1 Standards and their requirements

The lack of standards, regulatory frameworks, and
certification of reused building elements can consti-
tute a barrier to their effective reuse [105]. The Nor-
wegian standard NS 3682:2022 focuses only on the
reuse of hollow core slabs [58]; while it includes a
condition assessment process, which includes car-
bonation depth, it does not provide guidelines on esti-
mating the remaining service life. Current Eurocode
2 describes a new performance-based method for
durability design of concrete structures, with Expo-
sure Resistance Classes (ERC) system regarding
carbonation and chlorides [102, 106]. However, this
approach concerns new concretes, based on concrete
performance, exposure class, and design service life,
excluding performance-based methods for reuse of
structures. Additionally, in Sect. 6.1, EN 1992-1-
1:2023 defines the end of service life as the point at
which corrosion attack occurs in the reinforcement
[102]. This type of assumption can lead to considering
only the initiation period in service life of new struc-
tures (with new or reused concrete). While in service
life design with new concrete elements this approach
can be seen as less problematic, as concrete is newly
produced, in existing structures carbonation may have
been little, or up to a certain depth in the cover, and
could reach the reinforcement after the first 50 years,
thus preventing reuse. Moreover, the Finnish code
considers the end of the corrosion initiation phase as
the end of service life [60]. While the remaining ini-
tiation time for precast buildings from the 1960s may
be sometimes sufficient for ensuring service life (see
Sect. 3.4), it may be beneficial to extend the analysis
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Fig. 10 Decision making process for structural concrete reuse affected by carbonation-induced corrosion

to include the corrosion propagation period to ensure
service life, and to consider variations in the new
exposure and environment. The findings of this study
can inform technical standards and guidelines for the
reuse of precast concrete, including current national
standardization efforts in Sweden (SIS/TK 191/AG
02, Reuse of precast concrete products), where KTH
authors are involved, as well as potential future Euro-
pean-wide standardization.

4.2 Extending service life and influencing factors

The square root of time model, proposed by Papadakis
et al. [107], has been questioned under XC4 exposure
(wet—dry cycles), as it assumes a constant diffusion
coefficient and relative humidity, which is not always
valid in outdoor exposures [48, 51]. Cyclic saturation
can slow carbonation, causing the model to overes-
timate depth, particularly in durability design for new
structures, which is not the focus of this study. However,
the empirical square root of time model, based on field
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measurements, fits well for existing facades under XC3
and XC4 exposures in the Nordic climate [48]; two con-
secutive measurement campaigns spanning 7—12 years
across 18 buildings showed predicted carbonation
depths (50-year period) between campaigns differed by
less than 5%. Although diffusion laws in XC4 remain
debatable, the empirical model for 27-35 years old
existing structures proved reliable [48]. Our assessment
concerned existing precast concrete elements that have
undergone decades of exposure, in the ReCreate pro-
ject and Finnish national database. Thus, measured car-
bonation depths inherently reflect the effects of wet—dry
cycles and climate. Consequently, the empirical square
root of time model is appropriate for assessing reuse
potential in circular construction.

The storage period influenced carbonation of the
concrete cover, depending on carbonation rate, years
in storage and concrete age scenarios (new concrete,
reused after 50 years, or depth determined during
storage). Carbonation depth during storage was less
than 5% of the total depth for periods up to 5 years, or
less than 7% for up to 10 years. Hydrophobic impreg-
nation may or may not reduce carbonation due to
concrete composition and humidity levels [22], but it
may play some role in providing freeze—thaw durabil-
ity for concrete [108, 109]. However, it is uncertain
how deeply impregnation penetrates in practice and
whether it has an effect on cracks. The data on cor-
rosion rates with hydrophobic coatings is scarce, with
reported rates for chloride-induced corrosion rates to
be low (0,1-0,5 pA/cmz), and negligible (<0,1 pA/
cm?) using silane coatings [109]. The long-term
protection of coatings may not be guaranteed due
to aging and weathering, especially for epoxy and
polyurethane paints, while cement or silane coatings
could have longer service lives [109].

4.3 Service life and durability considerations

If carbonation depth is not expected to reach the con-
crete cover in the second life, reuse can be ensured in
the case of conservative regulations that are unclear
or exclude the propagation phase. If the initiation
phase ends in the second life, the propagation period
may help ensure service life, where reusing will
depend on environmental factors affecting carbona-
tion and corrosion (e.g., surface treatments, humidity,
ambient CO,). Since exposure in an indoor and dry
environment does not lead to significant corrosion of

steel [72], concrete can be safely reused indoors; In
this case, lifespan of carbonated concrete elements
can be significantly longer than service life predic-
tions, and the principle of ‘avoidance-of-deteriora-
tion’ will often apply [22, 26]. For reusing outdoors,
repairs and protection measures may guarantee a suf-
ficient service life, as demonstrated with the proba-
bilistic assessment in Sect. 3.5. Further, the presented
probabilistic method provides a data-driven approach
to assess elements for reuse in outdoor environments
classified as XC3 or XC4.

We tested various critical crack limits in the liter-
ature, which showed to influence propagation time.
In addition to protective measures, the actual pen-
etration attack to cause cracks will depend on cover
depth, rebar diameter, and cementitious matrix, as
main factors [22]. Other types of damage and recon-
ditioning interventions may be necessary, beyond
those related to the exposure class, which were out
of the scope of this study. For example, previous
research has categorized damages when demounting
and reusing concrete from existing structures into
6 areas: spalling of angles, pullout at anchorages,
rebar corrosion, bending cracks, screed or residues,
and residual deformation [110].

Additionally, not every reinforced concrete ele-
ment will automatically be fit for a second life.
The need for repair depends on whether the pre-
dicted probability of failure (or insufficient service
life) exceeds the acceptable target reliability for
the intended new use. In our study, elements from
XC3 exposure, which, without repair, may not meet
a 95% probability target for 50 year reuse service
life. In such cases, preventive repairs, reclassifica-
tion to a less demanding exposure, or downcycling
reuse may be required. Moreover, sometimes con-
crete may require repair interventions during their
first or second service life, and their performance
should be supported by proper inspection, monitor-
ing, and maintenance strategies. Previous studies
have proposed grading framework for reusability of
reinforced concrete components, in which damages,
maintenance, strengthening, and reconditioning
measures are considered as part of an assessment
of reuse potential (e.g., recent Swiss case studies
demonstrating up to 95% reusability of concrete
elements when such protocols are applied) [8]. Our
probabilistic approach could be integrated with

these prior reusability frameworks.
nilem
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A study analyzing 124,096 demolished buildings
in Denmark found that office buildings generally
have much shorter expected lifespans than previ-
ously assumed [52]; newer buildings (constructed
within the last 30 years) often exhibited shorter
lifespans compared to older structures. Since the
service life of concrete elements can be ensured for
another 50 years, reusing elements from buildings
with short lifespans, rather than demolishing, offers
significant potential for sustainable construction
and in creating a circular built environment.

4.4 Design for reuse considerations

The durability requirements for new or reused struc-
tures should be the same, guaranteeing normal func-
tion during service life without reaching the limit
state. When reusing concrete elements, concrete
properties and structural performance are given, and
within these limits, architects and engineers look into
incorporating retrofitted elements into a new build-
ing. They must ensure the service life of reused ele-
ments in the new exposure. In this context, Building
Information Modelling (BIM) becomes an important
tool for managing building information from various
donor buildings into the model of the new design [88,
111, 112]. Tracking and tracing technologies can pro-
vide a link to relevant information in the reuse pro-
cess, to designers and stakeholders [40, 44]. Open
standards for long-term storage of information will
facilitate accessing digital models in the future when
buildings need to be renovated or deconstructed at the
end of life [5].

4.5 Limitations of the study

The data set used for the probabilistic modelling of
carbonation-induced corrosion relied mostly from
buildings in a Nordic climate. Service life modelling
followed validated formulas for natural carbonation
[48, 63]. However, changes in carbonation rates dur-
ing storage before reuse and in the second life should
be evaluated with measurements in future studies.
Service life predictions and correction factors for
carbonation in the second life, including the use of
the environmental function from fib MC 34, should
be validated with measurements in emerging and
planned buildings with reused concrete.

It is worth noting that the accuracy of probabilistic
models depends on the quality of input parameters,
which can exhibit a large variance and uncertainty
in reused or older concrete elements with unknown
histories (e.g. concrete mix, past exposure, missing
original documentation). In such cases, a combina-
tion of destructive and non-destructive testing may
be needed to determine material properties, possibly
complemented by recent carbonation models that
incorporate NDT data and durability indicators [51,
113, 114].

Reuse offers greater climate benefits than recy-
cling, even when considering CO, uptake from car-
bonation at end-of-life [10]. Future research could
integrate service life estimations into LCA and in
combination with circularity metrics, to assess the
sustainability of reused structures [6, 112].

Protective and repair measures may not provide
absolute protection against degradation for the whole
service life. Additionally, protective coatings can-
not be applied to the case of precast elements with
exposed aggregates as it cannot guarantee continuous
impregnation against water across the surface [60].

This study focused on carbonation-induced corro-
sion, which is a reasonable assumption for building
structures, whereas for structures exposed to marine
environments or de-icing salts (e.g. bridges), both
chloride ingress and carbonation need to be con-
sidered. While most studies investigate these dete-
rioration mechanisms separately, few studies have
examined the interaction between carbonation and
chlorides [115-118]. In accelerated chloride tests,
carbonation increased chloride transport and could
potentially increase chloride concentration near
the reinforcing steel [116, 118]. Future work could
explore coupled service life prediction models that
consider both chlorides and carbonation, and extend
the proposed methodology to cover also chloride
ingress and a wider range of exposure conditions and
structures for reuse.

This study focused on the durability limit state as
defined in fib Bulletin 112 [30], i.e., the initiation and
early propagation stages of corrosion up to the onset
of damage such as first cracking, but does not include
subsequent structural capacity loss (e.g., reduction in
bending or shear strength). Future work could cou-
ple the presented probabilistic durability framework
with structural reliability assessments to evaluate
performance beyond the durability limit state, thus
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Probability distribution of cover depth measurements from Finnish case
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Fig. 11 Cover depth measured in the Finnish case of the ReCreate project

integrating service life and mechanical performance
considerations for structural reuse.

5 Conclusions

We presented a novel, integrated probabilistic frame-
work for ensuring service life and enabling reuse of
concrete structures subject to carbonation-induced
corrosion. The study also investigates and proposes
how to assess the effects of storage before reuse, sec-
ond service life exposure variations and related car-
bonation rate changes, and the repair interventions
within a unified probabilistic durability framework.
We also put forward a decision-making workflow
for structural concrete reuse based on service life
predictions and exposure classes. While individual
components of the research methods such as carbona-
tion models, Monte Carlo simulations, and corrosion
propagation are established in the engineering field,
the innovation of this work lies also in its application-
driven integration of these methods, with relevance
for engineering practice in circular construction.
Additionally, the probabilistic assessment was rep-
resentative of Nordic climates, and to some extent
to similar international and European contexts. Fur-
thermore, the use of real-world data from two precast
concrete buildings enhances the practical relevance of
the findings.

Our results demonstrate that concrete elements,
when assessed for reuse, and when necessary

repaired, can achieve service life estimates com-
parable to those required for new structures (50 or
100 years), enabling their reuse in new designs. For
instance, failure probability for elements exposed
in XC4 conditions was reduced from 9.5% to 4,2%
after repair interventions, meaning that over 95% of
the elements could meet the target service life. How-
ever, failure probability (less than 50 years of reuse
life) for elements from XC3 exposures was 21,9%.
In such cases, the decision to repair and protect ele-
ments becomes necessary if the predicted failure
probability exceeds the acceptable reliability target.
If repairs and protection measures are not feasible,
such as insufficient to achieve the required service
life, not cost-effective, or not aligned with architec-
tural design requirements, concrete elements could
be reused under more moderate requirements, such as
indoors in a dry environment, in recipient structures
with shorter design lives (e.g., 30 years), or through
downcycling strategies (e.g., reuse in applications
subjected to lower loads and environmental stress).
The findings show the potential of performance-
based durability assessment as a decision-support tool
for safe structural reuse into new building designs. As
highlighted in the introduction, this work is, to the
authors’ knowledge, one of the first to address the
service life of reinforced concrete elements in the
context of reuse and circular construction. The prob-
abilistic approach and findings support prior stud-
ies on concrete reuse—which, until now, have rarely
addressed service-life considerations. The proposed
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approach is also applicable when evaluating repair
strategies and service life extension in adaptive reuse
and renovation of existing structures. The proposed
framework can be complemented by non-destructive
testing and durability indicators for carbonation.
Future standards should incorporate the corrosion
propagation phase in service life assessments, not
only to support the design of structures with climate-
friendly concretes containing SCMs, but also to ena-
ble reuse of the existing building stock and avoiding
premature demolition and recycling. As demonstrated
through the evaluated Swedish and Finnish case stud-
ies, there is potential for reusing most concrete ele-
ments in both outdoor (XC3/XC4) and indoor (XC1)
exposure classes.

Service life estimations can support Circular
Economy goals by facilitating reuse, towards reduc-
ing life cycle environmental impacts of concrete.
The proposed assessment method can inform future
standards and regulations and could be integrated into
digital tools to support circular construction. Further
research may investigate and assess new structures
that combine new and reused elements, assessing
their environmental performance, durability, and cir-
cularity potential.
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Appendix

Concrete covers in the Finnish case were measured
using a concrete cover meter, as shown in Fig. 11.
Stirrups and ties have shorter cover depths than
main bars and would be more prone to carbonation-
induced corrosion. For stirrups in columns, 47%
had 20-29 mm cover, 42% had over 30 mm, 3% had
less than 10 mm, and 8% had 10-19 mm. For ties in
beams, 69% had 20-29 mm cover, 19% had more than

30 mm, and 8% had 10-19 mm; three measurements
were below 10 mm. All strands in hollow core slabs
had at least 20 mm cover, with 55% falling within the
20-29 mm range.
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References

1. Monteiro PIM, Miller SA, Horvath A (2017) Towards
sustainable concrete. Nat Mater 16:698—699. https://doi.
org/10.1038/nmat4930

2. Moncaster A, Malmqvist T, Forman T, Pomponi F,
Anderson J (2022) Embodied carbon of concrete in
buildings, Part 2: are the messages accurate? Build Cities
3:334. https://doi.org/10.5334/bc.199

3. Marsh ATM, Velenturf APM, Bernal SA (2022) Circu-
lar economy strategies for concrete: implementation and
integration. J Clean Prod 362:132486. https://doi.org/10.
1016/j.jclepro.2022.132486

4. Malmgqvist T, Nehasilova M, Moncaster A, Birgisdottir
H, Nygaard Rasmussen F, Houlihan Wiberg A, Potting
J (2018) Design and construction strategies for reducing
embodied impacts from buildings — case study analysis.
Energy Build 166:35-47. https://doi.org/10.1016/j.enbui
1d.2018.01.033

5. Dervishaj A, Gudmundsson K (2025) Parametric design
workflow for solar, context-adaptive and reusable facades
in changing urban environments. J Build Perform Simul
18:161-190. https://doi.org/10.1080/19401493.2024.
2432916

6. Dervishaj A, Gudmundsson K (2024) From LCA to cir-
cular design: a comparative study of digital tools for the
built environment. Resour Conserv Recycl 200:107291.
https://doi.org/10.1016/j.resconrec.2023.107291

7. Mlote DS, Budig M, Cheah L (2024) Adaptability of
buildings: a systematic review of current research. Front


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nmat4930
https://doi.org/10.1038/nmat4930
https://doi.org/10.5334/bc.199
https://doi.org/10.1016/j.jclepro.2022.132486
https://doi.org/10.1016/j.jclepro.2022.132486
https://doi.org/10.1016/j.enbuild.2018.01.033
https://doi.org/10.1016/j.enbuild.2018.01.033
https://doi.org/10.1080/19401493.2024.2432916
https://doi.org/10.1080/19401493.2024.2432916
https://doi.org/10.1016/j.resconrec.2023.107291

Materials and Structures (2026) 59:28

Page 29 of 33 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Built Environ 10:1376759. https://doi.org/10.3389/fbuil.
2024.1376759

Devenes J, Bastien-Masse M, Fivet C (2024) Reusabil-
ity assessment of reinforced concrete components prior
to deconstruction from obsolete buildings. J Build Eng
84:108584. https://doi.org/10.1016/j.jobe.2024.108584
Huuhka S, Kolkwitz M (2021) Stocks and flows of build-
ings: analysis of existing, demolished, and constructed
buildings in Tampere, Finland, 2000-2018. J Ind Ecol
25:948-960. https://doi.org/10.1111/jiec.13107
Dervishaj A, Malmgqvist T, Silfwerbrand J, Gudmunds-
son K (2024) A digital workflow for assessing lifespan,
carbonation, and embodied carbon of reusing concrete
in buildings. J Build Eng 96:110536. https://doi.org/10.
1016/j.jobe.2024.110536

Poon CS, Shen P, Jiang Y, Ma Z, Xuan D (2023) Total
recycling of concrete waste using accelerated carbona-
tion: a review. Cem Concr Res 173:107284. https://doi.
org/10.1016/j.cemconres.2023.107284

Huuhka S, Kaasalainen T, Hakanen JH, Lahdensivu J
(2015) Reusing concrete panels from buildings for build-
ing: potential in Finnish 1970s mass housing. Resour
Conserv Recycl 101:105-121. https://doi.org/10.1016/j.
resconrec.2015.05.017

Huuhka S, Aarikka-Stenroos L, Lahdensivu J, Jonker-
Hoffrén P, Arnold V, Stenberg E, Blok R, Gudmundsson
K, Teuffel P, Mettke A (2023) Recreating the Construc-
tion Sector for Circularity. In: Lehtiméki H, Aarikka-
Stenroos L, Jokinen A, Jokinen P (eds) The Routledge
Handbook of Catalysts for a Sustainable Circular Econ-
omy, Ist edn. Routledge, London, pp 42-66. https://doi.
org/10.4324/9781003267492-4

Al-Najjar A, Malmqvist T (2025) Embodied carbon
saving of reusing concrete elements in new buildings: a
Swedish pilot study. Resour Conserv Recycl 212:107930.
https://doi.org/10.1016/j.resconrec.2024.107930
Vullings M, Huuhka S, Wijte S, Lambrechts T, Hout-
man J, Salmio E, Risdnen A, Jonker-Hoffrén P, Weijo I,
Lahdensivu J, Wedelsbidck C, Appelqvist T, Gudmunds-
son K, Dervishaj A, Westerlind H, Hernandez Vargas J,
Henschel C, Fischer J, Gottschling D (2024) Best prac-
tice guidelines and recommendations for reuse-optimised
deconstruction. The ReCreate project. https://doi.org/10.
5281/zenodo.13828738

Résdnen A, Lahdensivu J, Gudmundsson K, Dervishaj
A, Westerlind H, Lambrechts T, Vullings M, Arnold V,
Huuhka S (2024) Properties and quality of precast con-
crete elements deconstructed in ReCreate’s pilots. Reus-
ing precast concrete for a circular economy. https://doi.
org/10.5281/zenodo.13828948

Cusson D (2009) Durability of repaired concrete struc-
tures. In: Failure, Distress and Repair of Concrete Struc-
tures. Elsevier, pp 296-321. https://doi.org/10.1533/
9781845697037.2.296

Kiipfer C, Bastien-Masse M, Fivet C (2023) Reuse of
concrete components in new construction projects:
critical review of 77 circular precedents. J Clean Prod
383:135235. https://doi.org/10.1016/j.jclepro.2022.
135235

Zhou Y, Gencturk B, Willam K, Attar A (2015) Car-
bonation-induced and  chloride-induced corrosion

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

in reinforced concrete structures. J Mater Civil Eng
27:04014245. https://doi.org/10.1061/(ASCE)MT.1943-
5533.0001209

Van Den Hende K, Helderweirt S, Botte W, Matthys S,
Lombaert G, Caspeele R (2024) Modeling and probabil-
istic evaluation of repair strategies in the initiation phase
of chloride-induced corrosion of the reinforcement of
concrete structures. Struct Concr 25:1257-1274. https://
doi.org/10.1002/suc0.202300784

Ashraf W (2016) Carbonation of cement-based materi-
als: challenges and opportunities. Constr Build Mater
120:558-570. https://doi.org/10.1016/j.conbuildmat.
2016.05.080

Angst UM, Moro F, Geiker M, Kessler S, Beushausen
H, Andrade C, Lahdensivu J, Kolio A, Imamoto K, Von
Greve-Dierfeld S, Serdar M (2020) Corrosion of steel in
carbonated concrete: mechanisms, practical experience,
and research priorities — a critical review by RILEM TC
281-CCC. RILEM Tech Lett 5:85-100. https://doi.org/
10.21809/rilemtechlett.2020.127

Angst UM (2023) Steel corrosion in concrete — Achil-
les’ heel for sustainable concrete? Cem Concr Res
172:107239.  https://doi.org/10.1016/j.cemconres.2023.
107239

Lahdensivu A, Lahdensivu J (2021) Visible corrosion
damage in carbonated reinforced concrete. Nord Concr
Res 65:129-148. https://doi.org/10.2478/ncr-2021-0015
International  Federation for Structural Concrete
(fib) (2024) fib Model Code for concrete structures
(2020).  https://shop.fib-international.org/publications/
fib-bulletins/984-fib-model-code-for-concrete-struc-
tures-2020

Helland S (2013) Design for service life: implementa-
tion of fib Model Code 2010 rules in the operational code
ISO 16204. Struct Concr 14:10-18. https://doi.org/10.
1002/suc0.201200021

Alexander M, Beushausen H (2019) Durability, service
life prediction, and modelling for reinforced concrete
structures — review and critique. Cem Concr Res 122:17-
29. https://doi.org/10.1016/j.cemconres.2019.04.018
Beushausen H, Torrent R, Alexander MG (2019) Per-
formance-based approaches for concrete durability: state
of the art and future research needs. Cem Concr Res
119:11-20. https://doi.org/10.1016/j.cemconres.2019.01.
003

Alexander M, Thomas M (2015) Service life predic-
tion and performance testing — current developments
and practical applications. Cem Concr Res 78:155-164.
https://doi.org/10.1016/j.cemconres.2015.05.013
International Federation for Structural Concrete (fib)
(2024) fib MC(2020) complementary guidance on con-
crete durability. https://www.fib-international.org/publi
cations/fib-bulletins/i-fib-i-mc-2020-complementary-
guidance-on-concrete-durability-detail.html.  Accessed
21 Feb 2025

Marques PF, Costa A (2010) Service life of RC struc-
tures: carbonation induced corrosion. Prescriptive vs.
performance-based methodologies. Constr Build Mater
24:258-265. https://doi.org/10.1016/j.conbuildmat.2009.

08.039
nilem


https://doi.org/10.3389/fbuil.2024.1376759
https://doi.org/10.3389/fbuil.2024.1376759
https://doi.org/10.1016/j.jobe.2024.108584
https://doi.org/10.1111/jiec.13107
https://doi.org/10.1016/j.jobe.2024.110536
https://doi.org/10.1016/j.jobe.2024.110536
https://doi.org/10.1016/j.cemconres.2023.107284
https://doi.org/10.1016/j.cemconres.2023.107284
https://doi.org/10.1016/j.resconrec.2015.05.017
https://doi.org/10.1016/j.resconrec.2015.05.017
https://doi.org/10.1016/j.resconrec.2024.107930
https://doi.org/10.5281/zenodo.13828738
https://doi.org/10.5281/zenodo.13828738
https://doi.org/10.5281/zenodo.13828948
https://doi.org/10.5281/zenodo.13828948
https://doi.org/10.1533/9781845697037.2.296
https://doi.org/10.1533/9781845697037.2.296
https://doi.org/10.1016/j.jclepro.2022.135235
https://doi.org/10.1016/j.jclepro.2022.135235
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001209
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001209
https://doi.org/10.1002/suco.202300784
https://doi.org/10.1002/suco.202300784
https://doi.org/10.1016/j.conbuildmat.2016.05.080
https://doi.org/10.1016/j.conbuildmat.2016.05.080
https://doi.org/10.21809/rilemtechlett.2020.127
https://doi.org/10.21809/rilemtechlett.2020.127
https://doi.org/10.1016/j.cemconres.2023.107239
https://doi.org/10.1016/j.cemconres.2023.107239
https://doi.org/10.2478/ncr-2021-0015
https://doi.org/10.1002/suco.201200021
https://doi.org/10.1002/suco.201200021
https://doi.org/10.1016/j.cemconres.2019.04.018
https://doi.org/10.1016/j.cemconres.2019.01.003
https://doi.org/10.1016/j.cemconres.2019.01.003
https://doi.org/10.1016/j.cemconres.2015.05.013
https://www.fib-international.org/publications/fib-bulletins/i-fib-i-mc-2020-complementary-guidance-on-concrete-durability-detail.html
https://www.fib-international.org/publications/fib-bulletins/i-fib-i-mc-2020-complementary-guidance-on-concrete-durability-detail.html
https://www.fib-international.org/publications/fib-bulletins/i-fib-i-mc-2020-complementary-guidance-on-concrete-durability-detail.html
https://doi.org/10.1016/j.conbuildmat.2009.08.039
https://doi.org/10.1016/j.conbuildmat.2009.08.039

28 Page 30 of 33

Materials and Structures (2026) 59:28

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Neves R, Torrent R, Imamoto K (2018) Residual service
life of carbonated structures based on site non-destruc-
tive tests. Cem Concr Res 109:10-18. https://doi.org/10.
1016/j.cemconres.2018.04.002

Dervishaj A, Gudmundsson K, Malmqvist T (2024) Dig-
ital workflow to support the reuse of precast concrete and
estimate the climate benefit. IOP Conf Ser Earth Envi-
ron Sci 1402:012026. https://doi.org/10.1088/1755-1315/
1402/1/012026

Tuutti K (1982) Corrosion of steel in concrete. [Doctoral
Thesis (monograph), Department of Building Materials].
Swedish Cement and Concrete Research Institute, Royal
Institute of Technology, Stockholm. https://urn.kb.se/
resolve?urn=urn%3Anbn%3Ase%3Ari%3Adiva-3051
Ko6lio A, Honkanen M, Lahdensivu J (2016) Corrosion
Propagation Phase Studies on Finnish Reinforced Con-
crete Facades. In: Delgado, J. (eds) New Approaches to
Building Pathology and Durability. Building Pathology
and Rehabilitation, vol 6. Springer, Singapore. https://
doi.org/10.1007/978-981-10-0648-7_4

Pakkala TA, Kolio A, Lahdensivu J, Pentti M (2019) Pre-
dicted corrosion rate on outdoor exposed concrete struc-
tures. Int J Build Pathol Adapt 37:679-698. https://doi.
org/10.1108/1IJBPA-11-2018-0086

Kolio A, Pakkala TA, Hohti H, Laukkarinen A, Lahden-
sivu J, Mattila J, Pentti M (2017) The corrosion rate in
reinforced concrete facades exposed to outdoor envi-
ronment. Mater Struct 50:23. https://doi.org/10.1617/
s11527-016-0920-7

Kolio A, Pakkala TA, Annila PJ, Lahdensivu J, Pentti M
(2014) Possibilities to validate design models for corro-
sion in carbonated concrete using condition assessment
data. Eng Struct 75:539-549. https://doi.org/10.1016/].
engstruct.2014.06.038

Koli6 A, Pakkala TA, Lahdensivu J, Kiviste M (2014)
Durability demands related to carbonation induced cor-
rosion for Finnish concrete buildings in changing cli-
mate. Eng Struct 62-63:42-52. https://doi.org/10.1016/].
engstruct.2014.01.032

Dervishaj A, Hernandez Vargas J, Gudmundsson K
(2023) Enabling reuse of prefabricated concrete compo-
nents through multiple tracking technologies and digital
twins. In: European Conference on Computing in Con-
struction and the 40th International CIB W78 Confer-
ence. European Council on Computing in Construction,
Heraklion, pp 1-8. https://doi.org/10.35490/EC3.2023.
220

Ottosen LM, Kunther W, Ingeman-Nielsen T, Karatosun
S (2024) Non-destructive testing for documenting prop-
erties of structural concrete for reuse in new buildings:
a review. Materials 17:3814. https://doi.org/10.3390/
mal7153814

Dervishaj A, Fonsati A, Herndndez Vargas J, Gudmunds-
son K (2023) Modelling Precast Concrete for a Circular
Economy in the Built Environment: Level of Informa-
tion Need guidelines for digital design and collabora-
tion. In: Dokonal W, Hirschberg U, Wurzer G (eds) Pro-
ceedings of the International Conference on Education
and Research in Computer Aided Architectural Design
in Europe. Education and research in Computer Aided

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Architectural Design in Europe, Graz, pp 177-186.
https://doi.org/10.52842/conf.ecaade.2023.2.177
Samarakoon SMSMK, Ratnayake RMC (2023) End-
of-life solution prioritization for pre-cast concrete com-
ponents aligning with circular economy targets. Struct
Concr  24:1751-1765.  https://doi.org/10.1002/SUCO.
202200572

Elshani D, Dervishaj A, Hernandez D, Gudmundsson K,
Staab S, Wortmann T (2024) An Ontology for the Reuse
and Tracking of Prefabricated Building Components. In:
Extended Semantic Web Conference: The second inter-
national Workshop on Knowledge Graphs for Sustaina-
bility - KG4S. https://www.scopus.com/pages/publicatio
ns/85204297371

Chen L, Su RKL (2024) Service life modelling of car-
bonated reinforced concrete with supplementary cemen-
titious materials considering early corrosion propaga-
tion. Constr Build Mater 413:134861. https://doi.org/10.
1016/j.conbuildmat.2024.134861

Angst UM (2023) On the Carbonation Dilemma and
How to Escape from It. pp 1077-1084. https://doi.org/10.
1007/978-3-031-33187-9_99

Angst UM, Geiker M (2023) Moisture in concrete and its
influence on the durability. CEMENT 14:100087. https://
doi.org/10.1016/j.cement.2023.100087

Ko6lio A, Niemeld PJ, Lahdensivu J (2016) Evaluation
of a carbonation model for existing concrete facades
and balconies by consecutive field measurements. Cem
Concr Compos 65:29-40. https://doi.org/10.1016/].
cemconcomp.2015.10.013

Schiessl P, Helland S, Gehlen C, Nilsson LO, Rostam S
(2006) fib bulletin 34: Model code for service life design.
International Federation for Structural Concrete (fib).
https://shop.fib-international.org/publications/model-
code-supporting-documents/148-model-code-for-servi
ce-life-design-pdf

European Committee for Standardization (CEN) (2021)
Concrete - Specification, performance, production and
conformity (EN 206:20134+A2:2021). https://www.sis.se/
en/produkter/construction-materials-and-building/const
ruction-materials/concrete-and-concrete-products/ss-en-
2062013a22021/. Accessed 11 Dec 2023

Gopinath R, Alexander M, Beushausen H (2025) Sin-
gle-parameter concrete carbonation model for varying
environmental exposure conditions. Mater Struct 58:21.
https://doi.org/10.1617/s11527-024-02546-0

Andersen R, Negendahl K (2023) Lifespan prediction
of existing building typologies. J Build Eng 65:105696.
https://doi.org/10.1016/j.jobe.2022.105696

Huuhka S, Lahdensivu J (2016) Statistical and geograph-
ical study on demolished buildings. Build Res Inf 44:73—
96. https://doi.org/10.1080/09613218.2014.980101
Huang NM, Chang JJ, Liang MT (2012) Effect of plas-
tering on the carbonation of a 35-year-old reinforced
concrete building. Constr Build Mater 29:206-214.
https://doi.org/10.1016/j.conbuildmat.2011.08.049
Janotka I, Bacuvc¢ik M, Paulik P (2018) Low carbonation
of concrete found on 100-year-old bridges. Case Stud
Constr Mater 8:97-115. https://doi.org/10.1016/j.cscm.
2017.12.006


https://doi.org/10.1016/j.cemconres.2018.04.002
https://doi.org/10.1016/j.cemconres.2018.04.002
https://doi.org/10.1088/1755-1315/1402/1/012026
https://doi.org/10.1088/1755-1315/1402/1/012026
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Ari%3Adiva-3051
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Ari%3Adiva-3051
https://doi.org/10.1007/978-981-10-0648-7_4
https://doi.org/10.1007/978-981-10-0648-7_4
https://doi.org/10.1108/IJBPA-11-2018-0086
https://doi.org/10.1108/IJBPA-11-2018-0086
https://doi.org/10.1617/s11527-016-0920-7
https://doi.org/10.1617/s11527-016-0920-7
https://doi.org/10.1016/j.engstruct.2014.06.038
https://doi.org/10.1016/j.engstruct.2014.06.038
https://doi.org/10.1016/j.engstruct.2014.01.032
https://doi.org/10.1016/j.engstruct.2014.01.032
https://doi.org/10.35490/EC3.2023.220
https://doi.org/10.35490/EC3.2023.220
https://doi.org/10.3390/ma17153814
https://doi.org/10.3390/ma17153814
https://doi.org/10.52842/conf.ecaade.2023.2.177
https://doi.org/10.1002/SUCO.202200572
https://doi.org/10.1002/SUCO.202200572
https://www.scopus.com/pages/publications/85204297371
https://www.scopus.com/pages/publications/85204297371
https://doi.org/10.1016/j.conbuildmat.2024.134861
https://doi.org/10.1016/j.conbuildmat.2024.134861
https://doi.org/10.1007/978-3-031-33187-9_99
https://doi.org/10.1007/978-3-031-33187-9_99
https://doi.org/10.1016/j.cement.2023.100087
https://doi.org/10.1016/j.cement.2023.100087
https://doi.org/10.1016/j.cemconcomp.2015.10.013
https://doi.org/10.1016/j.cemconcomp.2015.10.013
https://shop.fib-international.org/publications/model-code-supporting-documents/148-model-code-for-service-life-design-pdf
https://shop.fib-international.org/publications/model-code-supporting-documents/148-model-code-for-service-life-design-pdf
https://shop.fib-international.org/publications/model-code-supporting-documents/148-model-code-for-service-life-design-pdf
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-2062013a22021/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-2062013a22021/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-2062013a22021/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-2062013a22021/
https://doi.org/10.1617/s11527-024-02546-0
https://doi.org/10.1016/j.jobe.2022.105696
https://doi.org/10.1080/09613218.2014.980101
https://doi.org/10.1016/j.conbuildmat.2011.08.049
https://doi.org/10.1016/j.cscm.2017.12.006
https://doi.org/10.1016/j.cscm.2017.12.006

Materials and Structures (2026) 59:28

Page 31 of 33 28

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Stenberg E, Hernadndez Vargas J, Huuhka S (2022) ReC-
reate. Deconstruction and reuse instead of demolition
and waste. Germany, Finland, Netherlands, Sweden,
2022-2023. ARQ (Santiago) 2022:84-95. https://doi.org/
10.4067/S0717-69962022000300084

Vullings M, Wijte S, Henschel C, Fischer J, Huuhka S,
Salmio E, Risinen A, Lahdensivu J, Gudmundsson K,
Stenberg E, Westerlind H, Dervishaj A (2024) Real-life
deconstruction pilots of the ReCreate project. Reusing
precast concrete for a circular economy. https://doi.org/
10.5281/zenodo.13828854

Standards Norway (2022) Hollow core slabs for reuse
(NS 3682:2022). https://standard.no/en/sectors/bygge
varer/norwegian-standard-for-hollow-core-slabs-for-
reuse--ns-3682/. Accessed 11 Sep 2023

Hills TP, Gordon F, Florin NH, Fennell PS (2015) Sta-
tistical analysis of the carbonation rate of concrete. Cem
Concr Res 72:98-107. https://doi.org/10.1016/j.cemco
nres.2015.02.007

Lahdensivu J (2012) Durability properties and actual
deterioration of Finnish concrete facades and balconies.
https://urn.fi/URN:ISBN:978-952-15-2823-1
Suchorzewski J, Santandrea F, Malaga K (2023) Quality
assurance for reused concrete building elements. RISE
Research Institutes of Sweden. https://urn.kb.se/resolve?
urn=urn%3Anbn%3Ase%3Ari%3Adiva-64292
Suchorzewski J, Santandrea F, Malaga K (2023) Reusing
of concrete building elements — assessment and quality
assurance for service-life. Mater Today Proc. https://doi.
org/10.1016/j.matpr.2023.07.195

Lahdensivu J, Lahdensivu E, Ko6lio A (2019) Case study
on the 20 years propagation of carbonation in existing
concrete facades and balconies. Nord Concr Res 60:1—
12. https://doi.org/10.2478/ncr-2019-0004

European Committee for Standardization (CEN) (2022)
Sustainability of construction works - Environmental
product declarations - Product Category Rules for con-
crete and concrete elements (EN 16757:2022). https:/
www.sis.se/en/produkter/construction-materials-and-
building/construction-materials/concrete-and-concrete-
products/ss-en-167572022/. Accessed 26 Nov 2023
Lagerblad B (2005) Carbon Dioxide Uptake during Con-
crete Life Cycle - State of the Art. Cement- och betongin-
stitutet (CBI), Stockholm. https://urn.kb.se/resolve?urn=
urn%3Anbn%3Ase%3Akth%3 Adiva-82033

Kolio A (2016) Propagation of Carbonation Induced
Reinforcement Corrosion in Existing Concrete Facades
Exposed to the Finnish Climate. Tampere University
of Technology, Doctorate. https://urn.fi/URN:ISBN:
978-952-15-3800-1

Kolio A, Honkanen M, Lahdensivu J, Vippola M, Pentti
M (2015) Corrosion products of carbonation induced
corrosion in existing reinforced concrete facades. Cem
Concr Res 78:200-207. https://doi.org/10.1016/j.cemco
nres.2015.07.009

Broomfield J (2003) Corrosion of Steel in Concrete. CRC
Press. https://doi.org/10.1201/9781482265491

Mattila J, Pentti M (2004) Performance of protective
measures in Finnish concrete facades and balconies.
Tampere

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

Alonso C, Andrade C, Rodriguez J, Diez JM (1998) Fac-
tors controlling cracking of concrete affected by rein-
forcement corrosion. Mater Struct 31:435-441. https:/
doi.org/10.1007/BF02480466

Drevon D, Fursa SR, Malcolm AL (2017) Intercoder
reliability and validity of WebPlotDigitizer in extracting
graphed data. Behav Modif 41:323-339. https://doi.org/
10.1177/0145445516673998

Andrade C, Alonso C (2001) On-site measurements of
corrosion rate of reinforcements. Constr Build Mater
15:141-145. https://doi.org/10.1016/S0950-0618(00)
00063-5

Stefanoni M, Angst U, Elsener B (2018) Corrosion rate
of carbon steel in carbonated concrete — a critical review.
Cem Concr Res 103:35-48. https://doi.org/10.1016/].
cemconres.2017.10.007

Pentti M (1999) The accuracy of the extent-of-corrosion
estimate based on the sampling of carbonation and cover
depths of reinforced concrete facade panels. Doctoral
thesis, Tampere University of Technology

Mattila J (2005) Effect of water repellent coatings on
the corrosion rate of reinforcement on carbonated con-
crete facade panels in a Nordic climate. Hydrophobe
IV - Water Repellent Treatment of Building Materials.
International Conference on Water Repellent Treatment
of Building Materials, Swedish Cement and Concrete
Research Institute, Stockholm, Sweden, April 12 - 13,
2005 3-15

Zhang P, Li P, Fan H, Shang H, Guo S, Zhao T (2017)
Carbonation of water repellent-treated concrete. Adv
Mater Sci Eng 2017:1-8. https://doi.org/10.1155/2017/
1343947

Aguiar JB, Janior C (2013) Carbonation of surface pro-
tected concrete. Constr Build Mater 49:478-483. https://
doi.org/10.1016/j.conbuildmat.2013.08.058

Beushausen H, Burmeister N (2015) The use of surface
coatings to increase the service life of reinforced concrete
structures for durability class XC. Mater Struct 48:1243—
1252. https://doi.org/10.1617/s11527-013-0229-8
Papadakis V, Vayenas C, Fardis M (1991) Physical and
chemical characteristics affecting the durability of con-
crete. ACI Mater J 88:186—196. https://doi.org/10.14359/
1993

Yoon I-S, Copuroglu O, Park K-B (2007) Effect of global
climatic change on carbonation progress of concrete.
Atmos Environ 41:7274-7285. https://doi.org/10.1016/].
atmosenv.2007.05.028

Stewart MG, Wang X, Nguyen MN (2011) Climate
change impact and risks of concrete infrastructure dete-
rioration. Eng Struct 33:1326-1337. https://doi.org/10.
1016/j.engstruct.2011.01.010

Nilsson L-O, Kamali-Bernard S, Santhanam M (2016)
Durability of reinforced concrete structures and penetra-
bility. https://doi.org/10.1007/978-94-017-7309-6_2
Vanoutrive H, Alderete N, De Belie N, Etxeberria
M, Grengg C, Ignjatovi¢ I, Ling T-C, Liu Z, Garcia-
Lodeiro I, Medina Martinez C, Sanchez J, Palomo A,
Rebolledo N, Sakoparnig M, Sideris K, Thiel C, den
Van Heede P, Vollpracht A, von Greve-Dierfeld S, Wei
J, Zajac M, Gruyaert E (2024) Report of RILEM TC
281-CCC: outcomes of a round robin on the resistance


https://doi.org/10.4067/S0717-69962022000300084
https://doi.org/10.4067/S0717-69962022000300084
https://doi.org/10.5281/zenodo.13828854
https://doi.org/10.5281/zenodo.13828854
https://standard.no/en/sectors/byggevarer/norwegian-standard-for-hollow-core-slabs-for-reuse--ns-3682/
https://standard.no/en/sectors/byggevarer/norwegian-standard-for-hollow-core-slabs-for-reuse--ns-3682/
https://standard.no/en/sectors/byggevarer/norwegian-standard-for-hollow-core-slabs-for-reuse--ns-3682/
https://doi.org/10.1016/j.cemconres.2015.02.007
https://doi.org/10.1016/j.cemconres.2015.02.007
https://urn.fi/URN:ISBN:978-952-15-2823-1
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Ari%3Adiva-64292
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Ari%3Adiva-64292
https://doi.org/10.1016/j.matpr.2023.07.195
https://doi.org/10.1016/j.matpr.2023.07.195
https://doi.org/10.2478/ncr-2019-0004
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-167572022/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-167572022/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-167572022/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ss-en-167572022/
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-82033
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-82033
https://urn.fi/URN:ISBN:978-952-15-3800-1
https://urn.fi/URN:ISBN:978-952-15-3800-1
https://doi.org/10.1016/j.cemconres.2015.07.009
https://doi.org/10.1016/j.cemconres.2015.07.009
https://doi.org/10.1201/9781482265491
https://doi.org/10.1007/BF02480466
https://doi.org/10.1007/BF02480466
https://doi.org/10.1177/0145445516673998
https://doi.org/10.1177/0145445516673998
https://doi.org/10.1016/S0950-0618(00)00063-5
https://doi.org/10.1016/S0950-0618(00)00063-5
https://doi.org/10.1016/j.cemconres.2017.10.007
https://doi.org/10.1016/j.cemconres.2017.10.007
https://doi.org/10.1155/2017/1343947
https://doi.org/10.1155/2017/1343947
https://doi.org/10.1016/j.conbuildmat.2013.08.058
https://doi.org/10.1016/j.conbuildmat.2013.08.058
https://doi.org/10.1617/s11527-013-0229-8
https://doi.org/10.14359/1993
https://doi.org/10.14359/1993
https://doi.org/10.1016/j.atmosenv.2007.05.028
https://doi.org/10.1016/j.atmosenv.2007.05.028
https://doi.org/10.1016/j.engstruct.2011.01.010
https://doi.org/10.1016/j.engstruct.2011.01.010
https://doi.org/10.1007/978-94-017-7309-6_2

28 Page 32 of 33

Materials and Structures (2026) 59:28

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

to natural carbonation of Portland, Portland-fly ash and
blast-furnace cements and its relation to accelerated car-
bonation. Mater Struct 57:209. https://doi.org/10.1617/
s11527-024-02464-1

Stenberg E (2013) structural systems of the million pro-
gram era. KTH Royal Institute of Technology. https:/
urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%
3Adiva-164319

NOAA (2025) Climate change: atmospheric carbon diox-
ide.  https://www.climate.gov/news-features/understand
ing-climate/climate-change-atmospheric-carbon-dioxide.
Accessed 21 Apr 2025

Wu J, Zhang X, Guo L, Jin L, Du X (2022) Probabil-
istic bond strength prediction between the corroded
reinforcing bars and concrete considering the concrete
strength and non-uniform corrosion. Constr Build Mater
357:129338. https://doi.org/10.1016/j.conbuildmat.2022.
129338

Torrent R, Imamoto K, Neves R (2021) Resistance
of concrete to carbonation and chloride penetration
assessed on site through nondestructive test. Struct Concr
22:2581-2594. https://doi.org/10.1002/suc0.201900474
Dervishaj A, Gudmundsson K (2023) Common data
environment development for reuse. Stockholm. https://
urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%
3Adiva-362337

Capozucca R, Cerri MN (2003) Influence of reinforce-
ment corrosion—in the compressive zone—on the
behaviour of RC beams. Eng Struct 25:1575-1583.
https://doi.org/10.1016/S0141-0296(03)00119-6

Zhu W, Francois R (2016) Prediction of the residual
load-bearing capacity of naturally corroded beams using
the variability of tension behaviour of corroded steel
bars. Struct Infrastruct Eng 12:143-158. https://doi.org/
10.1080/15732479.2014.996165

AL-Ameeri A, Rafig M, Tsioulou O, (2018) Influence of
cracks on the carbonation resistance of concrete struc-
tures. Sixth International Conference on the Durability of
Concrete Structures. https://www.researchgate.net/publi
cation/326535118_Influence_of cracks_on_the carbo
nation_resistance_of_concrete_structures

Carevié V, Ignjatovié I (2019) Influence of loading cracks
on the carbonation resistance of RC elements. Constr
Build Mater 227:116583. https://doi.org/10.1016/j.conbu
ildmat.2019.07.309

Liang M, Qu W, Liao Y (2000) A study on carbonation
in concrete structures at existing cracks. J Chin Inst Eng
23:143-153. https://doi.org/10.1080/02533839.2000.
9670532

Wong HS, Pappas AM, Zimmerman RW, Buenfeld NR
(2011) Effect of entrained air voids on the microstructure
and mass transport properties of concrete. Cem Concr
Res 41:1067-1077. https://doi.org/10.1016/j.cemconres.
2011.06.013

Tikkanen J, Johansson K, Kihula J, Mantila A, Punkki J,
Paukku E, Ruuth J, betoniyhdistys S (2023) Betoninor-
mit 2021 [Concrete code 2021], 6th ed. BY-Koulutus Oy,
Helsinki.  https://www.finna.fi/Record/utu.9923169480
205971/

European Committee for Standardization (CEN) (2006)
Products and systems for the protection and repair of

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

concrete stuctures -Test methods - Determination of car-
bonation depth in hardened concrete by the phenolphta-
lein method (EN 14630:2006). https://www.sis.se/en/
produkter/construction-materials-and-building/constructi
on-materials/concrete-and-concrete-products/ssen146302
006/. Accessed 12 Sep 2023

Huo Z, Wang L, Huang Y (2023) Predicting carbonation
depth of concrete using a hybrid ensemble model. J Build
Eng 76:107320. https://doi.org/10.1016/j.jobe.2023.
107320

Liu P, Yu Z, Chen Y (2020) Carbonation depth model
and carbonated acceleration rate of concrete under dif-
ferent environment. Cem Concr Compos 114:103736.
https://doi.org/10.1016/j.cemconcomp.2020.103736
European Committee for Standardization (CEN) (2019)
Carbonation and CO2 uptake in concrete (CEN/TR
17310:2019). https://www.sis.se/en/produkter/const
ruction-materials-and-building/construction-materials/
concrete-and-concrete-products/sis-centr-173102019/.
Accessed 26 Sep 2022

Tanaka S, Ichikawa M (1983) Approximate formula of
coefficient of variation for Weibull distribution. Reliab
Eng 4:141-143. https://doi.org/10.1016/0143-8174(83)
90047-1

Bricker D Weibull distribution. https://user.engineering.
uiowa.edu/~dbricker/active%20learning%20cases/Stoch
astic/Weibull_tables.PDF

European Committee for Standardization (CEN) (2023)
Eurocode 2 — Design of concrete structures — Part 1-1:
General rules and rules for buildings, bridges and civil
engineering structures (EN 1992-1-1:2023. https://www.
sis.se/en/produkter/construction-materials-and-building/
structures-of-buildings/concrete-structures/ss-en-1992-1-
12023/. Accessed 3 Feb 2025

Pigeon M (2014) Durability of Concrete in Cold Cli-
mates. CRC Press. https://doi.org/10.1201/9781482271
447

Swedish Concrete Association (2007) Betongrapport Nr
12 — Vigledning for livsldngdsdimensionering av betong-
konstruktioner [Concrete reaprt No. 12 — Guidance for
service life design of concrete structures]. https://beton
gforeningen.se/produkt/nr-12-vagledning-for-livslangds
dimensionering-av-betongkonstruktioner/. Accessed 20
Jan 2025

Berglund-Brown J, Pandey A, Duarte F, Ganitsky R, Kir-
chain R, Zheng S (2024) Stakeholders’ perceptions of
and willingness to pay for circular economy in the con-
struction sector. NPJ Urban Sustain 4:46. https://doi.org/
10.1038/s42949-024-00182-9

Miiller C (2023) How standards support sustainabil-
ity of cement and concrete in Europe. Cem Concr Res
173:107288.  https://doi.org/10.1016/j.cemconres.2023.
107288

Papadakis VG, Vayenas CG, Fardis MN (1989) A reac-
tion engineering approach to the problem of concrete
carbonation. AIChE J 35:1639-1650. https://doi.org/10.
1002/aic.690351008

Courard L, Zhao Z, Michel F (2021) Influence of hydro-
phobic product nature and concentration on carbonation
resistance of cultural heritage concrete buildings. Cem


https://doi.org/10.1617/s11527-024-02464-1
https://doi.org/10.1617/s11527-024-02464-1
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-164319
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-164319
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-164319
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://www.climate.gov/news-features/understanding-climate/climate-change-atmospheric-carbon-dioxide
https://doi.org/10.1016/j.conbuildmat.2022.129338
https://doi.org/10.1016/j.conbuildmat.2022.129338
https://doi.org/10.1002/suco.201900474
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-362337
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-362337
https://urn.kb.se/resolve?urn=urn%3Anbn%3Ase%3Akth%3Adiva-362337
https://doi.org/10.1016/S0141-0296(03)00119-6
https://doi.org/10.1080/15732479.2014.996165
https://doi.org/10.1080/15732479.2014.996165
https://www.researchgate.net/publication/326535118_Influence_of_cracks_on_the_carbonation_resistance_of_concrete_structures
https://www.researchgate.net/publication/326535118_Influence_of_cracks_on_the_carbonation_resistance_of_concrete_structures
https://www.researchgate.net/publication/326535118_Influence_of_cracks_on_the_carbonation_resistance_of_concrete_structures
https://doi.org/10.1016/j.conbuildmat.2019.07.309
https://doi.org/10.1016/j.conbuildmat.2019.07.309
https://doi.org/10.1080/02533839.2000.9670532
https://doi.org/10.1080/02533839.2000.9670532
https://doi.org/10.1016/j.cemconres.2011.06.013
https://doi.org/10.1016/j.cemconres.2011.06.013
https://www.finna.fi/Record/utu.9923169480205971/
https://www.finna.fi/Record/utu.9923169480205971/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ssen146302006/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ssen146302006/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ssen146302006/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/ssen146302006/
https://doi.org/10.1016/j.jobe.2023.107320
https://doi.org/10.1016/j.jobe.2023.107320
https://doi.org/10.1016/j.cemconcomp.2020.103736
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/sis-centr-173102019/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/sis-centr-173102019/
https://www.sis.se/en/produkter/construction-materials-and-building/construction-materials/concrete-and-concrete-products/sis-centr-173102019/
https://doi.org/10.1016/0143-8174(83)90047-1
https://doi.org/10.1016/0143-8174(83)90047-1
https://user.engineering.uiowa.edu/~dbricker/active%20learning%20cases/Stochastic/Weibull_tables.PDF
https://user.engineering.uiowa.edu/~dbricker/active%20learning%20cases/Stochastic/Weibull_tables.PDF
https://user.engineering.uiowa.edu/~dbricker/active%20learning%20cases/Stochastic/Weibull_tables.PDF
https://www.sis.se/en/produkter/construction-materials-and-building/structures-of-buildings/concrete-structures/ss-en-1992-1-12023/
https://www.sis.se/en/produkter/construction-materials-and-building/structures-of-buildings/concrete-structures/ss-en-1992-1-12023/
https://www.sis.se/en/produkter/construction-materials-and-building/structures-of-buildings/concrete-structures/ss-en-1992-1-12023/
https://www.sis.se/en/produkter/construction-materials-and-building/structures-of-buildings/concrete-structures/ss-en-1992-1-12023/
https://doi.org/10.1201/9781482271447
https://doi.org/10.1201/9781482271447
https://betongforeningen.se/produkt/nr-12-vagledning-for-livslangdsdimensionering-av-betongkonstruktioner/
https://betongforeningen.se/produkt/nr-12-vagledning-for-livslangdsdimensionering-av-betongkonstruktioner/
https://betongforeningen.se/produkt/nr-12-vagledning-for-livslangdsdimensionering-av-betongkonstruktioner/
https://doi.org/10.1038/s42949-024-00182-9
https://doi.org/10.1038/s42949-024-00182-9
https://doi.org/10.1016/j.cemconres.2023.107288
https://doi.org/10.1016/j.cemconres.2023.107288
https://doi.org/10.1002/aic.690351008
https://doi.org/10.1002/aic.690351008

Materials and Structures (2026) 59:28

Page 33 0f 33 28

109.

110.

111.

112.

113.

114.

Concr Compos 115:103860. https://doi.org/10.1016/j.
cemconcomp.2020.103860

Pan X, Shi Z, Shi C, Ling T-C, Li N (2017) A review
on surface treatment for concrete — Part 2: performance.
Constr Build Mater 133:81-90. https://doi.org/10.1016/j.
conbuildmat.2016.11.128

Devenes J, Bastien-Masse M, Widmer N, Fivet C (2023)
Low-tech methods for the reuse of reinforced concrete
structural elements. J Phys Conf Ser 2600:192005.
https://doi.org/10.1088/1742-6596/2600/19/192005
Dervishaj A (2023) From sustainability to regeneration:
a digital framework with BIM and computational design
methods. Archit Struct Constr 3:315-336. https://doi.org/
10.1007/s44150-023-00094-9

Dervishaj A (2024) Operationalization of regenerative
design indicators: an integrated framework of design
and analysis. In: Faircloth B, Pedersen Zari M, Thomsen
MR, Tamke M (eds) Design for Climate Adaptation. UIA
2023. Sustainable Development Goals Series. Springer
International Publishing, Cham, pp 175-183. https://doi.
org/10.1007/978-3-031-36320-7_11

Nguyen MH, Nakarai K, Torrent RJ, Bueno V (2023)
Concrete carbonation prediction based on air-permeabil-
ity tests with moisture compensation. Mater Struct 56:3.
https://doi.org/10.1617/s11527-022-0208 1-w

Nguyen MH, Nakarai K (2025) An enhanced air permea-
bility model based on stable moisture conditions for non-
destructive durability assessment. Mater Struct 58:164.
https://doi.org/10.1617/s11527-025-02679-w

115.

116.

117.

118.

Kuosa H, Ferreira RM, Holt E, Leivo M, Vesikari E
(2014) Effect of coupled deterioration by freeze—thaw,
carbonation and chlorides on concrete service life. Cem
Concr Compos 47:32-40. https://doi.org/10.1016/].
cemconcomp.2013.10.008

Zheng Y, Russell M, Davis G, McPolin D, Yang K,
Basheer PAM, Nanukuttan S (2021) Influence of car-
bonation on the bound chloride concentration in different
cementitious systems. Constr Build Mater 302:124171.
https://doi.org/10.1016/j.conbuildmat.2021.124171

Das CS, Zheng H, Dai J-G (2025) A review of chlo-
ride-induced steel corrosion in coastal reinforced con-
crete structures: influence of micro-climate. Ocean Eng
325:120794.  https://doi.org/10.1016/j.oceaneng.2025.
120794

Malheiro R, Camodes A, Meira G, Amorim MT, Cas-
tro-Gomes J (2020) Effect of coupled deterioration by
chloride and carbonation on chloride ions transport in
concrete. RILEM Tech Lett 5:56-62. https://doi.org/10.
21809/rilemtechlett.2020.126

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


https://doi.org/10.1016/j.cemconcomp.2020.103860
https://doi.org/10.1016/j.cemconcomp.2020.103860
https://doi.org/10.1016/j.conbuildmat.2016.11.128
https://doi.org/10.1016/j.conbuildmat.2016.11.128
https://doi.org/10.1088/1742-6596/2600/19/192005
https://doi.org/10.1007/s44150-023-00094-9
https://doi.org/10.1007/s44150-023-00094-9
https://doi.org/10.1007/978-3-031-36320-7_11
https://doi.org/10.1007/978-3-031-36320-7_11
https://doi.org/10.1617/s11527-022-02081-w
https://doi.org/10.1617/s11527-025-02679-w
https://doi.org/10.1016/j.cemconcomp.2013.10.008
https://doi.org/10.1016/j.cemconcomp.2013.10.008
https://doi.org/10.1016/j.conbuildmat.2021.124171
https://doi.org/10.1016/j.oceaneng.2025.120794
https://doi.org/10.1016/j.oceaneng.2025.120794
https://doi.org/10.21809/rilemtechlett.2020.126
https://doi.org/10.21809/rilemtechlett.2020.126

	From durability to circularity: ensuring service life and enabling reuse of concrete in circular construction
	Abstract 
	1 Introduction
	2 Methods
	2.1 Exposure conditions
	2.2 Service life prediction
	2.2.1 Initiation phase
	2.2.2 Storage period
	2.2.3 Carbonation rates
	2.2.4 Propagation phase
	2.2.5 Corrosion rates
	2.2.6 Corrosion rates after repairs

	2.3 Effect of environment and exposure condition
	2.4 Case studies
	2.5 Monte Carlo simulation

	3 Results
	3.1 Initiation phase
	3.2 Influence of storage period on carbonation
	3.3 Propagation phase
	3.4 Remaining service life in evaluated buildings
	3.4.1 Swedish residential building from the million program
	3.4.2 Finnish case and remaining service life including propagation time
	3.4.3 Carbonation rates in the second service life

	3.5 Probabilistic service life assessment
	3.5.1 Probabilities of initiation and propagation times
	3.5.2 Total service life probabilities

	3.6 Performance-based procedure for reuse

	4 Discussion
	4.1 Standards and their requirements
	4.2 Extending service life and influencing factors
	4.3 Service life and durability considerations
	4.4 Design for reuse considerations
	4.5 Limitations of the study

	5 Conclusions
	Appendix
	References




