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Climate change effect on durability of bridges and other infrastructure

Climate change has significant impacts on structures, which will continue to increase 
in the future, particularly bridges and other strategic infrastructure with longer service 
life exposed to aggressive environments. In this paper, a projection of climate change 
for Croatia for periods up to 2040 and up to 2070 is presented with potential impacts 
on bridges and other structures. By reviewing scientific research results, the impact of 
climate change on the durability and seismic capacity of concrete structures as well as 
effects on loads on structures is presented. Research into and a better understanding of 
the effects of climate change on structures will enable the development of adaptation 
measures to future conditions, not only in the design of new structures, but also in the 
appropriate maintenance of existing structures, as well as in procedures for rehabilitation, 
renovation, etc.

Key words:

climate change, durability of structures, seismic capacity, reinforcement corrosion

Pregledni rad

Petra Milić, Marija Kušter Marić

Utjecaj klimatskih promjena na trajnost mostova i druge infrastrukture

Klimatske promjene imaju značajan utjecaj na konstrukcije koji će u budućnosti biti 
još veći, naročito za mostove i drugu stratešku infrastrukturu dužeg uporabnog vijeka 
izloženu agresivnom okolišu. U radu je prikazana projekcija klimatskih promjena u 
Hrvatskoj za razdoblje do 2040. odnosno 2070. godine s mogućim posljedicama na 
mostove i druge građevine. Kroz pregled rezultata znanstvenih istraživanja prikazan je 
utjecaj klimatskih promjena na trajnost i seizmički kapacitet betonskih konstrukcija te 
na djelovanja na građevine. Istraživanje utjecaja klimatskih promjena na konstrukcije 
i njihovo bolje razumijevanje omogućit će i razvijanje prilagodbe na buduće uvjete, ne 
samo pri projektiranju novih konstrukcija, već i za adekvatno održavanje postojećih, kao 
i postupke pri sanacijama, renovacijama i sl.
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1. Introduction

The highest temperature ever recorded in Europe was 48.8 °C in 
the summer of 2021. (Floridia, Italy: 48.8 °C, date: 11.8.2021.) 
[1]. Record-breaking temperatures of up to 50°C were also 
measured in Canada, resulting in a large number of human 
fatalities. In Europe, the summer of 2022 has been the warmest 
ever [2]. The African continent has experienced the worst drought 
in the last 40 years, and for the same reason, many countries 
worldwide have introduced restrictive water-use measures [3]. 
For the first time, a level red heatwave warning was issued in 
the UK, where deformation of railway tracks due to extreme 
temperatures was detected [1]. By contrast, Central European 
countries were hit by devastating floods that caused damage 
and destruction on a large scale. China, India and Pakistan 
have struggled with severe floods in August 2022. Croatia, 
Turkey, Spain, the USA, Canada and Russia have experienced 
catastrophic fires, whereas Antarctica has experienced record 
temperatures and precipitation [3].
This is only a part of the phenomenon recorded in the last two years, 
confirming the seriousness of the situation and the impossibility of 
denying climate change. In the future, extreme weather conditions 
will occur more frequently, the risk of natural disasters will increase, 
and their intensity and frequency will continue to increase. The 
Republic of Croatia is one of the three most vulnerable countries 
in the European Union, with an estimated 
largest share of damage from extreme 
weather and climate events in relation to 
gross national product [4]. In early August 
2021, the Intergovernmental Panel on 
Climate Change (IPCC) published the latest 
6th Assessment Report and warned that 
we are approaching a ‘no turning back’ 
scenario in terms of global warming. They 
called for urgent action and stated that the 
current practices and adaptations were 
inadequate [5]. 
Adaptation to climate change includes 
the prediction of its negative impacts of 
climate change and the use of appropriate 
measures to prevent or reduce potential 
damage from climate change [4]. Existing 
and future buildings will certainly be 
affected by climate change. To enable 
infrastructure adaptation, it is necessary 
to study the impacts of climate change 
on structures. These impacts can be seen 
as changes to the properties of existing 
structures, reductions in load-bearing 
capacity and reliability, and changes in 
external influences on the structures. 
For example, changes in carbon dioxide 
concentration, temperature and relative 
humidity affect corrosion processes, which 

are the most common causes of damage to reinforced concrete 
structures. Bridges are engineering structures that are particularly 
exposed to climatic and environmental influences and are therefore 
potentially at high risk. This study presents a projection of climate 
change in Croatia for the period until 2070, with potential impacts 
on structures. The effects of climate change on external actions are 
presented, as well as its effects on the material properties, capacity 
and usability of structures, with special reference to the corrosion 
of reinforcement and seismic resistance.

2.  Projection of climate change in Croatia for the 
period up to 2040 with an outlook to 2070

2.1. Climate and climate change

Climate change is undoubtedly occurring and represents 
one of the greatest threats to the 21st century. The last three 
decades have been the warmest since 1850; with rising ocean 
temperatures, higher salinity areas have become saltier and 
lower salinity areas continue to lose salinity. From 1901 to 
2010, sea levels rose by 0.19 m worldwide [6]. Heatwaves are 
becoming more frequent, as are heavy rainfalls. Over the last 
two decades, the ice sheets of Greenland and Antarctica have 
lost mass and glaciers continue to shrink.

Figure 1. Causes of climate change 
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The causes of climate change can be divided into natural and 
anthropological causes (Figure 1). Natural causes include 
variations in solar radiation, the Earth’s orbit and volcanic 
eruptions. However, natural causes did not have a major impact 
on the climate over the observed periods of 100–200 years. 
According to [7], science claims with 95 % certainty that human 
activities are the main cause of global warming since the mid-
20th century. Although not yet officially confirmed, scientists 
first used the term Anthropocene in 2000 to refer to a new 
geological period of the Earth that began in the second half of 
the 20th century. The main features of the Anthropocene are 
the acceleration of erosion and sedimentation rates, chemical 
disruption of carbon and nitrogen cycles, climate change and 
major changes in the biosphere [8].
The dominant factor in changing the Earth’s energy balance 
are greenhouse gases that absorb long-wave radiation from 
the Earth’s surface. Part of this radiation directed back towards 
the Earth contributes to the heating of the lower parts of the 
atmosphere and the Earth’s surface. This effect is known as 
the greenhouse effect. Some of the greenhouse gases occur 
naturally, however, the increase in their concentration in the 
last 250 years is mainly due to human influences, primarily 
through the consumption of fossil fuels [9]. Human influence is 
also manifested in changing the Earth’s surface. For example, 
deforestation (removal of forests) reduces carbon storage 
in vegetation, increases carbon dioxide in the atmosphere 
and changes the reflective power of the surface, the rate of 
evapotranspiration and energy emissions [7, 9]. 

2.2. Climate change adaptation 

The Intergovernmental Panel on Climate Change (IPCC) was 
founded in 1988 under the United Nations (UN). The IPCC aims 
to collect and summarise scientific data on climate change. 
These data are published in reports that undergo rigorous 
review procedures and can serve as a basis for the development 
of climate policies.
The international fight against climate change began in 1992 
when the United Nations Framework Convention on Climate 
Change (UNFCCC) was signed. The Kyoto Protocol, the first 
agreement on greenhouse gas emissions, was signed in 1997. The 
Republic of Croatia is one of the three most vulnerable countries 
in the European Union, with the highest share of damage caused 
by extreme weather and climate events in relation to the Gross 
Domestic Product (GDP) [10]. As a Party to the UNFCCC, Croatia 
submits, among other things, periodic reports on adaptation to 
climate change. The Strategy for Adaptation to Climate Change 
in Croatia [11] for the period to 2040 with a view to 2070 was 
adopted by the Croatian Parliament on 7 April, 2020. The strategy 
was adopted based on the “Green and White Book” [10, 12] 
prepared by experts in the fields of climate modelling, water and 
marine resources, hydrology, agriculture, forestry, biodiversity, 
fisheries, tourism, spatial planning and management of coastal 
areas, construction, health and risk management. The strategy 
provides 80 measures for 10 sectors and three general measures 

of major importance. Table 1 shows the measures by sector for 
which the Ministry of Physical Planning, Construction and State 
Assets (MPCA), the Ministry of Sea, Transport and Infrastructure 
(MSTI), or the universities (U) are responsible and which are 
relevant for the entire infrastructure, i.e., the construction sector. 
Thus, the long-term goal of the adaptation strategy is to reduce 
the vulnerability of social and natural systems to the negative 
impacts of climate change; that is, to strengthen their resilience 
and capacity to recover from these impacts.
Most of the measures in the adaptation strategy are non-
structural measures, that is, measures that focus on 
increasing awareness and knowledge of climate change, risk 
monitoring and the need for adaptation. Only a small portion 
of the measures consist of structural measures, including 
the construction of mitigation facilities and other technical 
measures that are closely linked to the construction sector. 
These measures primarily focus on hydrology, water and marine 
resource management and spatial planning.
The risks associated with flooding and extreme hydrological 
conditions caused by climate change pose major threats to 
society and the economy. In civil engineering, this requires an 
increase in the capacity for the construction, reconstruction 
and upgrading of systems to protect against the harmful 
effects of water. This includes the construction, reconstruction 
and modernisation of protective embankments, thresholds, 
dams, retention systems, accumulation systems and other 
hydro-technical facilities and protection systems. Increased 
protection against the damaging effects of rising sea levels on 
infrastructure includes the reconstruction of water and utility 
infrastructure and the relocation of water intake points. Due 
to the consequences of adverse hydrological conditions, there 
is a need to reduce water supply losses, strengthen drainage 
systems and build water treatment systems.
Adaptation measures include not only construction and 
strengthening measures but also the development of 
rehabilitation projects for vulnerable buildings, particularly 
important buildings and cultural assets.
The strategy refers to the development of “green infrastructure” 
and its integration into spatial planning. Green infrastructure 
involves the application of natural solutions to environmental, 
economic and social challenges. For example, watercourse 
sections are designed to provide natural lowland areas for 
controlled flooding and reduce large water bodies.
It is also important to implement erosion control measures 
when cultivating soil and strengthen its ability to absorb excess 
water. Deforestation is one of the main causes of the increase 
in greenhouse gas concentrations. Therefore, spatial planning 
and land conversion play important roles in climate change 
adaptation [11]. 
As mentioned above, most measures belong to the so-called 
“non-structural” measures. This is because adaptation to 
climate change must be considered over the long term, with 
great uncertainty. Therefore, it is necessary to work on raising 
awareness, conducting research and creating good databases 
to be able to adequately analyse the situation, decide on the 
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necessary measures and react in time. These include defining 
floodplains and natural retention areas, conducting hazard 
analyses and monitoring groundwater.
The reason for the lower number of structural measures 
related to construction is that experts in the construction field 
were not involved in the preparation of Croatia’s Strategy for 
Adaptation to Climate Change. For this reason, the construction 
sector, both in Croatia and globally, needs to systematically 
reflect on the impact of climate change on structures and, 
consequently, on measures to adapt and reduce the impact of 
climate change.

According to worldwide building practices and scientific 
findings, there is a need for more durable structures that 
can better withstand weather conditions. However, more 
durable buildings preclude more frequent demolition and new 
construction cycles; that is, they reduce material consumption 
and decrease the carbon footprint. Finally, it is necessary to 
develop appropriate and accurate systems for monitoring 
and maintaining the buildings themselves because climate 
change has many consequences for the safety and durability of 
structures, which are explained in more detail in the following 
chapters.

Table 1. Measures of the strategy of the Republic of Croatia for adaptation to climate change relevant to the construction sector (adapted from [11])

Measure label Name of the measure
Responsible institution

MPCA MSTI U

Water resources

HM-01
Implement non-structural protection measures against the negative impacts of 

water and water regulation during extreme hydrological conditions whose intensity 
and frequency of occurrence are increasing due to climate change

HM-03
Strengthen technical, research, and management capacity for assessing the 

occurrence and risk of adverse climate change impacts and adaptation of freshwater 
and marine water systems under existing and future climate conditions

ü ü

HM-04 Strengthening the capacity of the competent institutions to act in the event of 
extreme hydrological conditions ü

HM-05 Reduce the adverse impacts of sea level rise due to climate change on coastal water 
supply infrastructure and coastal water resources (non-structural measures) ü ü

HM-06 Strengthening the resilience of urban areas to anthropogenic pressures caused by 
climate change ü

Bio-diversity B-07
Improve sustainable management and reduce anthropogenic impacts on (pre-)

natural ecosystems, habitats, and wild species mainly through sustainable 
development measures using nature-based solutions

ü

Energetics E-03 Strengthening the resilience of existing capacities for the generation of electricity and 
thermal energy ü

Tourism T-04 Strengthening the resilience of tourism infrastructure to various weather extremes ü ü ü

Health
ZD-06 Increase in the number of safe points in the event of extreme weather conditions ü

ZD-07 Strengthening the surveillance system for allergenic species ü ü

Spatial 
planning and 
arrangement 

PP-01 Strengthening the knowledge base and monitoring and evaluation systems ü ü

PP-02 Strengthening the technical and institutional capacities of professional actors in the 
system of spatial planning and development ü ü

PP-03 Integration of adaptation measures into the system of spatial planning and 
development ü ü

PP-04 Raise awareness and sensitise the public and decision-makers at all levels ü ü

PP-05 Preparation of rehabilitation programs and projects ü ü ü

Risk 
management UR-02 Multisectoral and sectoral risk assessment for different threat/risk scenarios related 

to climate change ü ü ü

General 
measures

KM-01

Strengthen professional and technical capacities for the implementation of 
research and applied and operational activities encompassing the field of climate 
modelling and predictive technologies for forecasting weather and environmental 

conditions and related warnings of hazardous conditions, as well as the analysis and 
interpretation of observed and expected climate changes and the hazardous weather 

phenomena they cause

ü ü

OM-01 Improve knowledge and capacity for monitoring climate change impacts, risk 
assessment, and adaptation to climate change

ü

RP-01 Developing indicators for the impact of the implementation of adaptation strategies ü
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2.3.  Projection of climate change in the Republic of 
Croatia 

The regional climate model RegCM4 was used for climate 
simulations within the framework of a Climate Change 
Adaptation Strategy in the Republic of Croatia. The current 
“historical” climate covers the period 1971–2000 and 
constitutes the reference period marked P0. The change 
in climate variables in relation to the reference climate is 
presented and discussed for two time periods: 2011–2040, 
i.e., P1 (immediate future) and 2041–2070, P2 (climate in the 
middle of the 21st century) [13]. Two climate scenarios were 
considered in the preparation of an adaptation strategy for the 
Republic of Croatia, RCP4.5. and RCP8.5., representing a future 
in which mitigation and adaptation measures are foreseen, in 
which GHG (greenhouse gases) concentrations increase until 
2040 and then decrease (RCP4.5); and a future in which no 
significant mitigation and adaptation measures are foreseen, 
that is, a continuous increase in GHG concentrations (RCP8.5) 
[12].
According to [12], the optimistic scenario of RCP4.5. in the 
Republic of Croatia predicted a smaller increase in total 
precipitation in winter and spring and a decrease in autumn 
and summer with an increase in dry periods. Observations in 
the period 1961–2010 showed a trend towards increasing air 
temperatures over the entire territory of Croatia. An almost 
uniform increase in mean annual air temperature is expected 
until 2040, with a further increase until 2070. The increase 
in maximum air temperature could reach 2.3°C by 2070. The 

largest increase in the minimum temperature occurred in winter 
in the coldest region of Gorski Kotar. The increase in hot days 
is between six and eight days in most parts of Croatia and 
will further increase to 12 days by 2070, which would mean 
almost a doubling of hot days for the mountainous regions. In 
the area with the strongest wind in the reference climate, a 
decrease in the maximum wind speed was expected in winter. 
Evapotranspiration will increase and soil moisture will decrease. 
Humidity increases throughout the year, particularly in summer 
in the Adriatic region. The decrease in snow cover in the Gorski 
Kotar region was approximately 50 % of the reference value. The 
sea level rise estimates were not determined by the RegCM 
model, but the results were taken from the IPCC AR5 and the 
conclusions were drawn based on research by local authors 
and observations of the current trend of changes in the mean 
water level of the Adriatic Sea. According to the results of the 
global models, the expected rise in mean global sea level by 
the mid-21st century is 19–33 cm under RCP4.5 and 22–38 
cm under RCP8.5. However, it should be emphasised that these 
estimates are subject to considerable uncertainties, which we 
are already aware of when calculating sea levels for the historical 
climate. More detailed projections of climate parameters for 
the Republic of Croatia under scenario RCP4.5 scenario with 
possible impacts of climate change on infrastructure, especially 
bridges, are presented in Table 2.
Climate change has led to more frequent or intense phenomena 
that cause damage and pose a direct threat to structures. This 
will lead to greater loads on the structure but will also have an 
impact on the properties of the materials, usability and safety of 

Figure 2. Impact of climate change on bridges [14]
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Table 2.  Projections of climate parameters for the Republic of Croatia according to the RCP4.5 scenario with respect to the period 1971–2000 
(adapted from [12])

Climate parameters 
Projections of the future climate according to the RCP4.5 scenario 
in relation to the period 1971–2000 obtained by climate modelling Possible impact on infrastructure

2011 – 2040 2041 – 2070

Precipitation

Slight decrease in the average 
annual amount (apart from a 

smaller increase in NW Croatia)

A further trend of reducing the 
average annual volume (up to 5 
%) except in the NW parts of the 

Republic of Croatia

Decrease in precipitation: loss of buoyancy forces on 
piles, biodegradation of timber piles, higher risk of 

consolidation settlement

Higher seasonal contrast in precipitation:
mechano-sorptive effect

Precipitation increase: higher flood waters and more 
frequent flooding, higher risk of soil liquefaction and 

collapse settlement, higher hydrostatic pressure 
behind abutments and retaining walls, insufficient 

capacity of drainage systems, higher scour rates and 
storm surges, more frequent landslides, road and 

railway damage, accelerated material degradation, 
reduced slope stability 

Seasonal total: in winter and spring 
in most parts of Croatia smaller 

increase (5–10 %); in summer and 
autumn decrease (maximum 5–10 % 

in South Lika and South Dalmatia)

Seasonal total: up to 10 % decrease 
(mountains and southern Dalmatia) 
except in winter (5-10 % increase in 

southern Croatia)

Decrease in the number of rainy 
periods (except in central Croatia, 
where there is a smaller increase). 

Increase in dry periods.

 Prolongation of the dry season.

Surface runoff
No major changes, except in the 

highlands and hinterland of Dalmatia, 
where there is a decrease of up to 10 %

Reduction of runoff throughout 
Croatia (especially in spring)

Loss of buoyancy forces on piles, biodegradation of 
timber piles, higher risk of consolidation settlement

Evapotranspiration Increase in spring and summer 5 – 10 
% (outer islands and W Istria > 10 %)

An increase of up to 10 % for most of 
Croatia, up to 15 % on the coast and inland, 

and up to 20 % on the outer islands

Loss of buoyancy forces on piles, biodegradation of 
timber piles, higher risk of consolidation settlement

Air temperature

Mean: Increase of 1 – 1.4°C 
(all seasons, all of Croatia)

Mean: increase of 1.5–2.2°C 
(all seasons, all of Croatia, especially 

the mainland)
Higher thermal-induced stresses, increase in 

intensity/ frequency of wildfires, faster loss of 
prestressing force, reduced slope stability, more 

frequent landslides, higher scour rates and storm 
surges, higher flood waters and more frequent 

flooding, accelerated material degradation, road and 
railway damage

Maximum: increase in all seasons 
1 – 1.5°C

Maximum: Rise to up to 2.2°C in 
summer (up to 2.3°C on the islands)

Minimum: highest rise in winter 
1.2 – 1.4°C

Minimum: the greatest increase on 
the continent in winter 2.1 – 2.4°C. 
and 1.8 – 2°C in the coastal regions

Solar radiation

In summer and in autumn increase; 
in spring increase in the north and 

decrease in the west of Croatia; 
in winter decrease in the whole of 

Croatia

Rise in all seasons except winter 
(highest rise in the mountains and 

central Croatia)

Higher thermal-induced stresses, accelerated 
material degradation.

Snow cover Reduction (largest in Gorski Kotar, 
up to 50 %)

Further reduction (especially in 
mountainous regions)

Higher scour rates, higher flood waters, and more 
frequent flooding

Air humidity Year-round increase (highest in 
summer on the Adriatic)

Year-round increase (highest in 
summer on the Adriatic)

Faster loss of prestressing force, accelerated 
material degradation

Soil humidity Decrease in northern Croatia Reduction throughout Croatia 
(mostly in summer and autumn)

Loss of buoyancy forces on piles, biodegradation of 
timber piles, higher risk of consolidation settlement, 

mechano-sorptive effect

Ex
tr

em
e 

w
ea

th
er

 co
nd

iti
on

s

Days with Tmax > +30 °C) Increase of 6 to 8 days (reference 
period: 15–25 days per year)

Up to 12 days more than the 
reference period

Higher thermal-induced stresses, increase in 
intensity/ frequency of wildfires, faster loss of 

prestressing force, accelerated material degradation, 
road and railway damageDays with Tmin < -10°C) Further reduction and an increase in 

the Tmin value (1.2–1.4°C) Further reduction

Nights with Tmin ≥ +20 °C) Increasing Increasing

W
in

d

Mean speed at 10 m In summer and autumn on the 
Adriatic, increase up to 20-25 %

Winter and spring largely 
unchanged, but trend of increasing 

in summer and autumn in the 
Adriatic Reduced slope stability, higher risk of aeroelastic 

instabilities, and wind-induced loads

Max. speed at 10 m Reduction in winter in the southern 
Adriatic and hinterland of Dalmatia

Reduction for all seasons except 
summer; biggest decrease in winter 

in the southern Adriatic

Mean water level 2046. – 2065. :19–33 cm 
(IPCC AR5) 2081.–2100.:32–65 cm

Material degradation (corrosion of reinforced and metal 
structures), higher scour rates and storm surges, higher 

flood waters, and more frequent flooding
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the structure and geomechanical conditions. Figure 2 shows the 
effects of climate change on bridges and the associated causes.
The impact of climate change on structures is evident in all areas 
of civil engineering, from hydraulic engineering, geotechnical 
engineering and load-bearing structures to building materials, 
construction organisation and management.
Changes in the intensity and quantity of precipitation and 
temperature are the most evident signs of climate change and, 
at the same time, the causes of the most negative impact on 
structures. The most unfavourable impact of the increase in 
the amount and intensity of precipitation is higher flood levels 
and more frequent flooding, leading to a greater risk of the 
collapse of structures due to soil washout and erosion around 
piers, that is, damage and/or collapse of piers and roads due 
to the activation of landslides, erosion and soil liquefaction. 
Other impacts of altered precipitation affect the usability and 
durability of structures, that is, they lead to the deterioration 
of materials, insufficient capacity of the drainage system and 
damage to roads and railways.
Because many bridges are located near or over watercourses, 
they are particularly vulnerable to flood hazards with the hydraulic 
risk of scour. Scour leads to soil erosion around bridge piers. This 
results in a larger area of the pier being exposed to hydrodynamic 
forces [15]. According to [15], the greatest scour depth is reached 
during a flood. Scour and erosion are among the most common 
causes of bridge collapse. In combination with other stressors, 
emergencies and climate change, this risk continues to increase 
and can have catastrophic consequences [16-18]. To address 
the risk of bridge scouring, early flood warning systems and 
infrastructure management must be integrated and a hydraulic 
component must be included in bridge inspections. Climate change 
also leads to changes in the groundwater and geomechanical 
conditions. Changes in groundwater lead to changes in soil 
strength, which increase the risk of landslides and reduce slope 
stability. In addition to seismic activity, the most common causes 
of landslides are extreme weather conditions, high precipitation 
and flooding. Increased wind loads also contribute to reduced 
slope stability and accelerated terrain erosion [19]. 
A rise or fall in groundwater leads to the settlement or elevation 
of the ground surface and differential ground settlement, which 
are particularly problematic for structures. In some cases, water 
saturation leads to collapse owing to settlement, as the water 
weakens the internal bonds between the particles and a loss 
of stability occurs. This has proven to be particularly serious in 
the artificial fields. In seismically active areas, soil liquefaction is 
associated with decreased groundwater content [18].
The effects of climate change are also evident in deep 
foundations and piles. This is because the sinking of the soil 
around the piles causes negative friction on the casing, which 
increases the stress in the piles and can lead to collapse. In the 
case of piles, a decline in groundwater also causes the upper 
part of the pile to be exposed to aerobic conditions and the 
material to degrade [18, 19].
The next most important indicator of climate change is an increase 
in air temperature. The standards for the design of bridges provide 

for a wide range of temperature loads, which are considered when 
calculating the load-bearing capacity of a structure so that the 
stability of the bridge is not compromised. However, an increase 
in temperature negatively impacts infrastructure durability and 
usability. For example, one of the direct consequences of global 
warming is the buckling of rails owing to temperature extremes, 
rendering the infrastructure unusable during heat waves. In 
addition, high temperatures can affect the dynamics of the 
structure, especially for steel bridges, but can also lead to cracks 
in the concrete owing to excessive stresses. Frequent and severe 
fluctuations in temperature stress increase the risk of cracking 
and damage and can significantly shorten the life of a structure, 
especially in an aggressive environment.
Increases in temperature and relative humidity have a 
significant impact on the durability of reinforced concrete 
bridges, which is discussed in more detail in the next chapter. 
As an increasing proportion of concrete structures are made of 
prestressed concrete, especially bridges, the effects of climate 
change on the reduction of the prestressing force are also very 
significant. Long-term losses of prestressing force are closely 
related to concrete shrinkage and creep, which are influenced 
by environmental conditions. Changes in relative humidity and 
an increase in temperature increase the creep and shrinkage 
of concrete, which can lead to large deformations. In dozens of 
cases, a significant reduction in prestressing force of up to 50 % 
has been observed owing to large deformations [19, 20].

3.  Impact of climate change on the durability of 
concrete structures 

Figure 2 shows that at least five indicators of climate change 
(increases in CO2 concentration, precipitation, solar radiation 
and temperature and a change in relative humidity) influenced 
the accelerated degradation of building materials. These findings 
become more significant when considering that material 
degradation is already one of the most common causes of 
damage, deterioration, shortening of service life and failure 
of structures, particularly bridges (Figure 3) [13]. The most 
commonly used materials in modern structures are reinforced 
concrete, steel, prestressed concrete, timber and brick. As far 
as bridge construction is concerned, reinforced or prestressed 
concrete is by far the leader, accounting for more than 85 % of 
bridges on state roads in the Republic of Croatia [21]. Bridges, as 
engineering structures, have a required service life of up to 100 
years. This service life is often difficult to achieve in concrete 
structures. Concrete structures exposed to mechanical stress 
and the conditions of an aggressive environment are not durable 
and without proper planning for the durability and maintenance 
of the structure, they cannot achieve the expected service life 
[22]. According to [23], material deterioration was found to be the 
main cause of failure in approximately 15 % of the more than 600 
bridges studied. The main causes of failure due to deterioration 
are the corrosion of the reinforcement in the concrete, age and 
atmospheric influences. Similar results were obtained in [24], as 
shown in Figure 3.
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Figure 3. Causes of deterioration of concrete structures [13]

According to some statistics, corrosion damage is responsible for 
more than 80 % of all damage to reinforced concrete structures 
[25]. The rehabilitation of these problems is also associated with 
significant economic costs. Corrosion negatively affects concrete 
structures through several mechanisms. This leads to a reduction 
in the cross-section of the steel bar, reduces the adhesion of the 
reinforcement and concrete and because the corrosion products 
have a much larger volume than the original volume of the 
reinforcement, leads to high stresses and the opening of cracks. 
Aggressive substances can penetrate the reinforcement through 
cracks and further accelerate the corrosion process [25, 26].

3.1. Impact of climate change on corrosion 

Carbonation and chloride ingress are influenced by climatic 
factors. The temperature and relative humidity are among the 
most important factors.

The carbon dioxide diffusion coefficient during carbonation increased 
with increasing temperature. Filling the pores with water slows 
down the carbonation process because CO2 (gas in general) has a 
low diffusion coefficient in water, whereas chloride ions behave the 
other way around as the humidity increases [27]. It has been shown 
that carbonation is strongest at a relative humidity of 50 % to 70 % 
because, at higher relative humidity, the carbon dioxide diffusion 
coefficient decreases significantly and at lower values, there is not 
enough moisture for the carbonation process [28]. The presence 
of chloride in the environment varies with changes in precipitation, 
sea salinity, prolonged periods of heat and drought and sea level 
rise, resulting in a greater and longer-lasting presence of chloride 
on the surface of the structure (Figure 4). In addition, changes in 
temperature and relative humidity affect the processes of diffusion, 
convection, migration, absorption and thermodiffusion, which 
cause chloride to penetrate the material [29]. There is also evidence 
that the carbonation of concrete accelerates chloride penetration, 
implying that chloride corrosion is also indirectly influenced by the 
CO2 concentration  [28]. 
The effect of climate change on concrete corrosion has been the 
subject of numerous studies. Yoon et al. [30] conducted one of the 
first studies to confirm that an increase in the CO2 concentration 
affects carbonation. The results of Wang et al. [28] showed that with 
the predicted changes in carbon dioxide (CO2) concentration and 
temperature by 2100, the probability of damage increases by 20-40 % 
after the first 20-30 years of service life. Compared with the reference 
scenario (without an increase in carbon dioxide concentration), the 
probability of damage increased by up to 460 %. For the year 2100, 
the results for the area of China predict an increase in carbonation 
depth of up to 50 % for the most severe scenario compared to the 
year 2000, but the predictions showed an increase of up to 18 % 

for the medium scenario RCP4.5 [31]. As 
for corrosion due to chloride penetration, 
studies on bridges in China predict a 6-15 
% increase in chloride concentration at 
the reinforcement level [32]. Depending 
on the possible scenarios and exposure 
conditions, service life may be reduced by 
2 %-18 % due to chloride penetration [30-
33]. Khatami D. [34] showed that changes 
in temperature, relative humidity and 
surface concentration of chloride reduced 
the corrosion initiation time by up to 39 % 
and increased the crack width by up to 29 
%. The results are presented in comparison 
with a reference scenario in which climate 
change was not considered. In general, 
carbonation is more sensitive to projected 
climate change than chloride intrusion 
processes. According to French studies, 
carbonation is more sensitive to relative 
humidity than to temperature changes [35]. 
It was also concluded that the protective 
layer of concrete is the most important Figure 4. Climate change impact on reinforcement concrete corrosion 
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factor in testing the reliability of the structure, with a much greater 
influence than other parameters such as porosity, diffusion 
coefficient and permeability, all of which have a similar influence. In 
the Boston area, existing protective coatings will not be sufficient 
for the next 50 years. This is more likely to be exceeded by chloride-
induced corrosion (year2055) than by carbonation (year2077) [36]. 
It has also been shown that the protective layer has the greatest 
influence on the probability of damage, whereas the compressive 
strength of concrete has negligible influence [37]. According to [38], 
when considering chloride penetration into concrete under different 
climate change scenarios, the corrosion initiation time, i.e., the time 
to reach the critical chloride concentration at the reinforcement level, 
decreased from 13 % to 31 % compared with the reference scenario 
without climate change. It should be noted that the models for 
chloride penetration into concrete mentioned here do not consider 
the processes of drying and wetting concrete, which is one of the 
main features of the existing weather conditions as well as climate 
change projections. In [39], it was shown that by including the 
seasonal processes of drying and wetting cycles and the application 
of de-icing salt only in the winter months in numerical models, the 
depassivation time was reduced by up to 60 % compared to numerical 
models that do not take into account the drying and wetting cycles 
and the non-uniform chloride distribution on the surface during the 
year. It should also be remembered that CO2 concentrations in urban 
and developed environments are approximately 14 % higher than the 
global average reported by the IPCC [37]. 

3.2.  Impact of corrosion on seismic resistance of 
structures 

Currently, seismic design does not assume that the seismic 
resistance of a structure changes over time. It is considered constant 
throughout the life of the structure [40, 41]. Thus, the effects of the 
environment on the structures, material deterioration, the influence 
of previous earthquakes and damage were not considered [42]. This 
means that the seismic capacity of a structure at the beginning of its 
life, which is not corroded or undamaged, is equated with a structure 
that is at the end of its life and is under the long-term influence of 
corrosion, climate, other environmental conditions, damage and 
others. From a seismic design perspective, the consequences of 
corrosion are the reduction of bearing capacity and deformability, 
as well as the reduction of energy dissipation capacity, changes 
in the dynamic properties of the structure, ductility and collapse 
mechanisms [26, 27, 30, 43]. Indeed, the immediate consequence 
of the formation of corrosion products is a reduction in the cross-
section of the reinforcement, as well as a reduction in the ductility 
of the reinforcing bars [44-47]. A smaller cross-section of the 
reinforcement reduces the load-bearing capacity of the structure, 
that is, it reduces the load-bearing capacity for bending, shear 
and fatigue strength. Furthermore, not only the ductility of the 
reinforcing bars is reduced, but also the stiffness of the structure, 
the redistribution of internal forces and the load-bearing capacity of 
a statically indeterminate system [48, 49]. 
Pitting corrosion can significantly reduce the cross-section of 
the reinforcement, affect the load-bearing capacity and fatigue 

strength and can lead to brittle fracture of high-strength steel 
cables for concrete prestressing [50]. The danger of localised 
corrosion is also reflected in the fact that the degree (depth) of 
damage can progress considerably before the signs become visible 
on the surface of the concrete [24].
Further volume growth of the corrosion products, which is 
significantly greater than the original volume of the reinforcement, 
(causes additional stresses in the concrete, leading to cracking and 
possible fracturing of the concrete. This leads to a reduction in 
the cross section and protective layer of the concrete. If concrete 
spalling occurs on the compression side of the cross section, the 
arm of the internal forces and thus the bending moment, is reduced. 
Cracks and spalling of the concrete in the area of the reinforcing 
bars lead to a reduction in the bond between the concrete and 
reinforcement and a reduction in the shear strength. Cracks in the 
concrete in the tensile zone indicate that the tensile strength of 
the concrete has been reached and any additional tensile stress 
leads to the enlargement of existing cracks or the formation of 
new cracks in the concrete [49]. Cracked concrete reduces the 
protection of the reinforcement and allows easier and more direct 
passage of aggressive substances into the reinforcement, thereby 
reducing the load-bearing capacity of the structure in the long term. 
Depending on the direction of the cracks, they can also affect the 
stiffness and distribution of internal forces in a structure  [49-51]. 
The results of studies on the influence of corrosion on seismic 
capacity confirm that the assumption that the capacity of a structure 
remains constant throughout its life is incorrect, especially on the 
safety side. The importance of these findings increases when it is 
known that there are currently a significant number of earthquake-
prone structures designed before modern seismic standards and 
as such, pose a hazard owing to the additional deterioration of the 
material over time [52]. The most common method for assessing 
existing bridges is visual inspection, where corrosion of the 
reinforcement can only be detected when it is already advanced 
[53]. Dizaj et al. [52] developed a model to predict the residual load-
bearing capacity of corroded reinforced concrete structures. They 
related the cross-sectional loss as a measure of corrosion and the 
associated crack width to the remaining load-bearing capacity. 
This establishes a relationship between the visually perceptible 
damage and the remaining load-bearing capacity of the structure 
at that time, which underlines the importance of visual inspection 
of the building. The results showed that corrosion changes the 
failure mechanism from ductile (yielding of reinforcement) to 
brittle (concrete crushing), which is always less desirable. This was 
confirmed in [54]. As the ductility decreases, the capacity values 
of the structure in terms of the peak ground acceleration and the 
corresponding return period of the earthquake also decrease. 
Comparing the values for the uncorroded and the corroded 
structures, a lower capacity in terms of peak ground acceleration 
of up to 93 % was observed. The return period decreased from 
968 years for the non-corroded structure to 232 years for the 
most severe variants. In general, corrosion has a greater effect 
on ductility than on flexural capacity. According to [52], neglecting 
the negative effects of the environment and climate throughout 
the life of a structure significantly underestimates the probability 
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of failure. For example, at a peak ground acceleration of ag = 1.0g, 
the probability of failure of the structure increases from 20 % to 
50 % when the negative effects of climate and environment are 
taken into account. Bridges are located in extremely aggressive 
environments; often, marine environments with chlorides 
and/or de-icing salts are also present as part of the transport 
infrastructure. Simultaneously, the entire structure and its parts 
are exposed to negative environmental effects. The effects of 
an aggressive marine environment on seismic resilience have 
been demonstrated in studies [55] on three bridges in Japan with 
different seismic hazards and exposures to chlorides. After 50 
years of service, the bridge closest to the coast had the highest 
probability of collapse although it originally had the lowest seismic 
hazard. Furthermore, these results were compared with those in 
which the influence of the environment was not considered. This 
indicates that the change in the seismic capacity of the structure 
was caused by the major influence of the maritime environment.
Similar to other structures, corrosion affects the ductility of 
bridges. According to [56], the destruction of concrete in a corroded 
element occurs at significantly lower deformations. At a corrosion-
related mass loss of 20 %, these values decreased to 80 %. Studies 
[57-60] show similar results regarding the influence of material 
deterioration on the seismic behaviour of bridges: a reduction in 
ductility with increasing corrosion, a lower load-bearing capacity 
and a general increase in the probability of collapse over time, that 
is, with the development of corrosion.
According to [60], the influence of corrosion can be neglected for 
smaller peak accelerations (< 0.1 g). For higher peak accelerations, 
the reduction in capacity was not significant for either corroded 
or non-corroded bridges up to a service life of approximately 25 
years. However, as a bridge ages, the probability of its collapse 
under corrosion becomes increasingly different from that at the 
beginning of its service life.
It should be noted that in these studies, the effects of corrosion 
were mainly represented by the loss of the cross-sectional area 
of the reinforcement. The reduction in adhesion between the 
concrete and steel and pitting corrosion is often not considered in 
the models. In addition to these and other uncertainties compared 
to the real situation, there is a possibility that the real results will be 
less favourable than those obtained from the research presented.
The influence of reinforcement corrosion in concrete on the 

reduction of structural capacity and thus, seismic resistance, 
is a challenge, even without considering climate change. Using 
examples of large Adriatic bridges exposed to sea salt and bridges 
in mountainous regions exposed to deicing salts, it has been shown 
that the active phase of corrosion, in which there is a significant 
reduction in the diameter of the reinforcement bar, occurs after 
only 15 to 20 years [41, 61-64]. Thus, even without considering 
climate change, ensuring the durability of structures and 
preventing or slowing down aggressive substance penetration and 
active corrosion are challenges that have not yet been fully solved 
for both new and existing structures. However, climate change 
can further accelerate the corrosion process, thereby reducing the 
durability and load-bearing capacity of structures.

4.  Climate change impact on actions on 
structures 

Buildings are directly influenced by the environment, atmospheric 
conditions and weather and climatic effects have a large share 
of the action loads on structures. Climate change also changes 
individual action loads on structures. This may manifest itself as 
a change in the intensity of loads (e.g. an increase in temperature, 
precipitation intensity and wind speed, but also an increase in the 
frequency of extreme weather conditions, such as floods, heat 
waves and extreme winds).
Some of these consequences may prove more favourable in 
terms of the load on the structures. According to [65], the snow 
load values for Norway in the period of 2070–2100. g could be 
reduced in most parts of the country. However, for smaller inland 
areas, the load is predicted to increase. The situation is similar 
across Europe. While a decrease in snow depth and area was 
estimated for the Alps and the Carpathians, an increase in snow 
load was predicted for the Mediterranean, the Apennine Peninsula, 
the UK and Sweden. However, although a decrease in annual 
maximum snow cover is possible in some places, more frequent 
extreme precipitation events are expected, particularly in higher 
mountainous regions [66].
For bridges, extreme snow conditions are of greater importance 
for the serviceability or accessibility of roads and bridges and for 
the durability of the structure. For example, a snowstorm at the 
end of February 2023 led to the complete disruption of road traffic 

Figure 5.  a) Viaduct Zečeve Drage during a snowstorm at the end of February 2023; b) Flood of promenade and buildings due to high tide in 
Starigrad on Hvar Island in August 2020.
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between the coast and the Croatian mainland (Figure 5a). Within 
24 hours, 47 cm of snow fell in Gospić and 3300 tonnes of de-icing 
salt were used on the mountain section of the Zagreb – Rijeka 
motorway [66, 67].
Research on the consumption of de-icing salt on Croatian and 
Canadian roads led to an interesting result: on the Rijeka–Zagreb 
motorway, especially on the mountain section Vrata–Vrbovsko, 
salt consumption was higher than that on the urban highway in 
Toronto (Figure 6) [63]. It should be noted that the salt consumption 
in Figure 6 is given per lane and per kilometre of the road so that 
the data can be directly compared. Based on 10 years of data, no 
statement can be made regarding the trend in road salt consumption 
and data for longer periods are not available. Additionally, Croatian 
roads and highways have adopted a conservative approach to road 
salt consumption to ensure passenger safety during the winter 
months [62], which is one of the reasons why salt consumption is 
higher in the mountainous regions of Croatia than in Toronto. While 
climate change generally brings warmer weather and less snow, 
in mountainous regions, it also means more frequent changes in 
the freeze-thaw cycle, which does not reduce salt consumption. 
This freeze-thaw cycle leads to degenerative changes in concrete 
structures, usually in the form of cracks, while the large amount of 
de-icing salts used increases the risk of reinforcement corrosion in 
concrete.
Flooding is one of the most noticeable effects of climate change in 
Croatia and Europe. It has already been established that extreme 
events with a return period of 100 years occur much more 
frequently, even every few years [65, 68]. Indeed, it is predicted 
that by 2080, events with a hundred-year return period will have a 
30-year return period. In addition to an increase in frequency, the 
intensity of such events is expected to increase. Numerous factors 
influence the occurrence of floods. For example, urbanisation and 
an increase (density) in the population density significantly increase 
the risk of flooding. Changes in rainfall also affect the risk of bridge 
collapses. According to [69], in the UK, depending on location and 
other parameters, bridge scour could increase from 5 % to 50 % by 
2080.
Temperature increases in expected averages and extreme events 
(e.g., more intense and prolonged heat waves) can lead to a range 

of consequences, from damage to roads 
and railways to more frequent and intense 
forest fires. Research [70] has shown that 
a 2.9 °C increase in average temperature 
by 2100 could lead to a reduction in the 
service life of bridge elements by up to 25 
years due to fatigue problems.
Rising sea levels as a result of climate 
change contribute to an increase in many 
risks. Higher sea level increases the 
likelihood of flooding. A tsunami, which 
is a consequence of tectonic events, can 
have far more catastrophic consequences 
when combined with higher sea levels 
and this effect certainly requires further 
detailed studies. Sea level rise values are 

subject to many uncertainties and vary greatly from region to 
region. Therefore, local predictions of future conditions are of great 
importance. According to some predictions, it ranges from 9.8 to 
25.6 cm in the Mediterranean [65]. The Adriatic coast is already 
experiencing flooding of the shore and coastal buildings owing to 
high tides and strong southerly winds (Figure 5b). Although such 
phenomena do not affect the stability or load-bearing capacity of 
the structures, they have a strong impact on their durability and 
serviceability.
In general, these projections show the potentially significant 
influence of climate change on (climate) load. An increase in 
the frequency and intensity of extreme weather conditions 
significantly affects structures. It should be emphasised that it is 
currently difficult to estimate new characteristic load values owing 
to a lack of data on temporal and spatial distributions. Further 
research will also lead to a reduction in uncertainties related to 
climate modelling and climate change, which are still noticeable. 
Indeed, the prediction of changes in wind load is still subject to 
significant uncertainties, mainly because of insufficient knowledge 
and data from previous observations, such as the sea level, 
which are largely location-dependent. However, according to the 
European Committee for Standardisation (CEN), an increase in the 
occurrence of extreme wind storms is expected in northern and 
central Europe. For this reason, the CEN calls for the continuous 
development and monitoring of climate change guidelines, at least 
every 15 years and stresses that further knowledge is needed to 
limit uncertainties, both static and modelling.

5. Conclusion 

Research and a better understanding of the effects of climate 
change on structures will enable the development of adaptation 
measures for future conditions, not only in the design of 
new structures but also in the appropriate maintenance of 
existing structures, as well as in procedures for rehabilitation, 
renovation, etc.
As outlined in this study, climate change has multiple effects 
on bridges and other structures. In addition to the changes in 
the intensity, frequency and nature of the external loads acting 

Figure 6.  Seasonal consumption of de-icing salts per kilometre per lane on Croatian and 
Canadian motorways (according to [63]
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on the structure, they also lead to changes in the material 
properties, internal processes in the materials and their 
acceleration or deceleration. It can be said that climate change 
negatively impacts the structures in two directions. Not only do 
they require higher values for the load-bearing capacity of the 
structure owing to more negative impacts than those for which 
they were designed, but at the same time they also further 
reduce the existing load-bearing capacity because they affect 
material properties and accelerate degradation processes. 
Therefore, climate change must be considered when planning, 
designing and maintaining new and existing structures.
To determine future conditions as accurately as possible and 
enable an appropriate response and considering that climate 
modelling is regionally sensitive, further improvements are 
needed in both climate modelling and structural design and 
management systems. Furthermore, the lengthy process of 
setting standards has an additional impact on the slowness of 
adopting standards that consider climate change.
An explicit design approach is recommended until standards 
that considered climate change are introduced. This design is 
based on the structural behaviour and includes degradation 
models with time-dependent processes and variables. 
According to the current standards in the Republic of Croatia 
[71, 72], the durability calculation includes only an implicit 

(descriptive) procedure from which certain requirements for 
the design, construction and maintenance of the structure are 
derived.Some of those are, the required values for the water-
cement ratio, minimum depth of concrete cover, method and 
schedule for the inspection of the structure, maintenance 
work, etc. These values are primarily based on practical 
experience. If these requirements are satisfied, the durability 
of the structure is considered ensured. The standard HRN EN 
206 [73] only mentions certain cases where an explicit design 
might be appropriate, such as structures with a demanding 
service life that differs significantly from 50 years and 
structures in particularly aggressive environments. Bridges 
are examples of such engineering structures of significant 
importance. The calculation of service life includes models 
of all relevant degradation mechanisms calibrated to the 
exploitation conditions [28]. Such comprehensive models of 
degradation mechanisms provide more accurate requirements 
for the design and construction of structures and allow for the 
improvement of maintenance procedures. This leads to more 
reliable structures and a reduction in costs over their service 
life. However, a more precise use of the model to calculate 
the service life of structures (degree of complexity, types of 
degradation mechanisms, verification procedures, etc.) has not 
yet been clarified in the current standards.
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