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Abstract
The durability of reinforced concrete infrastructures is a major concern related to several aspects of the 
sustainability. The actual concrete design is still largely based on prescriptive indications, such as the cement 
content and the water cement ratio, while the durability investigation started to be oriented towards a more 
performance-based concept. The actual laboratory durability tests depend on the environmental exposure classes. 
Nonetheless, the actual stringent durability limits force to produce concrete with a too rapid strength development. 
This fact adversely affects the rigidity of the infrastructure and reduce the durability. Furthermore, the actual 
concrete requirement concepts partially inhibit the use of more sustainable concrete. This work proposes a new 
approach and a new concrete framework to produce more eco-efficient and more durable concrete. This will be 
attained by introducing a better laboratory-field relationship with respect to the durability by means of combined 
laboratory environmental attacks, which better simulate the real infrastructure site condition.

Introduction
The quality and durability of concrete in Europe are currently 
regulated by a standard with some local adaptations as for 
Switzerland (Standard Concrete - Specification, performance, 
production and conformity, SN EN 206: 2021, 2021), which 
are based on a prescriptive approach. At the same time, the 
concept of guaranteed performance concrete depends on 
environmental exposure classes. 

The choice and requirements of concrete are left to the 
customer. The critical exposure classes are frost, the penetration 
of soluble salts, such as chlorides and carbonation. The current 
standard is in use for over 20 years and contributed to simplify 
the production and use of concrete. Nevertheless, this partial 
prescriptive approach is not sufficient to control the real 
durability of the infrastructure concrete in the field.

The minimum requirements for the concrete composition 
are mentioned in the standard, based on experience and 
accepted practice. Limits for the concrete composition depend 
on environmental exposition, minimum cement content, 
compressive strength and maximum water-cement ratio. 
Concretes with standardized minimum requirements meet 
the main properties. The minimum cement content satisfies 
the strength requirements, but there is no consensus on the 
minimum cement dosage in relation to durability (Bentur et 
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al., 1997; Damineli et al., 2010). 

Indeed, to comply with the strict durability limits (Standard SIA 
262/1 Concrete construction, complimentary specifications, 
2019, 2019), there is a tendency to reduce the porosity by 
lowering water content and w/c ratio. This results in an 
excessive increase in early strength that leads to over strength 
and stiffness of concrete. Increasing the cement content 
provides higher strength and high modulus of elasticity, but 
results in an increased shrinkage and premature cracking. 
The load-bearing capacity, load frequency and environmental 
conditions on infrastructures also contribute to a reduction 
in durability. Consequently, a more controlled strength 
development and concretes adapted to specific requirements 
of the infrastructure would help to increase the long-term life.

In addition, concretes with high cement content lead to 
unnecessarily high energy consumption and CO2 emissions. 
Although some reductions in the environmental burden as for 
the Swiss cement industry was achieved in the carbon footprint, 
by reducing the emission from 813 kg CO2 /t in 1990 to 570 kg 
CO2 /t in 2021, there are still several challenges to overcome 
to further minimize the carbon emissions. Greenhouse gas 
emissions (GHG) from concrete are still too high, as is the 
amount of waste from the demolition of structures. According 
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to Cemsuisse and the latest estimates, 4.1 million tons and 15 
million m3 of concrete were produced in Switzerland in 2021, 
respectively (Report Cement Suisse, 2022).

The current standard provisions (Standard Concrete - 
Specification, performance, production and conformity, SN EN 
206: 2021, 2021) only partially make use of today’s knowledge 
of concrete technology and make it increasingly difficult to 
exploit the existing potential of eco-concretes.

Thus, it is necessary to develop a new performance-based 
worldwide concrete concept that considers the technological 
implementation in the sustainable concretes, the reduction of 
cement content as well as the knowledge gathered for decades 
concerning the real site durability of specific infrastructures 
(Paglia et al., 2022; Paglia et al., 2021; Paglia & Antonietti, 
2022; Paglia, 2022; Paglia & Antonietti, 2021; Paglia& Mosca, 
2023; Paglia & Jornet, 2022; Paglia et al., 2022). Furthermore, 
more reliable laboratory testing methods must be thought to 
simulate the real exposure conditions in the field and achieve 
more durable infrastructures.

Research state of the art and needs
Swiss state of the Research 
In Switzerland, the design of concrete is adapted to the 
European standard (Wikipedia, 1992), which is based on 
prescriptive provisions deemed to satisfy (Standard Concrete 
- Specification, performance, production and conformity, 
SN EN 206: 2021, 2021), with minimum cement content 
and the maximum w/c ratio. Exposure classes, strength and 
performance requirements are also defined. These were 
validated by several years of laboratory and field experience 
by using prescriptive provisions. 

However, national annexes were added to the EN standard 
(Standard Concrete - Specification, performance, production 
and conformity, SN EN 206: 2021, 2021), with the concept 
of guaranteed performance. The w/c ratio and the minimum 
cement content remain indicative parameters, since they 
cannot be measured once the concrete is used. 

As in other European countries (Linger & Cussigh, 2018), 
interests in performance-based approaches also grew in 
Switzerland. Tests were adopted for each exposure class as 
a durability performance indicator: accelerated carbonation 
tests, water absorption by capillarity, chloride migration for 
wet / dry cycles (Standard SIA 262/1 Concrete construction, 
complimentary specifications, 2019). The standards specify 
limits for the test results in each exposure class. 

The transition from a prescriptive to a performance-based 
approach should be made without compromising concrete 
performance and without confusing the producers. The 
reduction of the clinker content in cement is a way of reducing 
the CO2 emissions. On the other hand, an excessive clinker 
substitution and lower cement content in concretes may push 
the system to its limits and compromise durability requirements. 
While the use of k-values belongs to the obsolete parameters.

The introduction of the performance concrete concept should 
consider the limited experience with this approach to reduce 
the premature deterioration of the material. To avoid this, 
the concrete mixes should be subjected to more appropriate 
laboratory testing. In fact, the energy and CO2 emission saving 
benefits of a concrete mix can easily be negated if durability 
is adversely affected and the combined effects of multiple 
degradation mechanisms in the field are not considered. These 
latter are largely underestimated in the actual laboratory tests 
(Wittmann et al., 2010; Kuosa et al., 2014; Jhatial et al., 2020). 
An adequate assessment of the combined deterioration effects 
in concrete allows the implementation of the performance 
concrete concept and the mix designs with adequate strength, 
durability and sustainability. 

Fresh state properties are important factors. The problems 
of manual casting and vibration still need to be addressed. A 
significant correlation exists between concrete segregation and 
bleeding with time and vibration, type of mix, aggregate size, 
fine particle content, type of superplasticizers. The increase in 
fluidity may be accompanied by an increase in compressive 
strength up to the optimum level. However, excessive use 
of superplasticizers or air carrier can lead to bleeding and 
segregation and reduce compressive strength (Alsadey, 2012; 
Antoni et al., 2017). Since decades, the concept of robustness 
of a mixture is a widely known topic, that can affect mechanical 
performance and durability (Neville, 1996). Grain size curves 
extensively studied the packing and fine content, while the 
mix design rather than vibration, tends to avoid segregation 
(Navarrete & Lopez, 2016). The interaction between aggregate 
surface area and the density differences of the components also 
play a significant role (Navarrete & Lopez, 2016; Navarrete 
& Lopez, 2017). The accumulation of fine particles on the 
surface, can affect the performance. Appropriate classification, 
type and content of fillers and hydraulic fine particles help 
to control segregation. On the other hand, the conventional 
measures of consistency (Standard SN EN 12350-2: 2019, 
Testing fresh concrete - part 2, 2019; Standard SN EN 12350-
4: 2019, Testing fresh concrete, part 4, 2019; Standard SN EN 
12350-5: 2019, Testing fresh concrete, part 5, 2019) are not 
suitable for determining the tendency to segregate. 

The propensity to segregation can be measured with more 
reliable methods (Olbrecht & Moser, 2004; ASTM, 2009), 
although active rheological control mechanisms are also 
investigated (Geert & Karel, 2023). Nevertheless, some 
methods are not simple to be applied.

Concrete and Specific Requirements
Concrete is one of the preferred materials for civil works 
due to its strength and low cost compared to other materials. 
Historically, the need to meet high durability and construction 
standard specifications caused concrete mix overdesign, 
resulting in an increase of the cement content. This situation, 
underestimated for a long time, caused an over strength in 
concrete and a simultaneous decrease in durability due to 
induced cracking (Antunes, 2022). 
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In order to control cracking, a minimal reinforcement content 
must be guaranteed. Since this parameter is often linearly 
dependent on the concrete strength, increasing the concrete 
compression resistance also increases the minimum required 
reinforcement.

The elements of a structure exhibit differing needs in material 
characteristics. A bridge pier foundation usually shows a very 
basic need in terms of elastic modulus and chloride penetration 
resistance, while the deck requires a high modulus of elasticity 
and a low chloride penetration. Therefore, project specifications 
depend on the type of structure, but are also influenced by 
parameters, such as sustainability, location, and production 
method. In addition, the digitalization of the construction 
process, new techniques and life cycle optimization may 
improve efficiency, reduce errors and costs.

Global Research and Tests 
There is a worldwide interest in innovative solutions to reduce 
the carbon footprint of the cement industry. The performance 
approach aims at achieving durability without specifying how 
it should be achieved, leaving flexibility for experimentation 
and innovation. 

Many countries that adopted the perspective recommendations 
of the standard EN 206 added changes to the limits of the 
w/c ratio and minimum cement content depending on the 
exposure class. The minimum depth of cover, maximum w/c 
ratio, minimum binder content and minimum strength classes, 
depending on the binder, were modified (Laborat´orio Nacional 
de Engenharia Civil, Concrete. Prescriptive Methodology for 
a Design Working Life of 50 Years under the Environmental 
Exposure, LNEC E 464, 2007). Similarly, it was proposed to 
set limits for chloride migration for the exposure classes and 
binders (Polder et al., 2006) or a parameter that considers 
the environmental conditions calibrated for each specific 
environment (El Farissi et al., 2018). 

Two main design (Associaç˜ao Brasileira de Normas T´ecnicas, 
Design of Concrete Structures – Procedure, vol. 6118, 
NBR, 2014) and construction codes (Associaç˜ao Brasileira 
de Normas T´ecnicas, NBR, Portland Cement Concrete - 
Preparation, Control, Receipt, and Acceptance - Procedure, 
vol. 12655, 2015) are prescriptive and indicate limits for w/c 
ratio, compressive strength, cement content and depth of cover 
for each exposure class. In addition, performance requirements 
for the construction sector, specify a minimum service life 
(Associaç˜ao Brasileira de Normas T´ecnicas, Residential 
Buildings — Performance Part 1: General Requirements, NBR 
15575-1, 2013). Durability indicators were also suggested 
(Associaç˜ao Brasileira de Normas T´ecnicas, Residential 
Buildings — Performance Part 2: Requirements for Structural 
Systems, NBR 15575-2, 2013), without clarifying the test 
methods and reference values for the validation. Performance 
requirements are also measured in situ, so that the concrete 
producers and designers must work to meet the specification 
(CSA, Canadian Standard A23.1/A23.2., Concrete materials 
and methods of concrete construction/Methods of test 

and standard practices for concrete. Canadian Standards 
Association, 2004). Prescriptive specifications are also part 
of the North American Standard for Concrete, which is based 
on durability indicators, such as concrete strength class and 
w/c ratio, but does not include a minimum cement content 
(American Concrete Institute (ACI), 2011).

The Laboratory-field Relationship
The simulation of the field environmental conditions in 
laboratory is a challenging task. During the years, the main 
deterioration phenomena were partially understood (Tang 
et al., 2015). Alkali-aggregate reactions, sulphate attacks, 
carbonation, chloride migration, steel rebar corrosion, critical 
chloride thresholds (Angst et al., 2009), resistance to frost, 
shrinkage and the mechanical actions, all exhibit damages. 
Most of these phenomena were clarified by isolating the 
deterioration mechanisms and testing the susceptibility of 
concrete exposed to a few single environmental parameters. 

However, the durability of infrastructures is asymmetrical 
(Paglia, 2022). Bridges, tunnels, walls and geotechnical 
elements are directly or indirectly exposed to water splashing, 
chlorides, rainfall, sun irradiation, air and humidity. The 
entrance of tunnels may exhibit different chloride and freeze 
/ thaw exposition as in the middle. Long tunnels may show 
an asymmetrical leaching of tunnel walls across the lanes 
(Paglia, 2022). The South side of a bridge directly exposed to 
the sun irradiation, is subjected to wide thermal and humidity 
excursions and shows a higher carbonation depth as compared 
to the North side. The alpine infrastructures appear to exhibit 
only a slight correlation between high chloride content and 
low carbonation. This correlation is more present in a marine 
environment. On the other hand, it is not possible to plan a 
different type of concrete for each part of an infrastructure. 
Nonetheless, this asymmetrical deterioration of infrastructures 
and the surrounding micro climates help to define four 
main environmental exposition fields, where to focus new 
performance-based durability laboratory tests. 

Furthermore, the deterioration of infrastructures is a 
combination of several environmental factors (Wang et al., 
2022; AL-Ameeri et al., 2021; Malheiro et al., 2014; Tumidajski 
& Chan, 1996; Alava, 2017; Fan et al., 2019; Ndahirwa et al., 
2018; Rao et al., 2017), that the laboratory tests must consider. 
In some cases, field application techniques may differ from 
those in the laboratory and this fact must also be taken into 
account (Paglia et al., 2002). 

Summary of the Research Needs 
The concrete framework must be modified by considering 
new sustainable cements and recycled components. A special 
attention is focused on the propensity of fresh concrete to 
segregate. The compressive strength should attain the actual 
classes C25/30 and C30/37, avoiding over strength. The 
modulus of elasticity, i.e. the stiffness, must be kept under 
control. On the contrary, the w/c ratio and the minimum cement 
content can be eliminated. The new concrete concepts need to 
give a sufficient degree of freedom on mix designs to better 
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allow the use of sustainable materials. On the other hand, the 
concrete framework needs to remain simple and with clearly 
defined parameters.

The durability of infrastructures contributes to sustainability. 
The deterioration depends on environmental conditions, which 
need to be classified and tested according to the real exposure 
conditions of an infrastructure and not solely on a single 
deterioration mechanism. New performance-based combined 
durability tests will allow to increase the relationship between 
laboratory and field behaviour. Each micro climate along 
infrastructures may be simulated in laboratory by alternatively 
combining the environmental expositions and by accelerating 
the testing methods. However, the tests must avoid artificial 
damaging mechanisms. New clear and measurable parameters 
and limits need to be determined after the durability tests. The 
severity of the combined environmental laboratory tests will 
maintain a high level of concrete quality. In the meantime, tests 
on site are also required to confirm the laboratory behaviour. 

All these tasks facilitate the use of sustainable materials, 
produce more reliable laboratory results and maintain a simple 
concrete framework, where producers and engineers will be 
able to cast in place durable concrete in the interests of the 
specific infrastructure type and owner.

Limitations 
Cement and concrete producers try to reduce the clinker 
in the cement manufacture and the cement in the concrete. 
The development of sustainable products may increase the 
risks related to the quality and durability of concrete. This 
fact may hinder the use of sustainable cements. Therefore, 
the cementitious binders need to be certified or controlled 
with respect to detrimental pollutants. The use of sustainable 
cements produced on a local scale, including the recycled 
components must be promoted. This fact helps to partially 
replace the natural aggregates and reduces the exploitation 
of natural resources, while maintaining the performance, 
sustainability and durability.

The behaviour of materials and construction systems is 
controlled by environmental and mechanical factors and 
predicting the service life of a structure is still a matter of 
debate. The laboratory simplification and the isolation of 
factors, such as the carbonation or the diffusion of chlorides, 
gave helpful indications on the degradation mechanisms over 
time. However, the combined field actions of carbonation, 
chloride penetration, water leaching, drying, temperature 
variation and freeze / thaw actions, make prediction difficult 
for infrastructures. 

Nonetheless, to increase the relationship between laboratory 
tests and real field behaviour, it is necessary to combine the 
alternate action of the several environmental effects on the 
laboratory specimens. This will lead to more performance-
oriented durability tests and give more reliable behaviour on 
site. On the other hand, the interpretation of the results and 
the contribution to the damage of the single components 

may become more difficult. However, this is a unique way to 
simulate in laboratory the exposure conditions on site. Thus, 
long-term durability results in the field will need to be done to 
clarify the laboratory-field relationship.

The New Approach
Two Main Objectives 
It is necessary to develop new concrete concepts based on 
the performance and the sustainability of the materials. 
Furthermore, durability performance-based laboratory tests 
derived from on-site exposure conditions to produce robust 
and durable infrastructure concrete are required.

Sustainable cements and concretes must increasingly be 
used by testing their durability performance on the new 
real exposure conditions. A revision of some durability 
specifications for performance-based concretes is necessary. 
The EN 206/1 can be used as a background, but the main 
exposition classes are re-arranged to better simulate the field 
conditions. A focus must be given to sustainable concretes with 
low clinker, inert and / or reactive mineral additions as well as 
recycled cementitious aggregates. These latter components can 
no longer be disregarded on a long-term basis.

Material and Construction Systems Sustainability
The local availability of resources is a fundamental aspect that 
needs to be taken into account to get a sustainable concrete 
infrastructure. Some of the most used composite cements with 
a reduced clinker amount contain a carbonate mineral addition. 
This latter is one of the main Swiss available constituents, 
except for CEM III/B (Bundesamt für Landestopografie 
swisstopo, 2020). Nevertheless, the cement choice may be 
done according to the international raw and supplementary 
cementitious material availability. 

Binder type Clinker 
replacement 
(range)

Application

CEM II/B-LL 32.5 
R

21 - 35 % Building construction 
and civil engineering

CEM II/B-M (S-
LL) 42.5 N-HS-CH

21 - 35 % Building construction 
and civil engineering

CEM II/C-M (Q-
LL) 42.5 N
(LC3)

36 - 50 % Building construction; 
(potential use to be 
extended in the civil 
engineering)

CEM III/B 42.5 
L-LH/SR

66-80% Building construction 
and civil engineering

Table 1: Some binder type, clinker replacement and carbonate 
addition containing cements used for the Swiss local market.

Sorting and preparation of the recycled concrete components 
needs to be done along with the characterization of the 
recycled concrete aggregates (RCA). A fundamental division 
will be the separation of the high-quality infrastructure 
concrete from the rest of the concrete structures, with lower 
mechanical and durability properties. It will also be necessary 
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to set the maximum dosages of recycled components to attain 
the durability of the recycled concrete and to optimize the 
eco-mix designs. Performing of a CO2 equivalent evaluation 
to investigate the CO2 potential sink would also be a useful 
indication for the type of blend used. These actions will allow 
to characterize the sustainable concrete components. Finally, 
the mechanical and the new durability performance tests of the 
sustainable concretes will enable their use or rejection.

Infrastructure requirements and environmental exposition
The infrastructures are subjected to several types of 
environmental exposition that largely affect their durability. 
Usually, durability of more than 100 years are required for 
tunnels and bridges. The cementitious materials used for the 
tunnel service life are mainly composed of the shotcrete, 
basement and pre-cast linings elements. All these type of 
structures are differently exposed to environmental condition, 
water infiltration, humidity, CO2-rich water, leaching, chloride 
exposure, sulphate attack, salt crystallization and mechanical 
damage. 

Bridges are partially differently exposed to the deterioration 
agents. Carbonation, chloride contamination of reinforced 
concrete, freeze and thaw degradation are the main 
environmental damages to face off. In this concern, a large 
asymmetrical behaviour with respect to the durability is seen 
between the directly and indirectly atmospheric exposed parts. 
The buried parts also exhibit slightly different requirements and 
are subjected to aggressive waters, but exhibit a significantly 

lower carbonation and only a partial presence of chlorides. At 
depth below two meters, the freeze and thaw degradation is 
less of an issue.

Concrete framework procedure and concepts re-assessment
The compressive strength classes C25/30 and C 30/37 and the 
modulus of elasticity remain the main mechanical parameters 
to achieve performance related concretes. On the other hand, 
in order to increase the use of more sustainable cementitious 
binders, the concrete parameters such as the cement type, the 
clinker component, the SCM’s type and the recycled concrete 
content should be indicated. Conventional mechanical and 
durability tests (Standard Concrete - Specification, performance, 
production and conformity, SN EN 206: 2021, 2021; 
Standard SIA 262/1 Concrete construction, complimentary 
specifications, 2019) may be taken as a baseline and may 
serve as a comparison with the new durability performance 
tests. In order not to completely change the actual normative 
framework, the sulphate and the alkali-aggregate resistance 
may be tested with conventional susceptibility methods.

On the contrary, new performance durability classes for the 
new eco-concretes based on the microclimates along the 
infrastructures must be specified and can be compared with the 
actual exposition classes (Standard Concrete - Specification, 
performance, production and conformity, SN EN 206: 
2021, 2021; Standard SIA 262/1 Concrete construction, 
complimentary specifications, 2019). Consequently, new 
ranges and limits must be set to allow the production of more 
durable and sustainable infrastructure concretes.

Tests Standard / test environment Explanation
Concrete tests (actual normatives)
Consistency class SN EN 12350-2

SN EN 12350-4
SN EN 12350-5

Workability of the fresh mixture

Segregation propensity Degree of segregation / Bauer 
Filter press

Segregation / bleeding tendency of the fresh mixture

Compressive strength EN 12390-3 Main concrete mechanical performance
Modulus of elasticity  SN EN 12390-13 Material stiffness
Chloride migration tests Sia 262/1 appendix B Resistance to chloride penetration detrimental to rebar 

corrosion
Accelerated carbonation Sia 262/1 appendix I Propensity of rebar corrosion induced by carbonation
Sulphate resistance Sia 262/1 appendix D Chemical attack from chemical-enriched aqueous solutions
A l k a l i - a g g r e g a t e 
susceptibility
Performance test

SIA 2042
AFNOR NF P18-454
SIA 262/1 Appendix G

AAR susceptibility (alkali content of cementitious binders 
and Si-rich aggregates)

Chemical degradation Aggressive ions [1] Exposure class severity based on concentrations
Concrete tests according to the new environmental combined exposition
MCIAE Mild Clima Indirect Atmospheric 

Exposition
Exposure condition for tunnels, lower parts of bridges, piles, 
underpasses covered or partially protected from the direct 
atmospheric agents

CCIAE Cold Clima Indirect Atmospheric 
Exposition

Exposure condition for tunnel entrances, upper parts of 
bridges partially sheltered, piles, underpasses in cold regions
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MCDAE Mild Clima Direct Atmospheric 
Exposition

Exposure condition for upper parts of bridges and 
geotechnical support walls

CCDAE Cold Clima Direct Atmospheric 
Exposition

Exposure conditions for tunnel entrances, upper parts of 
bridges and geotechnical support walls in cold regions.

UG 
(underground)

Concrete slabs exposed to 
continuous water leaching (flow 
rate 300-500 l /h)

Simulation of groundwater and infiltration water leaching

Recycled concrete aggregates (RCA)
Water adsorption EN 1097-6 RCA water adsorption
Chemical characterization Waste pollutants limits guidelines Chemical analysis. Concentration to be checked according to 

the dosage and leaching tests.
Cement binders
Composite cements Tests according to the 197-1 or 

Certified materials
Cementitious binder capacity to be documented

Steel rebar / mesh
Visual inspection EN ISO 8501-1 Determination of the corrosion intensity
Electrochemical potential 
monitoring

Recommendation SIA N° 2006, 
2013

Corrosion evolution susceptibility during the environmental 
combined attacks

Microstructure
Optical / SEM microscopy Clarification of the main degradation issues / mechanisms 

and extent
Table 2: Old and new laboratory tests and environmental exposition.

Implementation of the laboratory-site relationship on the 
durability
Laboratory tests on concrete are a crucial factor to assess a 
reliable infrastructure field durability on site. The main fresh 
state properties of the new blends will need to be characterized 
with respect to the workability and the segregation propensity. 
The hardened state will be investigated by means of the 
determination of the compressive strength and modulus of 
elasticity. 

The different real exposure conditions to which the 
infrastructures are subjected are characterized as follows:

Mild Climate Indirect Atmospheric Exposition (MCIAE). 
Mild climate: average annual temperature 10-20oC. Test 
combinations and alternate environmental exposure. Part 
of the infrastructure exposed to such conditions are tunnels, 
lower parts of bridges, piles, underpasses covered or partially 
protected from the direct atmospheric agents.

Tests Proposal: combined cyclic temperature excursions, 
cyclic immersion / spraying with water-rich chlorides, cyclic 
relative humidity, accelerated carbonation. Re-exposure to 
previous cyclic conditions.

Cold Climate Indirect Atmospheric Exposition (CCIAE). 
Cold climate: average annual temperature range –20°C to 
10°C. Cyclic and combined environmental exposure to assess 
the concrete durability in tunnel entrances, upper parts of 
bridges partially sheltered, piles, underpasses in cold regions.

Test Proposal: combined cyclic temperature excursions, 
cyclic immersion / spraying with water-rich chlorides, cyclic 

relative humidity, accelerated carbonation and freeze / thaw 
resistance. Re-exposure to previous cyclic conditions. 

Mild Climate Direct Atmospheric Exposition (MCDAE). 
Combined cyclic environmental exposure to determine the 
concrete durability for upper parts of bridges and geotechnical 
support walls.

Test Proposal: combined cyclic water leaching exposition to a 
water flow / rainfall, temperature excursions, cyclic immersion 
/ spraying with water-rich chlorides, cyclic relative humidity, 
accelerated carbonation. Re-exposure to previous cyclic 
conditions.

Cold Climate Direct Atmospheric Exposition (CCDAE). 
Combined cyclic environmental exposure to determine the 
concrete durability in tunnel entrances, upper parts of bridges 
and geotechnical support walls in cold regions.

Test Proposal: combined cyclic water leaching exposition to 
a water flow / rainfall, freeze / thaw resistance, temperature 
excursions, cyclic immersion / spraying with water-rich 
chlorides, cyclic relative humidity, accelerated carbonation. 
Re-exposure to previous cyclic conditions.

Whole reinforced concrete system exposition (WSE). 
Considering the use of composite cements and their chemical-
electrochemical interaction with the rebars during the hydration 
process, but especially during the combined attacks, hydrated 
composite cement paste-rebar systems and the overall chemical 
susceptibility of the systems must be studied. 
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Tests Proposal: Tests of composite cement paste-rebar 
specimens. The maximum hydrated cement paste cover on all 
sites of the steel rebar mesh may be max. 10 mm. The specimens 
are exposed to combined cyclic exposure as described above 
(four conditions MCIAE, CCIAE, MCDAE, CCDAE). 
Measurable parameters, such as cracking, scaling, weight lost, 
visual rebar corrosion state similarly as for metallic surfaces 
(Standard EN ISO 8501-1 Preparation of steel substrates before 
application of paints and related products — Visual assessment 
of surface cleanliness — Part 1: Rust grades and preparation 
grades of uncoated steel substrates and of steel substrates after 
overall removal of previous coatings, 2007) and corrosion 
electrochemical potentials during time and damage / corrosion 
evolution are observed.

The long-term atmospheric temperature increase prediction 
may cause a very limited or the absence of freeze / thaw 
phenomena. This fact needs to be considered in the detail design 
and the development of laboratory of the new performance-
based combined durability tests. 

Laboratory tests, measurable outputs and limits 
The main objective of the new tests will be to set measurable 
parameters and limits for the new concretes and the whole 
reinforced concrete systems (Table 3). The actual compressive 
strength classes can be maintained to keep a clear existing 
measurable parameter, while it would be useful to set modulus 
of elasticity ranges at 28 days hydration for the new sustainable 

concretes. This will allow to limit a too rapid early stage 
stiffness development of the infrastructure material.

The measurements can be done with some of the existing 
devices (Standard Concrete - Specification, performance, 
production and conformity, SN EN 206: 2021, 2021; 
Standard SIA 262/1 Concrete construction, complimentary 
specifications, 2019), while instrumentation adaptations will 
be required to produce the combined cyclic actions for the 
chloride immersion / spraying / wetting / drying / temperature 
cycles and alternate leaching. 

The main measurement outputs can be the scaling mass loss, 
carbonation and chloride penetration depth, cracking pattern 
and width, surface microstructure, rebar corrosion state visual 
inspection / electrochemical potential measurements. 

The new durability combined tests will identify the durability 
limits for the new cyclic combined tests (MCIAE, CCIAE, 
MCDAE, CCDAE, WSE). In an initial stage of the tests, the 
behaviour of the mixes after the new durability tests can be 
compared with the actual exposition classes resistance XC-
XD-XF-XA. This fact will help, at least at this early stage of the 
tests, to better clarify the possible new limits to be set. Limits 
for the clinker range and the recycled components contents are 
also to identified, at least on a broad range, in order to target 
durable eco-concretes.

Main parameters Concrete
NPK MCIAE
Mild Climate 
Indirect 
Atmospheric 
Exposition

Concrete
NPK CCIAE
Cold Climate 
Indirect 
Atmospheric 
Exposition

Concrete
NPK MCDAE
Mild Climate 
Direct 
Atmospheric 
Exposition

Concrete
N P K 
CCDAE
Cold Climate 
Direct 
Atmospheric 
Exposition

Concrete
NPK UG
(underground)

Fresh state
Consistency class

Segregation

1) C3

2)

1) C3

2)

1) C3

2)

1) C3

2)

1) C3

2)
Hardened state
Compressive strength class [MPa]

Modulus of elasticity [MPa]

1) C25/30

2)

1) C25/30

2)

1) C 30/37

2)

1) C 30/37

2)

1) C25/30

2)
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Cement type / clinker replacement range 
[%] (dosage range)

CEM II/B-LL 32.5 R
(21 – 35)

CEM II/B-M (S-LL) 42.5 N-HS-CH (21 
– 35)

CEM II/C-M (Q-LL) 42.5 N (36-50)

CEM III/B 42.5 L-LH/SR (20-34)

CEM ZN-D

CEM type to be indicated by producers 
and subjected to all performance tests 4)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

2)

not allowed

2)

2)
Recycled concrete aggregates  RCA       
(0-32 mm) 

[% tot. aggregate weight] RCA

water adsorption weight [%] 3)

1)   ≤ 50 %

2)

1)   ≤ 50 %

2)

2)

2)

2)

2)

not allowed

not allowed

Performance durability class MCIAE CCIAE MCDAE CCDAE UG
(underground)

Concrete specimens 2) 2) 2) 2) 2)
Sample mass loss [%] 2) 2) 2) 2) 2)
Carbonation depth [1/10 mm] 2) 2) 2) 2) 2)
Chloride penetration depth [1/10 mm] 2) 2) 2) 2) 2)

Surface microstructural features 2) 2) 2) 2) 2)
Cracking pattern and width 2) 2) 2) 2) 2)
Environmental exposition class

(SN EN 206, SIA 262/1)

XC1-XC4
XD1

2)

XC1-XC4
XD1-XD2
XF1-XF2
2)

XC1-XC3
XD1-XD3

2)

XC1-XC3
XD1-XD3
XF1-XF4
2)

XC1
XD1-XD2
XA1-XA3
2)

Leaching tests
Hardened state
(mass loss, chemical analysis of the 
leachate)

Not necessary Not necessary 2) 2) 2)

Reinforced concrete specimens
Whole system exposition (WSE)
Cracking 
nr. of cracks 
mean width [1/10 mm] 
scaling mass [%]

2)
2)
2)

2)
2)
2)

2)
2)
2)

2)
2)
2)

2)
2)
2)

Rebar corrosion state
visual inspection
electrochemical potential monitoring

2)
2) 

2)
2) 

2)
2) 

2)
2) 

2)
2) 

Table 3: New main concrete parameters and new environmental exposure classes outputs.
The values can be treated as allowed target intervals. The evaluation, the values, classes and the allowed use will be determined 
after the tests. Standards as the SIA 2030 does not allow the use of recycled components for infrastructure concrete, although by 
using high quality concrete or infrastructure recycled concrete aggregates it is possible to attain the actual durability parameters 
[55, 56, 57]. This will be further clarified in the present tests.
New cements and mineral additives must respect the actual standards [58, 59] or demonstrate not to release pollutants in the 
environment. 
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Durability monitoring on site
The observation of the field durability of specific infrastructures 
and for the main type of mixtures is essential to assess the 
laboratory-field correlation. This fact is often underestimated 
and a lot of the long-term behaviour experience is lost. There is 
a general lack of data analysis between the original laboratory 
investigations during the placing of the concrete and the long-
term behaviour of the infrastructure. Therefore, it is necessary 
to conduct field trials for the new sustainable concretes tested 
in laboratory. The infrastructure should be monitored within 
the first 1-5 years from the casting on site. Periodical sampling 
and site-laboratory investigation should be done each year 
until 5 years. During this time lapse it will be possible to 
gather the initial reaction of the material with respect to the 
degradation agents and will allow an initial correlation with the 
new performance-based laboratory environmental combined 
exposure tests. On a long-term basis, an inspection after 20 
years would give additional information on the ageing process.

Benefits and Impact
The new concrete concept framework and the elimination of a 
minimum cement content and maximum water / cement ratio 
contribute to the reduction of CO2 and give a higher freedom 
to producers and engineers, by maintaining performance-based 
measurable parameters to avoid complications in the concrete 
production context. The new environmental durability 
combined performance laboratory tests enable to use new 
sustainable and durable concretes. A reduction of roadways 
maintenance is expected. In addition, the use of locally 
available composite cements, mineral additives and recycled 
high quality infrastructure crushed concrete aggregates 
contribute to sustainability. The new durability-performance 
tests maintain the high quality of the durable eco-concrete for 
infrastructures.

The increase in the durability significantly contribute to 
sustainability. The reduction of clinker and the cement content 
and type in concrete lower the CO2 emissions (Figure 1).

Figure 1: CO2 emission reduction for carbonate containing 
cement type and dosage for each m3 of concrete  

(Source: Cemsuisse).

Conclusions
The overview of the state of the art of concrete concept 
planning requires a new framework for infrastructure 
concrete by substituing the minimal cement content and the 
water /cement ratio with measurable parameters to produce 
new sustainable eco-concretes more durable on site. The 
development of performance-combined laboratory tests is 
the best way to simulate the microclimates to which the 
infrastructures are subjected and to assess a more reliable 
durability on site. In this concern, a revision of the old concrete 
concept parameters and durability limits with respect to the 
new performance-based combined laboratory tests (MCIAE, 
CCIAE, MCDAE, CCDAE) will be required. Indications on 
the durability of reinforced concrete systems based on chemical 
/ electrochemical susceptibility during the degradation process 
(WSE tests) will provide a more reliable behaviour on site. The 
new approach will also enable an increased use of products with 
lower clinker and higher recycled components. An updating or 
a revision as well as a guideline for some actual standards (EN 
206/1; SIA 262/1) standards with the main concrete parameters 
and new environmental exposure classes may be required in 
order to get more durable infrastructure eco-concretes.
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