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Introduction 2
Currently, it is not possible to implement predictive maintenance or to reliably determine the actual 
scope of a tunnel renovation project. This is due to gaps in fundamental knowledge about failure 
mechanisms. To close these gaps, experts from consultancies, construction companies, public 
authorities and research institutions join forces in the committees and working groups of the COB 
tunnel programme. 

The Degradation Committee focuses on the deterioration of materials used in tunnel constructions. 
The research includes for example the corrosion of reinforcement and the reduction of fire resistance. 
These kind of mechanisms often cause damage to the construction and can lead to tunnel closure. 
To support tunnel owners and their consultants in identifying such mechanisms, the Degradation 
Committee has drawn up this report.

Reading guide
This document is divided in two parts:

PART 1 describes the types of damage that can occur in tunnels. Each page provides a photo, the 
description, its major causes, when and where it can occur and what the consequences and risks are. 
For each type of damage preventive measures, forensic tools and sensoring and monitoring techniques 
are presented as well as a brief description on how the damage can be repaired and maintained. 

PART 2 of this document describes the forensic tools, mostly non-destructive, which can be used to 
investigate the nature and severity of each type of damage. Sensoring and monitoring techniques will 
be described in more depth in a separate document in the near future.
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The image below provides an overview of the types of damages described in this document. Below the 
image is indicated on which page the damage type is explained (in a PDF reader this table of contents 
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A. ASR cracks

aSR stands for alkali-silica reaction (sometimes called 
alkali-aggregate reaction, aaR). typical indicators 
of aSR are random map cracking, often with visible 
white or yellow efflorescence. In advanced stages 
the swelling leads to closed joints and adjacent 
spalled concrete. Cracking usually appears in areas 
with a frequent supply of moisture, near the ground 
behind retaining walls, near joints and free edges in 
pavements.

MAJOR CAUSE
In most concrete, aggregates are more or less chemically inert. In concrete 
which is prone to ASR, aggregates containing certain forms of silica can react with alkali hydroxide in 
the cement stone to form a gel (ettringite formation). If exposed to water this gel swells. The swelling 
can induce enough expansive pressure to damage concrete from within. This results in cracking, 
reduction of mechanical properties (for example tensile strength) and decreased resistance against 
ingress of moisture and chlorides.

WHEN AND WHERE
ASR is commonly a slow process. ASR cracks can be observed after an age of five years of the structure, 
but often only after thirty years or more.

ASR only takes place when reactive aggregates and sufficient alkali are present and only manifests 
(cracks/efflorescence) when sufficient moisture is present.

Note that deicing salts and sea water are a source of alkali.

In tunnels it has been observed in walls of the entrance structure.

CONSEQUENCES AND RISKS
The effects of ASR can be very severe as the process is progressive and the concrete disintegrates. 
Structural safety may be at risk on the long term. 

The large amount of cracks significantly reduces the resistance against ingress of deleterious substances 
such as chlorides. This may lead to corrosion of the rebars. The concrete is also more prone to freeze 
thaw damage. 

In sever stages, delaminations within the concrete may occur, often parallel to the surface. In this 
direction tensile strength is reduced. 

A thorough investigation of the risks and consequences is needed when ASR is observed.

PREVENTIVE MEASURES
In The Netherlands CUR-aanbeveling 89 governs the prevention of ASR.

ASR can be prevented by choosing the right type of cement with low enough alkali content (usually 
with slag and/or fly ash). If that is not possible, the amount of reactive silica in the aggregates should 
be limited.

https://www.crow.nl/publicaties/cur-aanbeveling-89-2017
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SENSORING TECHNIQUES
Even before cracking, significant swelling of the concrete may occur. This could be visible on a structural 
level, for example in closing of the joints.

In theory the moisture content and saturation level increase in concrete with ASR (opposed to healthy 
concrete).

FORENSIC TOOLS
• Visual inspection can give an indication if ASR might be present but only petrographic examination 

on (cored) samples can conclusively identify ASR.

• CUR-aanbeveling 102 describes a method for inspection on ASR.

REPAIR AND MAINTENANCE
Focus should be on prevention. Once ASR is present in the structure it is very difficult to stop. To 
reduce the rate of attack one could prevent moisture from reaching the concrete.

Repair of the structure is not possible. However, structural reinforcement to mitigate loss of tensile 
strength can be possible. Strengthening with prestressing could give some extension of service life.

In some cases the structure can still function, especially when the structure is mostly loaded in 
compression. However, be aware that the damaged material might also lead to other degradation 
mechanisms.

MONITORING STRATEGIES
Perform visual checks during regular inspections. If ASR-like defects are observed at easy to inspect 
locations then it is advised to also check behind fire-protection plates or other coverings.

http://resolver.tudelft.nl/uuid:dadb17b6-b6c6-4c20-9493-58cb75ef343b
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B. Early age thermal cracks

Early age thermal cracks are not a degradation 
mechanism by themselves. It occurs within the first 
weeks after casting. Constructions with early age 
cracks are, however, more susceptible to other forms 
of degradation such as corrosion.

Early age cracks arise from restrained deformation during 
the hardening of concrete. Commonly there is a risk in mass 
concrete sections (thicker than 0.7 m) and/or when casting 
new to old concrete of thick to thin sections.

In tunnels the outer shell has the highest risk because these also 
facilitate the watertightness of the structure. Through-going cracks 
may lead to leakages.

MAJOR CAUSE
The major cause of these cracks is restrained deformation. During hardening concrete heats up and 
expands. At this stage the stiffness of the concrete is still low. At a later stage when concrete cools 
down again, it shrinks while having a higher stiffness. This shrinkage (increased by autogenous and 
drying shrinkage) may lead to tensile stresses if the shrinkage is restrained. This could then lead to 
cracks.

Restraint may come from internal gradients in the elements but also from the connection to other 
elements in the structure.

WHEN AND WHERE
Early age thermal cracks typically occur within four weeks after casting. Either when the concrete is at 
its warmest but especially when it is cooled down again.

Early age stresses may also lead to cracks after the concrete has cooled down to ambient conditions. 
For example in the first winter after casting, when the concrete cools down even further.

Cracks are typically found in walls on slabs, but can also be found in the roof or bottom slab, especially 
when cast on top of under-water-concrete.

CONSEQUENCES AND RISKS
In case of early age cracks in a structure this often leads to leakage in a tunnel. Repair is costly and not 
easy when it is difficult to have access to the location. Prevention in the design stage is often better 
than repair later on. On the long term, leaking cracks will lead to durability problems.
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PREVENTIVE MEASURES
The following measures can be used to prevent ‘leaking’ early age cracks:

• Optimise concrete mix (low heat, less – autogenous – shrinkage).

• Decrease mix temperature.

• Internal cooling during and after casting.

• Optimise casting sequence.

• Extra reinforcement to limit crack width.

• Use of insulation to lower T-gradients.

In the design stage FEM-simulations can be performed to analyse temperatures and stresses, and to 
assess the risk of cracking.

SENSORING TECHNIQUES
During construction temperature sensors could be installed to measure temperature differences and 
gradients. Together with the FEM-simulations from the design stage, this forms a method to control 
and monitor early age cracking.

FORENSIC TOOLS
• Visual inspection.

• Core extraction to check if cracks are only surface cracks or through cracks.

REPAIR AND MAINTENANCE
Early age thermal cracks arise from the hardening of the concrete and thus usualy occur only once. 
Crack injection according to CUR-aanbeveling 119 is an option.

MONITORING STRATEGIES
Perform visual inspections the first months after construction but also during several years just after a 
cold period. Cracks might develop in a later stage because internal stresses are still present.

https://www.crow.nl/publicaties/cur-aanbeveling-119-2016-gedrukte-versie
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C. Corrosion of reinforcement 
(overview)

Reinforcement corrosion can happen in concrete 
when the passive layer on the steel reinforcement 
is damaged due to different processes and when 
there is enough water and oxygen in the ‘rebar zone’ 
to enable the initiation of corrosion. Due to the 
corrosion of the reinforcement, the rebar expands and 
concrete can spall off.

There are different types of corrosion; the mechanisms are 
explained further in sections C1, C2 and C3.

MAJOR CAUSE
• Not enough cover depth on reinforcement.

• Poor quality of cover concrete (due to poor mix design or bad execution).

• Break-up of the protective passive layer on the reinforcement due to the presence of chloride 
(mixed in or as a result of ingress) and/or carbonation (decrease of pH value).

• (Too wide) cracks in concrete.

WHEN AND WHERE
Reinforcement corrosion can happen everywhere in the concrete structure but mainly on exposed 
surfaces. Once corrosion starts, it can take 5-10 years before it becomes visible, first as brown spots at 
the surface, followed by cracking or spalling of the concrete cover.

CONSEQUENCES AND RISKS
Corrosion of the reinforcement leads to:

• Brown spots on the surface.

• Cracking and spalling of the concrete in the cover zone.

• Concrete parts falling on the road, cars, people.

• Loss of rebar cross-section.

• Loss of bearing capacity.

• Collapse of (part of) the structure.

PREVENTIVE MEASURES
• Have proper design of amount of reinforcement, cover depth and concrete quality in cover zone. 

• Proper execution of the work, good quality of formwork (no leakages), right way of pouring, 
compacting and curing of the surface after removal of the formwork.

• Application of a coating on the surface to prevent chloride ingress and/or carbonation. 

• Cathodic protection as a prevention technique on vulnerable and/or inaccessible locations.
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SENSORING TECHNIQUES
• Sensoring and monitoring (changes in) the properties (diffusion, resistance, porosity, steel 

potential) of the cover concrete.

• Sensoring and monitoring the ingress of CO2 and chloride.

• No direct measurements yet available.

FORENSIC TOOLS
• Concrete cover thickness

• Half-cell potential

• Corrosion rate of steel reinforcement

• Concrete resistivity

• Carbonation depth and chloride profile.

• Air permeability.

• Visual inspection (however, by visual inspection one can only see the consequences of corrosion 
products such as corrosion-induced cracks, spalling of concrete cover, stains, etc.).

REPAIR AND MAINTENANCE
• Removal of the damaged and contaminated concrete (carbonated and or chloride), cleaning of 

rebars, replacing rebars and repair of cover concrete according to CUR-aanbeveling 118.

• Strengthening with externally applied carbon or prestressed steel. 

• Cathodic protection (preventive measurement for further corrosion; no repair method).

MONITORING STRATEGIES
Identify critical locations for corrosion in the tunnel and based on this assessment, make plans for 
periodic monitoring measures, including visual inspections (cracks and spalling and stains) and in situ 
testing (half-cell potential test, concrete resistance meter, carbonation, chloride ingress, etc.).

https://www.crow.nl/publicaties/cur-aanbeveling-118-2015-gedrukte-versie
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C1. Chloride-induced uniform 
corrosion

When a sufficient number of chloride ions penetrate 
through the concrete cover (or are mixed in) and 
reaches the reinforcing steel, the process of corrosion 
initiates. afterwards, active corrosion starts and the 
propagation stage begins. For the corrosion process 
to propagate, the presence of sufficient water and 
oxygen is also needed.

MAJOR CAUSE
• Severe environmental conditions as concrete is exposed to chloride 

ingress from sea water, deicing salts in combination with water and oxygen.

• Poor quality of concrete cover due to bad execution, poor curing and wrong mix design.

• Insufficient concrete cover: cover depth on steel reinforcement is not thick enough.

• Wrong choice of maximum allowable steel stress in combination with concrete cover quality, cover 
depth and exposure class.

WHEN AND WHERE
Chloride-induced corrosion can occur in all concrete structures exposed to aggressive environment 
(sea water or deicing slats). Depending on the size and quality of the concrete cover and the chloride 
load, it can take a few or many years before the chloride front reaches the rebars and the initiation of 
the corrosion process starts. After that it can take 5-10 years before the corrosion becomes visible as 
stains on the surface or cracking and spalling of the concrete cover.

CONSEQUENCES AND RISKS
Corrosion of the reinforcement leads to:

• Brown spots on the surface.

• Cracking and spalling of the concrete in the cover zone.

• Concrete parts falling on the road, cars, people.

• Loss of rebar cross-section.

• Loss of bearing capacity.

• Collapse of (part of) the structure.

PREVENTIVE MEASURES
• Provide appropriate concrete cover.

• Have proper design of amount of reinforcement, cover depth and concrete quality in cover zone.

• Casting and curing in order to be able to provide long-term concrete durability performance.

• Avoid early age and load-induced cracks.

• Cathodic protection.

• Application of a coating on the surface to prevent chloride ingress (and carbonation).
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SENSORING TECHNIQUES
• Concrete cover properties in real concrete structures (diffusion, porosity, resistance, permeability, 

degree of saturation) to be monitored in real-time. No direct measurement yet available.

• Moisture ingress and moisture profile sensoring in real-time. No direct measurement yet available.

• Steel potential measurements.

• Anode-ladder system (macrocell) of prof. Raupach.

• Real-time chloride ingress monitoring system (this technique is not yet available).

FORENSIC TOOLS
• Concrete cover thickness

• Half-cell potential

• Corrosion rate of steel reinforcement

• Concrete resistivity

• Carbonation depth and chloride profile.

• Air permeability.

• Visual inspection (however, by visual inspection one can only see the consequences of corrosion 
products such as corrosion-induced cracks, spalling of concrete cover, stains, etc.).

REPAIR AND MAINTENANCE
• Application of a coating on the surface.

• Concrete cover repair according to CUR-aanbeveling 118 (inclusive removal of the damaged and 
chloride contaminated concrete, cleaning of rebars and if necessary replacing of rebars).

• Repair may well be combined with installation of cathodic protection when chloride contamination 
is involved.

• Chloride extraction if necessary.

• Strengthening with externally applied carbon of prestressed steel.

MONITORING STRATEGIES
Identify critical locations for chloride induced corrosion in the tunnel and based on the assessment, 
make plans for periodic monitoring measures, including visual inspections (cracks and spalling 
and stains) and in situ testing (half-cell potential test, concrete resistance meter, chloride ingress, 
carbonation, etc.).

https://www.crow.nl/publicaties/cur-aanbeveling-118-2015-gedrukte-versie
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C2. Carbonation-induced 
corrosion

the carbon dioxide diffuses from the atmosphere 
into the capillary pores of concrete and combines 
with water, forming carbonic acid which then reacts 
with the alkali hydroxide, sodium, potassium and 
calcium, forming carbonates. 

Carbonation leads to the reduction of the pH value in 
concrete, which leads to corrosion, once the carbonation 
front reaches the reinforcement steel. the corrosion is 
uniform (no pitting).

MAJOR CAUSE
• Break-up of the protective passive layer on the reinforcement due to the ingress of CO2 (carbonation 

and decrease of pH value).

• Concrete structures exposed to a relative humidity between 50% and 70% are prone to higher 
progression of carbonation in concrete.

• Poor concrete cover quality leads to higher diffusivity of CO2 in concrete.

• The rate at which concrete carbonates depends on its permeability, degree of saturation, relative 
humidity, temperature and carbon dioxide concentration of the environment where the concrete is 
placed.

WHEN AND WHERE
Concrete elements, especially sheltered elements, which are exposed to a relative humidity between 
50% and 70% have higher risks of carbonation. Depending on the size and quality of the concrete 
cover it can take a few or many years before the carbonation front reaches the rebars and the initiation 
of the corrosion process could start. After that it can take some years before the corrosion becomes 
visible (cracking and spalling of the concrete cover). The progress of carbonation is at a rate proportional 
to the square root of time.

CONSEQUENCES AND RISKS
Corrosion of the reinforcement leads to:

• Brown spots on the surface.

• Cracking and spalling of the concrete in the cover zone.

• Concrete parts falling on the road, cars, people.

• Loss of rebar cross-section.

• Loss of bearing capacity.

• Collapse of (part of) the structure.
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PREVENTIVE MEASURES
• Proper concrete mix design and cover thickness for the designed service life.

• Appropriate execution of concrete casting and curing in the early age.

• Application of a coating/membrane on the surface to prevent CO2 ingress and carbonation. 

• Apply hydrophobic coating on concrete surface to limit any moisture and CO2 ingress in concrete cover.

• Cathodic protection.

SENSORING TECHNIQUES
• Real-time carbonation monitoring. No direct measurement yet available.

• Concrete cover performance in time towards carbonation.

• Relative humidity in real-time.

• Degree of saturation of cover concrete.

• Steel potential measurements.

FORENSIC TOOLS
• Currently measured by destructive techniques by drilling cores or create a fresh exposed surface by 

chiselling away the concrete cover.

• Concrete cover thickness

• Half-cell potential

• Resistivity measurement in concrete cover

• Visual inspection.

REPAIR AND MAINTENANCE
• Remove damaged and carbonated concrete cover and apply new concrete cover over the reinforcement 

steel, according to CUR-aanbeveling 118.

• Application of a coating on the surface.

• Apply a alkali based primer encapsulated in an epoxy based resin to the reinforcement steel before 
applying the new repair concrete.

• Above methods could be combined with applying cathodic protection.

• Electrochemical recalisation

• Strengthening with externally applied carbon of prestressed steel.

MONITORING STRATEGIES
Identify critical locations for carbonation induced corrosion in the tunnel and based on the assessment, 
make plans for periodic monitoring measures, including visual inspections (cracks and spalling and 
stains) and in situ testing (half-cell potential test, concrete resistance meter, carbonation, etc.).

https://www.crow.nl/publicaties/cur-aanbeveling-118-2015-gedrukte-versie
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C3. Microcell, macrocell and 
pitting corrosion

Concrete structures which are exposed to chlorides, 
are vulnerable to a particular form of steel corrosion: 
pitting corrosion. the precondition for corrosion 
initiation is that the passive film which protects the 
steel is broken down. When a sufficient number of 
chloride ions reach the steel surface, they break down 
the passive film locally to form an anode, while the 
passivated surface acts as a cathode.

MAJOR CAUSE
The soluble complex of iron chloride (FeCl2) increases the acidity of the 
anodic area (the pit) by lowering the pH value, which leads to further 
oxidation of the iron. Chloride ions are regenerated, and the rust contains 
no chloride. These chloride ions increase the corrosion rate in the pit 
(auto-catalytic mechanism of pitting corrosion).

WHEN AND WHERE
Pitting corrosion means that the chloride-induced corrosion is highly localised at a small anode, with 
pitting of steel taking place. A non-uniform expansion thus takes place. Localised (pitting) corrosion 
of reinforcing steel can cause damage to the surrounding concrete and significant steel cross-section 
reduction which might affect bearing capacity at specific spots.

CONSEQUENCES AND RISKS
Corrosion of the reinforcement leads to:

• Brown spots on the surface.

• Cracking and spalling of the concrete in the cover zone.

• Concrete parts falling on the road, cars, people.

• Loss of rebar cross-section.

• Loss of bearing capacity.

• Collapse of (part of) the structure.

PREVENTIVE MEASURES
• Lower water-cement ratio, proper usage of supplementary cementitious materials and other 

admixtures for enhancement of permeability of concrete.

• Optimise structural design (i.e. geometry, reinforcement rate, cover thickness) to prevent load-
induced cracks and ingress of external substance.

• Better casting and curing conditions to prevent early-age cracking.

• Cathodic protection.

• Application of a coating on the surface to prevent chloride ingress (and carbonation).
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SENSORING TECHNIQUES
• Real-time chloride ingress / carbonation monitoring system. 

• Concrete cover properties in real concrete structures (diffusion, porosity, resistance, permeability, 
degree of saturation) to be monitored in real-time.

• Moisture ingress and moisture profile sensoring in real-time.

• Steel potential measurements.

FORENSIC TOOLS
• Concrete cover thickness

• Half-cell potential

• Corrosion rate of steel reinforcement

• Concrete resistivity

• Carbonation depth and chloride ingress.

• Air permeability.

• Visual inspection (however, by visual inspection one can only see the consequences of corrosion 
products such as corrosion-induced cracks, spalling of concrete cover, stains, etc.).

REPAIR AND MAINTENANCE
• Concrete cover repair according to CUR-aanbeveling 118 (inclusive removing of the damaged and 

chloride contaminated concrete, cleaning of rebars and if necessary replacing of rebars).

• Application of a coating on the surface.

• Apply an alkali based primer encapsulated in an epoxy based resin to the reinforcement steel before 
applying the new repair concrete.

• Cathodic protection (preventive measurement for further corrosion; no repair method).

• Chloride extraction if necessary.

• Electrochemical assisted repair (EAR).

• Strengthening with externally applied carbon of prestressed steel.

MONITORING STRATEGIES
Assess the access of tunnels to chloride and oxygen and based on the assessment, make plans for 
periodic monitoring measures, including visual inspections (cracks and spalling and stains) and in situ 
testing (half-cell potential test, concrete resistance meter, chloride ingress, carbonation, etc.).

https://www.crow.nl/publicaties/cur-aanbeveling-118-2015-gedrukte-versie
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D. Surface damage by 
collision

too high vehicles or loads hit the entrance or 
installations in the tunnel. this can cause major 
damage on installations and a long period of 
unavailability of the tunnel.

MAJOR CAUSE
Most damages by ‘collision’ are caused by too high loaded 
trucks or too high positioned cranes. Also loose and moving truck 
tarpaulins or lashing straps can cause damaging of fire-protection 
mortar or panels. Explosions could also lead to surface damage.

WHEN AND WHERE
These damages are mainly found in the roof of the tunnel. Damages in walls 
are found in a lesser extend.

CONSEQUENCES AND RISKS
• Cracking and spalling of concrete can lead to loss of bearing capacity and negatively 

affect the long-term durability.

• Severe accidents can cause direct threats to human lives.

PREVENTIVE MEASURES
• Enhance the transport management (i.e. limitations of amount of traffic, speed and route of large 

vehicles, restrictions of vehicles that transport dangerous goods, etc.).

• Optimise the structural design (i.e. tunnel clearance, anti-collision facilities).

• Quick reactions for severe traffic accidents.

SENSORING TECHNIQUES
• Cover meter to look into the change of cover thickness.

• Ultrasonic pulse echo to check internal damage.

• Rebound hammer to estimate surface hardness.

• Penetration probe , pull-out pull-off devices to estimate the strength, uniformity and quality.

FORENSIC TOOLS
• Visual inspection.

• Ultra-sound scans to check damage in neighbouring structure/components.

REPAIR AND MAINTENANCE
• Application of new concrete cover.

• Implementation of anti-collision facilities.

MONITORING STRATEGIES
• Periodic visual inspections for the integrity of installations (e.g. ventilations, traffic lights, road 

surface etc.) that can be affected by large vehicles.

• Automatic and instant alarm system for severe accidents.



Page 17 of 62

PART 1 - Types of damage

E. Surface damage by frost-
thaw and deicing salt

the freezing temperature of water lowers through 
the use of deicing salt. this saline water gets into 
the pores of the top layer. Due to a combination 
of the temperature of the concrete and freezing 
temperature of the water in the pores, the water at 
the top layer and deeper part of the concrete freezes 
faster than the water directly under the surface. If this 
water freezes as well, the thin top layer breaks of. this 
phenomenon is known as scaling.

Porous aggregates can also lead to frost damage. these aggregates 
absorb water and damage can occur upon freezing.

MAJOR CAUSE
• Use of deicing salt

• Poor quality of cover concrete (due to poor mix design or bad execution)

• Wrong mix design (water-cement ratio too high)

• Porous aggregates with poor frost resistance.

WHEN AND WHERE
These damages are mainly found on horizontal surfaces or vertical surfaces that are in contact with 
saline water.

CONSEQUENCES AND RISKS
The accumulative effect of successive freeze-thaw cycles and disruption of paste and aggregate can 
eventually cause expansion and cracking, scaling, and crumbling of the concrete.

PREVENTIVE MEASURES
• Adaptation of mix-design:

 – Use of air-entraining agent.

 – Lower the water-cement ratio.

• Select aggregates that perform better in freeze-thaw cycles or, where marginal aggregates must be 
used, reduce the maximum particle size.

• Installation of effective drainage systems for carrying free water out from under the pavement.

SENSORING TECHNIQUES
• Measuring the saturation degree of the concrete with sensors in combination with temperature 

measurements.

• Placing humidity and temperature registration sensors in the tunnel.
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FORENSIC TOOLS
• Thermography for monitoring of heat transport and moisture movement.

• Ground penetrating radar for moisture content variations and cracks.

REPAIR AND MAINTENANCE
In most cases repair is not needed or a superficial repair is sufficient. If repair is necessary the top layer 
must be removed for several millimetres. After sufficient preparation of the damaged surface, the 
rough concrete surface can be smoothened with a repair mortar.

MONITORING STRATEGIES
• The moisture profile and temperature of the surface that in contact with saline should be monitored.

• Visual inspections for cracks appearing at the surfaces that are in contact with saline water.
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F. Surface damage by pop-out

the raw materials of concrete (cement, aggregates) 
can be contaminated with materials that swell after 
getting in contact with water. If present in the first 
centimetres of the concrete, moisture can reach 
the contamination and start to swell (clay or wood). 
Porous materials suck up water during mixing of the 
concrete. If the water stays in the contamination the 
porous material will expand by freezing during a cold 
period and press off a piece of concrete.

MAJOR CAUSE
• Contamination in aggregates in the top layer of the concrete (clay, wood 

or porous aggregates).

• Contamination of cement with lime (CaO) during transport. The lime in the concrete reacts with water 
causing expansion and cracking in the concrete cover.

WHEN AND WHERE
Pop-outs can be found on every type of concrete surface that gets wet or is in an atmosphere with high 
humidity.

CONSEQUENCES AND RISKS
Small or medium holes only influence the aesthetic quality.Large or deep holes may influence the long-term 
serviceability and safety of the structure.

PREVENTIVE MEASURES
• Use of quarry material.

• Use of aggregates without expansive impurities.

• Avoid contamination in cement (e.g. by certified transport).

SENSORING TECHNIQUES
Measuring the remaining cover thickness that could influence the durability of concrete.

FORENSIC TOOLS
• Visual inspection.

• Cover meter (PARAGRAAF 2.2.5).

REPAIR AND MAINTENANCE
In most cases there is no technical need for repair. Only if the level of contamination in the concrete is high 
and the process of popping out will not stop, repair is necessary. This an extreme case which occurs rarely.

MONITORING STRATEGIES
Holes up to about 1 mm in diameter and between 1 and 50 mm are considered small and medium 
pop-outs, respectively. In this case, the surface damage influence on structural safety can be neglected. 
Holes with larger size that cause significant reduction of cover thickness should be detected and monitored.
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G. Sulphate attack

Sulphate attack of hardened concrete can lead to the 
expansive formation of ettringite, which causes 
swelling and cracking of the concrete.

Under certain conditions the reaction product is 
not ettringite but thaumasite. this is much more 
harmful, because the cement matrix (calcium, 
silicate, hydrate – CSH) itself is consumed by 
the reaction, leading to severe loss of strength. No 
examples are known in the Netherlands.

MAJOR CAUSE
• Ettringite is formed by the reaction of the clinker mineral C3A with sulphates and 

water. High concentrations of sulphates can originate from the environment (e.g. seawater) or from 
polluted constituents of the concrete itself (e.g. gypsum in recycled aggregates). 

• Thaumasite can form at low temperatures (< 15 °C) if limestone (CaCO3) is a concrete constituent.

WHEN AND WHERE
Tunnels in marine environments are subject to sulphate attack. Land tunnels may be in contact with 
ground water containing sulphates.

The attack will take place at the outer side of the tunnel. If the concrete composition complies with the 
NEN 8005 sulphate attack will not take place in Dutch tunnels.

CONSEQUENCES AND RISKS
Sulphate can cause cracks that reduce the bearing capacity of tunnel and accelerate the degradation of 
linings induced by other processes such as chloride attack.

PREVENTIVE MEASURES
Damage can be prevented by adjusting the concrete composition:

• Lowering the water-cement ratio, reducing the penetration of sulphates.

• Use a high sulphate resistant (HSR) cement: CEM I with ≤ 3% C3A and ≤ 5% Al2O3, CEM III with 
>65% slag.

• Avoid pollution by e.g. gypsum of concrete constituents.

SENSORING TECHNIQUES
• Swelling of concrete can be monitored with strain gauges at the exterior (be aware that only total 

deformation can be measured).

• Cracking can be monitored with internal sensors.

FORENSIC TOOLS
• Visual inspection can give an indication if sulphate attack might be present but only petrographic 

examination can conclusively identify sulphate attack.

• Petrographic examination on (cored) samples.

https://www.nen.nl/nen-8005-2017-ontw-a1-2021-nl-275636
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REPAIR AND MAINTENANCE
If sulphates originate from the environment, damage will progress from the outside inwards. The 
damaged zone needs to be removed and repaired with a sulphate resistant material.

MONITORING STRATEGIES
• Visual inspection. 

• Periodical sampling and lab investigation of depth of degradation. These measurements can be 
used to predict further degradation.
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H. Delayed ettringite 
formation (DEF)

Delayed ettringite formation (DEF) may occur in 
concrete that reaches high temperatures during 
hardening (precast elements and/or mass concrete). 

It looks similar to aSR but occurs earlier. Often cracks 
may be observed within the first years after construction. 
Expansion and crazed crack patterns are common. Often 
with less (or no) efflorescence compared to aSR.

MAJOR CAUSE
DEF is a result of high temperatures (above 70 °C) in the concrete during 
the early stage (curing) which prevents the normal formation of ettringite. 
The ettringite forms in the hardened state of concrete. Expansion of the 
ettringite occurs in the presence of moisture, the availability of which will 
affect both the rate and the extent of expansion.

WHEN AND WHERE
DEF has caused cracking in some heat cured precast concrete components (typically railway sleepers 
and barriers) several years after the concrete was produced. 

DEF may also occur in in situ mass concrete structures resulting from the build up of heat from the 
heat of hydration in the early life of the structure.

CONSEQUENCES AND RISKS
The effects of DEF can be severe as the process is progressive and the concrete disintegrates. Structural 
safety may be at risk on the long term.

The large amount of cracks significantly reduces the resistance against ingress of deleterious substances 
such as chlorides. This may lead to corrosion of the rebars.

In severe stages, delaminations within the concrete may occur, often parallel to the surface. In this 
direction tensile strength is reduced. A thorough investigation of the risks and consequences is 
needed.

PREVENTIVE MEASURES
DEF can be prevented by keeping the temperatures of concrete in the early age below 70 °C.

SENSORING TECHNIQUES
Even before cracking significant swelling of the concrete may occur. This could be visible on a structural 
level, for example in closing of the joints. In theory the moisture content and saturation level increase 
in concrete with DEF (opposed to healthy concrete).

FORENSIC TOOLS
Visual inspection can give an indication if DEF might be present but only petrographic examination on 
(cored) samples can conclusively identify DEF.
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REPAIR AND MAINTENANCE
Focus should be on prevention. To reduce the rate of attack one could prevent moisture from reaching 
the concrete.

Repair is not possible. However, structural reinforcement to mitigate loss of tensile strength can be 
possible. Strengthening with prestressing could give some extension of service life.

In some cases the structure can still function, especially when the structure is mostly loaded in 
compression. However, be aware that the damaged material might also lead to other degradation 
mechanisms.

MONITORING STRATEGIES
Perform visual checks during regular inspections. If DEF-like defects are observed at easy to inspect 
locations then it is advised to also check behind fire-protection plates or other coverings.
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I. Chemical attack by 
microbial groundwater

Specific microbes – e.g. sulphate reducing bacteria 
(SRB), sulphur oxidizing bacteria (SOB), acid 
producing bacteria, nitrifying bacteria – easily 
corrode the pores of concrete by secreting biogenic 
acids and other metabolites, resulting in increased 
permeability of concrete and seepage.

this leads to the vigorous formation of a biofilm on the 
surface of the concrete, a reduction of the pH value to 
below two, and extensive formation of new minerals, mainly in 
the form of gypsum.

MAJOR CAUSE
Microbial induced corrosion of concrete is caused by organisms that grow in environments on concrete 
surfaces that offer favorable conditions (e.g. available water, low pH value). Conducive environments may 
have elevated relative humidity (e.g. between 60% and 98%), long cycles of humidification and drying, 
freezing and defrosting, high carbon dioxide concentrations (e.g. carbonation in urban atmospheres), 
high concentrations of chloride ions or other salts (e.g. marine environments) or high concentrations of 
sulfates and small amounts of acids (e.g. sewer pipes or residual water treatment plants).

WHEN AND WHERE
Colonisation of microbe often happens on the surface of concrete where the PH value keeps reducing 
because of some chemical reactions such as carbonation and neutralization of hydrogen sulfide. Then, 
the metabolism of microbe produce biogenic acids that cause the corrosion of concrete.

CONSEQUENCES AND RISKS
• Moss grows due to formation of biofilm. 

• Mass loss of concrete.

• Reduction of the section area of lining structural.

• Loss of bearing capacity.

PREVENTIVE MEASURES
Protection of concrete linings from microbial degradation can be enhanced by treatments with 
biocides or adding protective coatings such as water repellents. Changing the composition of the 
concrete mixture alters such variables as alkalinity and silica fume, as well as modification to polymers.

SENSORING TECHNIQUES
Sensoring techniques should mainly focus on the pH value of concrete, since a low pH value is a 
precondition for colonisation of microbe. 

Further, visual inspection and cover meter are used to discover the microbial induced corrosion and 
evaluate the severity degree.
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FORENSIC TOOLS
• Visual inspection.

• Cover meter (PARAGRAAF 2.2.5).

• Fibre optic sensors (PARAGRAAF 2.2.8).

REPAIR AND MAINTENANCE
• The concrete that is corroded should be removed and new layers of lining should be cast.

• Preventions of microbial induced corrosion should be carried out.

MONITORING STRATEGIES
Fibre optic sensors can be adopted to monitoring the change of pH value of concrete and give warnings 
before microbe colonisation.
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J. Fire induced spalling and 
degradation

Concrete exposed to high temperatures due to 
for example fire, can be damaged. Which type of 
damage occurs largely depends on the temperature 
and duration of the exposure. the type (density) of 
concrete can also be of influence. 

Concrete can exhibit cracking and even spalling. also, 
the concrete microstructure can be changed.

another risk during fire is heating of the steel rebars in 
concrete.

MAJOR CAUSE
Fire-induced elevation of temperature, producing high thermal stress and pore pressure, and further 
leading to spalling. Spalling may also occur during extinguishing

If the concrete gets heated above 250 °C chemically bound water evaporates changing the structure of 
the concrete and leaving increasingly porous concrete. Above 300 °C reinforcement strength reduces. 
Above 500 °C there is permanent loss of strength of reinforcement.

WHEN AND WHERE
Fires may occur during accidents.

CONSEQUENCES AND RISKS
• Spalling of concrete and exposure of reinforcement.

• Loss of strength and durability (increased porosity/permeability).

• Large deformations due to loss of stiffness and strength of reinforcement.

PREVENTIVE MEASURES
• Concrete mixtures with high permeability are generally less prone to spanning.

• Fireproofing layers may be added to reduce temperatures / delay damage.

• Sufficient concrete cover delays the effects of high temperatures on reinforcement.

SENSORING TECHNIQUES
Concrete damage due to fire is incidental. Commonly if no visual damage is seen, the concrete is 
usually fine.

FORENSIC TOOLS
• Compressive strength testing by means of concrete coring.

• Compressive strength by means of rebound hammer 

• Tensile strength and strain testing on rebars.

• Petrographic microscopy on thin sections made from concrete cores.

• FEM-simulations.
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REPAIR AND MAINTENANCE
• New lining should be casted to where spalling happens.

• Repair should also be done at the area near the spalling spots. 

• Fireproof materials reapplied.

MONITORING STRATEGIES
Fire damage is usually local and incidental. Monitoring is not required.
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K. Cracking due to stray 
currents

a repeated trainload action leads to a considerable 
reduction of the insulation between the rail and 
ground, allowing the penetration of water and 
aggressive ions from the humid environment.

When the stray current flows in and out of the 
reinforced concrete, the nearby rebar becomes partly 
the anode (where the stary current ‘leaves’ the rebar) 
and oxygen-consuming corrosion occurs. Once rebar 
corrosion initiates, the corrosion products expand many times 
by their original amount, resulting in concrete cracking and spalling 
and (in the end) structural failure.

MAJOR CAUSE
• Failure of insulation between rail and ground.

• Environment with high chloride concentration.

• Improper mix design.

• Failure or absence of earth connection of the reinforcement, installations, etc. in the tunnel.

WHEN AND WHERE
It often happens in electrified railway tunnels at areas where chloride concentration is high and the 
reinforcement is not connected to earth.

CONSEQUENCES AND RISKS
Corrosion of the reinforcement at stray current locations leads to:

• Brown spots on the surface.

• Cracking and spalling of the concrete in the cover zone.

• Loss of rebar cross-section.

• Loss of bearing capacity.

• Collapse of (part of) the structure.

PREVENTIVE MEASURES
• Increase the rail-to-earth resistance. 

• Reduce the resistance of the return current path.

• Usage of steel fiber with electrical double layer developed on the steel surface.

• Reduce water-cement ratios to enhance chloride resistance and promote tensile strength.

• Make enough earth connections in the construction (reinforcement, installations, etc.).

SENSORING TECHNIQUES
• Sensoring the resistance of the insulation between the rail and ground.

• Sensoring and monitoring (changes in) the cover depth and the properties (diffusion, resistance, 
porosity, potential) of the concrete cover.
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FORENSIC TOOLS
• Visual inspection.

• Half-cell potential

• Corrosion rate of steel reinforcement

• Concrete resistivity

• Resistance of steel parts (reinforcement, installations, etc.) to the earth (presence of an earth 
connection).

REPAIR AND MAINTENANCE
• Applying new insulation coating on the interface between rail and ground.

• Cathodic protection (preventive measurement for further corrosion, no repair method).

• Cleaning of rebars, replacing rebars and repair of cover concrete according to CUR-aanbeveling 118.

• Make enough earth connections in the construction (reinforcement, installations, etc.).

MONITORING STRATEGIES
• Monitoring the resistance of insulation between the rail and ground.

• Measuring the corrosion rate / potential of the reinforcement.

• Measuring the resistance of steel parts (reinforcement, installations, etc.) to the earth (presence of 
an earth connection).

https://www.cur-aanbevelingen.nl/cur-aanbeveling-118
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L. Degradation of fire 
protection boards after a 
collision

Scratches in the fire protection boards lead to a 
thinner board coverage of the concrete and may 
cause spalling of the concrete in case of a fire.

MAJOR CAUSE
Vehicles that are too high cause collision damage to the tunnel 
ceiling.

WHEN AND WHERE
On the surface of the fire protection board.

CONSEQUENCES AND RISKS
A reduction of the fire protectiveness and a decrease of the structural integrity of the tunnel.

PREVENTIVE MEASURES
A better control of the height of the vehicles (using a vehicle height detection system).

SENSORING TECHNIQUES
Visual inspection.

FORENSIC TOOLS
Visual inspection.

REPAIR AND MAINTENANCE
Immediate action is required when cracks in a fire protection board are visible after a collision.

Small scratches in fire protection boards, up to 10 mm, can be filled with a repair seal or mortar (ask 
the manufacturer of the fire protection board for advice). 

Scratches larger than 10 mm necessitate a replacement of the damaged fire protection board. The 
board can be broken due to the damage, therefore there is a risk that the board doesn’t offer enough 
protection anymore against fire.

MONITORING STRATEGIES
Periodic visual inspections and a visual inspection after every severe accident.
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M. Cable penetration through 
the fire protection 
system

Holes through fire protective systems for signal 
or electrical cables are not always sealed with fire 
protective sealant. this can lead to spalling of 
concrete in case of fire.

MAJOR CAUSE
Often the penetration of installation cables through the fire 
protection system is not taken into account during construction or 
after replacing the tunnel technical installations.

WHEN AND WHERE
All locations where installation cables go through fire protection systems.

CONSEQUENCES AND RISKS
Holes in the fire protective system can lead to spalling of the concrete in case of fire.

PREVENTIVE MEASURES
• Awareness of these details in the design phase of the tunnel.

• Better control during maintenance.

• Awareness when replacing the tunnel technical installations.

SENSORING TECHNIQUES
Visual inspection.

FORENSIC TOOLS
• Visual inspection.

• Check whether all holes through the fire protection system are filled with a fire protective sealant 
after placing the signal and electrical cables.

REPAIR AND MAINTENANCE
Using the right material for the sealant. Ask a specialist and make sure that the detail is tested by an 
accredited, independent test laboratory.

MONITORING STRATEGIES
Visual inspection.
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N. Drill holes in the fire 
protection system

Unprotected (old) drill holes in the fire protection 
system can cause corrosion of the rebar and can lead 
to concrete spalling in case of fire.

MAJOR CAUSE
Miss drills and removal of old tunnel technical installations.

WHEN AND WHERE
• After removal of an old installation.

• Miss drills during installation of the fire protection system.

CONSEQUENCES AND RISKS
Unprotected drill holes can cause corrosion of the rebar and can lead to concrete spalling in case of fire.

PREVENTIVE MEASURES
• In new tunnels miss drills during the installation can be prevented by scanning for rebar.

• After removal of the old tunnel technical installation immediately fill the old drill holes.

SENSORING TECHNIQUES
Cover meter.

FORENSIC TOOLS
Visual inspection.

REPAIR AND MAINTENANCE
Repair with sealant or repair mortar. 

Be aware that there is a upper limit to which the drill hole may be closed. In case the diameter of the 
drill hole exceeds the maximum allowable diameter as stated by the manufacturer an additional board 
of the same material and thickness has to be used.

MONITORING STRATEGIES
Visual inspection and measurement of cover thickness.
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O. Damage of the fire 
protection system 
caused by leakage

Water leakage is easily noticeable by dark spots in 
the fire protection system. Leakage must be repaired 
at an early stage to prevent larger leakage.

Water usually will contain chlorides from the 
environment. Chloride ingress can cause corrosion of 
rebar. Water can also damage the fire protection system. 
Dependable on the amount of leakage it can destroy the 
composition of the material.

MAJOR CAUSE
The cause of leakage depends on the type of joint, seal or gasket:

• Dilatation joints: most common cause of leakage is by imposed loads or deformation, surcharge 
loads or even by overloading.

• Gina gasket and omega seals (immersed tunnels): loss of prestress.

• Omega seals (immersed tunnels): degradation of the fastener.

• Tunnel segment gaskets (bored tunnels): assembly errors or loss of applied sealing element 
compression.

WHEN AND WHERE
Joints in immersed tunnels can be full of water containing a high concentration of chlorides. Chloride 
and water can penetrate into the joint from both outside and inside. In a lot of cases the clamping 
frame of joints will be affected by corrosion.

CONSEQUENCES AND RISKS
Massive leakage can directly harm the serviceability of the tunnel. Long-term leakage can accelerate 
the ingress of water and chloride into concrete which causes corrosion of the rebar.

PREVENTIVE MEASURES
To prevent leaking both design and execution have to be perfect. If one of those factors fail, the impact 
can be huge.

SENSORING TECHNIQUES
• Visual inspection for leakage spots and measuring the deformation of the joints. 

• For leakage spots monitoring of chloride and water content inside concrete near the joint should be 
performed periodically.

• Electrical half-cell potential (PARAGRAAF 2.2.7).

FORENSIC TOOLS
Visual inspection (endoscopy). Look for degradation of parts of the joint and wet spots near joints.
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REPAIR AND MAINTENANCE
The system needs to be replaced when the fire protection system shows an increase in thickness.

MONITORING STRATEGIES
Most of the fire protection systems can withstand leakage for a long period. However, this also 
depends on the amount of leakage.

Sometimes the leakage cannot be stopped. In that case the leakage has to be checked in every 
maintenance period and extra attention is needed for increase in thickness of the fire protection 
system.
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P. Degradation of metals: 
electro-galvanic 
corrosion

If different metal types are in contact with each other, 
the ‘lower’ type (less noble metal) will corrode if 
one of the metal parts is present in an environment 
that makes corrosion possible. the ‘lower’ metal type 
corrodes and thereby delivers the electrons for the 
corrosion process and protects the ‘higher’ (more noble) 
metal type.

MAJOR CAUSE
Use of improper combinations of materials (metals) or lack of sufficient separation of different types of 
metals.

WHEN AND WHERE
Mostly seen in places where stainless steel or aluminium gets in contact with galvanised steel. Often in 
combination with stainless steel bolts and galvanised nuts or aluminium product fastened with stainless 
steel parts.

CONSEQUENCES AND RISKS
Corrosion of internal metals can cause expansion-induced stress and then cracks and eventually spalling.

Corrosion of joint bolts can cause loss of joint strength and reduce the structural bearing capacity.

PREVENTIVE MEASURES
• Use correct design based on a proper separation of different types of metals.

• Use identical metals.

• Use plastic rings or plates to separate different metals.

• Use isolation materials (moisture and oxygen).

SENSORING TECHNIQUES
Visual inspection for corrosion.

FORENSIC TOOLS
Visual inspection.

REPAIR AND MAINTENANCE
• Replacement of corroded parts.

• Use plastic rings or plates to prevent new corrosion.

• Isolate the metal parts completely for oxygen and moisture.

MONITORING STRATEGIES
Visual inspection.



Page 36 of 62

PART 1 - Types of damage

Q1. Damage due to differential 
settlements

When one section of the tunnel settles at a faster rate 
than an adjacent one, uncoordinated deformations 
occur. these deformations induce stresses and strains 
in the concrete structure, which may lead to structural 
damage (cracks, concrete spalling).

MAJOR CAUSE
• Very soft and variable ground conditions leading to uneven 

foundation conditions (distribution of soils with different 
properties i.e. stiffness, strength, etc.).

• Events during the installation of the man made foundation (sand flow or 
gravel bed).

• Uneven load conditions (instant change of surcharge loads/ground cover).

• Sudden change of structural forms/foundation design (e.g. piles under cut-and-cover and 
immersed tunnels as gravity based structure).

WHEN AND WHERE
• Differential settlements may occur immediately after the tunnel is constructed or may be triggered 

by an external factor.

• Immersed tunnels are prone to settlements because of their foundation (sand foundation).

• Settlements occur in tunnels crossing soft soil strata, especially at changes in soil properties and 
structural layout.

CONSEQUENCES AND RISKS
Excessive differential settlement in tunnel structures causes damage to the concrete structure and 
water barriers. Leakages may occur subsequently.

Differential settlement can result in cracking and water/soil leakage in tunnels, leading to an increased 
settlement rate and voids in the foundation.

PREVENTIVE MEASURES
• Proper and robust design (awareness of the potential  risks of underground).

• Internal support for lining structure. 

• Grouting procedure to enhance the properties of surrounding soil. Note: should have been part of 
the design.

• Special structural design such as incorporation of flexible joint.

SENSORING TECHNIQUES
• Optical or using tilt sensors.

• Monitoring for deformation of linings at characteristic point such as the vault. This requires that the 
tunnel owner also knows how to interpret the data.
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FORENSIC TOOLS
• Visual inspection, acoustic emission, ground penetrating radar, etc.

• Strain gauges.

• Tilt sensors.

• Automated 3D imaging and interpretation.

• Settlement monitoring and structural health analyses (SHAs) to assess structural condition and 
spare capacity.

REPAIR AND MAINTENANCE
• Create voids (saw cuts) to allow for movement in joints.

• Compensation grouting (no experience in The Netherlands yet).

MONITORING STRATEGIES
• Monitoring of the settlement rate of characteristic points such as the vault.

• Monitoring of joint widths. 

• At discrete moments in time (once or twice a year or less) or continuous, depending on the 
settlement rate. 

• Quantification of damage in concrete lining.

• Inspecting deformations of outfitting in tunnel such as rail track.

• Structural health analyses (SHAs) to assess structural condition and spare capacity.



Page 38 of 62

PART 1 - Types of damage

Q2. Damage due to 
settlements of adjacent 
structures

Excavation of adjacent tunnels will change the 
already balanced stress field and induce settlements, 
leading to additional loads and bending moments on 
the existing tunnels, and further causes damages.

MAJOR CAUSE
• Excavation of tunnels or construction pits near existing tunnels.

• Installing massive loads on the surface which interact with existing 
tunnels.

• Construction of piles or foundations.

WHEN AND WHERE
Settlements can happen immediately after the tunnel linings are cast, and the settlement process 
goes on if no measures are taken.

It often happens in tunnels crossing soft soil strata, especially at the sections where soil properties and 
structural forms change drastically.

CONSEQUENCES AND RISKS
Excessive settlements in tunnel structures can result in cracking and water/soil leakage in tunnels, 
which severely influence the durability and serviceability of tunnel.

PREVENTIVE MEASURES
• Grouting procedure to enhance the soil properties around the existing tunnel and new-constructed 

tunnel.

• Reinforcement of linings at the sections that are influenced by new-constructed structures (in the 
case of bored tunnels).

• (Temporary) structural measures to prevent structural damage.

SENSORING TECHNIQUES
Continuous monitoring for deformation of linings at characteristic point such as the vault. Usually the 
monitoring is only applied during the construction of the adjacent structure.

FORENSIC TOOLS
• Visual inspection, acoustic emission, ground penetrating radar, etc.

• Strain gauge.

• Total station (optical).
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REPAIR AND MAINTENANCE
• Compensation grouting to improve the soil qualities or relief drillings in the case of tension 

build-up in the subsoil.

• Change of pavement or rails.

• Structural injection and/or water sealing.

MONITORING STRATEGIES
Define the sections that are sensitive to adjacent structures by mechanical analysis or numerical 
modelling.

At sensitive sections:

• Monitoring the deformation of lining structure

• Measuring the surface cracking and internal damage of concrete lining.

• Inspecting the damage of accessories such as rail track.
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Q3. Damage due to traffic loads 
induced-settlements

Massive vehicles can cause excessive settlements and 
may directly lead to failure of foundation. 

traffic loads are usually considered as cyclic loading 
which result in accumulative settlement of the 
foundation soil and accumulative damage to the 
concrete structure, pavement and outfitting.

MAJOR CAUSE
• Overloading by massive vehicles or exceptional transports.

• Cumulative effects of cyclic traffic loads.

WHEN AND WHERE
For massive vehicles, the settlement happens immediately, depending on the loading speed.

For regular vehicles, settlements happen gradually along with the serviceability time of the tunnel.

CONSEQUENCES AND RISKS
Excessive settlements in tunnels can result in cracking and water/soil leakage in tunnels, which 
influence the durability and serviceability of tunnel.

PREVENTIVE MEASURES
• Strict enforcement to limit maximum size and weight of accessible vehicles.

• Periodic inspection for pavement or rails.

SENSORING TECHNIQUES
Continues monitoring for damage and deformation of concrete lining at characteristic point such as 
the vault. This requires that the tunnel owner also knows how to interpret the data.

FORENSIC TOOLS
• Visual inspection, acoustic emission, ground penetrating radar (PARAGRAAF 2.2.9), etc.

• Strain gauges.

• Tilt sensors.

• Total station (optical).

• Automated 3D imaging and interpretation.

REPAIR AND MAINTENANCE
• Internal support to slow the settlement rate and grouting procedure to improve the soil qualities.

• Change of pavement and rails.

MONITORING STRATEGIES
• Evaluate the strength and stiffness of underlying soils under cyclic loading.

• For the sections where soils of poor quality are present, continuous monitoring of settlement rate 
and damage process of concrete lining, pavement and rails is required.
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R1. Water leakage (through 
joints, seals or gaskets)

Damage of joints, seals of gaskets can lead to leakage 
of water by several causes. Water leakage needs to be 
repaired in order to prevent major leaking.

Water will probably contain chlorides from the 
environment. Chloride ingress can cause corrosion of 
reinforcement in the end, see also section C.

MAJOR CAUSE
Causes of leaking depending on the type of joint, seal or gasket.

• Dilatation joints: most common by imposed loads or deformation, 
surcharge loads or even by overloading.

• Gina gasket, omega seals (immersed tunnels): loss of prestress.

• Omega seals (immersed tunnels): degradation of the fastener.

• Tunnel segment gaskets (bored tunnels): mostly by differential setting of tunnel segments.

WHEN AND WHERE
• Immersion joints in an immersed tunnel can be filled with water, containing high concentration of 

chlorides. Chloride and water can penetrate into the joint from both outside and inside, through the 
asphalt. In a lot of cases the clamping frame of joints will be affected by corrosion.

• Dilatation joints by leaks around the waterstop seal.

CONSEQUENCES AND RISKS
Water leakage along the joints can harm the serviceability of tunnel and can also accelerate the 
degradation of concrete lining by corrosion induced by ingress of water and various chlorides.

PREVENTIVE MEASURES
To prevent leaking both design and execution have to be perfect. If one of those factors fail, the impact 
can be huge.

SENSORING TECHNIQUES
Moisture sensors near joints at critical places.

FORENSIC TOOLS
Visual inspection (endoscopy, PARAGRAAF 2.2.8), looking for degradation of parts of the joint and wet 
spots near joints.

REPAIR AND MAINTENANCE
Depending on the cause of the leakage this needs to be repaired in order to prevent major leaking.

MONITORING STRATEGIES
For high-risk sections such as the sections at complex strata composed of soft-hard soils and sections 
suffered from high water pressure, continuous monitoring for the deformation of joints should be 
carried out.
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R2. Failure of gasket/seal

Prestressed sealing gaskets at the joints of a tunnel are 
meant to resist the ingress of external pressurized 
water. Once the compressed stress of gasket is lost 
due to either degradation of mechanical properties 
of gasket or large joint deformation (mostly induced 
by settlements), water can penetrate into the gasket 
and result in water leakage.

MAJOR CAUSE
UV/ozon exposure by direct sunlight, aging, fire and chemicals 
can cause the deteriorate the mechanical properties of gasket.

Settlements can cause joints opening/ offset and result in loss of prestress, 
which lead to failure of waterproof.

WHEN AND WHERE
This type of failure can occur during the entire serviceability time of the tunnel. But with proper design, 
the effectiveness of gasket sealing can last a long time.

Failure of gasket happens at the joints of tunnels, especially at the sections exposed to high water 
pressure, intensive chemical concentration and drastic changes in soft-hard soil strata or direct 
sunlight.

Walls of open tunnels or ramps might open up during their lifespan. This may cause an opening with 
direct sunlight.

CONSEQUENCES AND RISKS
Water leakage along the joints can harm the serviceability of tunnel, and can also accelerate the 
degradation of concrete lining by corrosion induced by ingress of water and various chlorides.

PREVENTIVE MEASURES
• Proper design of lining structure to avoid large joint deformation.

• With consideration for water pressure, natural aging and joint deformation, properly design the 
lay-out, material and geometry of section forms for sealing gasket to maintain enough compression 
stress during the serviceability.

SENSORING TECHNIQUES
The sensoring techniques mainly aim to measure the deformation of joints, which can directly result in 
relaxation of compression stress of gasket.

Lab tests and numerical modelling can performed beforehand to investigate the aging patterns of 
mechanical properties of gaskets and make predictions.

FORENSIC TOOLS
• Visual inspection.

• Strain gauge.

• Total station (optical).
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REPAIR AND MAINTENANCE
Depending of the type of leakage inject with gel or polyurethaan according to CUR-aanbeveling 119.

MONITORING STRATEGIES
For high-risk sections such as the sections at complex strata composed of soft-hard soils and sections 
suffered from high water pressure, continuous monitoring for the deformation of joints should be 
carried out.

https://www.crow.nl/publicaties/cur-aanbeveling-119-2016-gedrukte-versie
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S1. Road surface: degradation 
of asphalt

there are three main types of asphalt degradation:

1. Cracking
Several types of cracking can occur: edge cracks, 
fatigue cracking, block cracking or longitudinal 
cracking.

2. Distortion
Channels or ruts, corrugations and bubbling, 
shoving, grade depressions, upheaval and utility 
cut depressions.

3. Disintegration
Types of asphalt disintegration include, potholes, raveling, delamination, 
gas and oil spillage.

MAJOR CAUSE
• Mechanical dislodging due to traffic.

• Inadequate compaction during construction.

• Insufficient or improperly compacted base below the asphalt.

• Improper temperature of asphalt when applied.

• Poor drainage.

• Weather issues.

WHEN AND WHERE
It depends on type of degradation.

• Degradation can happen during the serviceability time, when passing vehicles produce dynamic 
loads and frictions to damage the bond. This can be on the surface of the pavement. 

• The other main cause of degradation of asphalt is external disturbance during the construction 
process such as slow stirring, transporting, transferring and grouting on site.

CONSEQUENCES AND RISKS
Cracking of asphalt provide paths for moisture (damage) and the development of damage such as 
stripping, slippage cracks and pavement deformation.

Distortion can adversely influence the homogeneity, mechanical strength and durability of cement 
asphalt mortar (CAM), which may cause structural failure such as surface peeling.

Disintegration results in loose debris on the pavement, roughness and water collecting in the 
disintegrated areas.

PREVENTIVE MEASURES
• Increase the thickness or stiffness of surface layers.

• Improvement of asphalt mixture and construction quality.

• Use of stabilizer can significantly improve the consistency and stability of asphalt.

• Strict limitations for access of overloading vehicles.
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SENSORING TECHNIQUES
• Visual inspection. 

• Techniques for cracks/void of asphalt or concrete can also be applied to detect bubbling-induced 
cracks.

• The sensoring techniques should mainly detect two most common causes of delamination: loss of 
bond and stripping.

FORENSIC TOOLS
• Acoustic emission (PARAGRAAF 2.2.3).

• Ground penetrating radar (PARAGRAAF 2.2.9).

• Ultrasonic pulse velocity (PARAGRAAF 2.2.10).

• Ultrasonic pulse echo (PARAGRAAF 2.2.11).

• Thermography (PARAGRAAF 2.2.12).

• Rebound hammer (PARAGRAAF 2.2.13).

• REPAIR AND MAINTENANCE

Repair for pavement varies depending on its severity and root cause of the degradation or damage. In 
general, if the damage is present in only small, localised areas, remove the damaged pavement and 
replace it. For large damaged areas it is better to remove the damaged pavement and apply an overlay.

MONITORING STRATEGIES
• Periodic visual inspection. 

• Ground penetrating radar.



Page 46 of 62

PART 1 - Types of damage

S2. Road surface: asphalt 
ravelling

asphalt ravelling is the progressive disintegration 
of an asphalt layer from the surface downward. It 
is a consequence of the dislodgement of aggregate 
particles.

MAJOR CAUSE
• Dust coating on the aggregate that induces debonding 

between aggregate and mortar.

• Aggregate segregation (not enough fine particles in the asphalt 
mixture).

• Inadequate compaction during construction.

• Mechanical dislodging due to traffic.

• Weather issues.

WHEN AND WHERE
• Asphalt ravelling starts subtle. Slowly it makes its way through the asphalt. It leaves an ugly 

pockmarked and gray asphalt driveway that is much more susceptible to damage. 

• Ravelling occurs on locations with poor asphalt quality (low density and or poor bonding).

• Locations where water accumulates are more prone to damage.

• Locations with freeze-thaw action in combination with water.

CONSEQUENCES AND RISKS
Asphalt ravelling results in loose debris on the pavement, roughness, water collecting in the ravelled 
locations which can result in vehicle hydroplaning and loss of skid resistance.

PREVENTIVE MEASURES
• Improve construction quality and mixture.

• Strict limitations for access of overloading vehicles.

SENSORING TECHNIQUES
• Severe ravelling phenomena are easy to detect with visual inspection. 

• Techniques for cracks/void of asphalt or concrete can also be applied to detect ravelling-induced 
damage.

FORENSIC TOOLS
• Visual inspection.

• Ground penetrating radar (PARAGRAAF 2.2.9).
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REPAIR AND MAINTENANCE
Repair of ravelled pavement varies depending on its severity and root cause. If the ravelling is present 
in only small, localised areas, remove the ravelled pavement and replace it. For large areas of ravelling, 
general asphalt damage is generally the culprit. The damaged pavement is generally removed in this 
case, and an overlay is applied.

MONITORING STRATEGIES
• Periodic visual inspection for ravelling phenomena.
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S3. Road surface: joints

Joints are discontinuities in the pavement slab that 
are necessary to allow for expansion, contraction and 
warping. Damage of joints, seals or gaskets can lead 
to leakage of water by several causes.

MAJOR CAUSE
• Traffic load/intensity.

• Aging of flexible materials.

• Poor design (not fit for purpose).

• Poor workmanship during application.

• Damage due to asphalt maintenance.

• Joint movement not followed by top layer.

WHEN AND WHERE
Road surface joints failing before the end of the service life may be caused by aging of flexible materials, 
wear and tear or poor installation. Leakage or wet spots close to the joint are a giveaway of a degraded 
joint.

CONSEQUENCES AND RISKS
Damage of joints, seals or gaskets can lead to leakage of water by several causes. Water leakage needs 
to be repaired in order to prevent major leaking.

Water will probably contain chlorides from the environment. Chloride ingress can cause corrosion of 
reinforcement in the end. 

Damaged surface might cause traffic accidents.

PREVENTIVE MEASURES
• Cleaning of rubber seals.

• Regular inspection by specialist.

• Review design.

• More information: see Handboek inspectie voegovergangen (conforms with CUR-aanbeveling 117) 
or Handboek voegovergangen.

SENSORING TECHNIQUES
Moisture sensor or visual assessment.

FORENSIC TOOLS
• Visual inspection.

https://www.crow.nl/publicaties/handboek-inspectie-voegovergangen
https://www.pveno.nl/handboek-voegovergangen/
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REPAIR AND MAINTENANCE
• Bituminous joints should be replaced with every asphalt replacement.

• Depending on the severity of the degradation of the joints:

 – Replacement of rubber seals.

 – Full replacement of joints.

MONITORING STRATEGIES
Regular visual inspection combined with asphalt inspection. Look out for degradation of parts of the 
joint and wet spots near joints.
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2.1 Visual inspection
• Measuring tapes or rulers.

• Markers.

• Thermometers, anemometers.

• Binoculars, telescopes, borescopes, endoscopes.

• Crack width measuring device.

• Magnifying glass.

• (Video) camera (with different lenses and filters).

• Portable colour chart.

• Hammer / chisel / screwdriver.

• Plastic bags to collect evidence.

• Digital recording of observations.

• Strong flashlight.

• (Digital) calliper.

• Personal protective equipment.
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2.2 Non-destructive techniques
2.2.1 When?

• Quality control of precast units or construction in situ.

• Removing uncertainties about the acceptability of the material supplied owing to apparent 
non-compliance with specification.

• Confirming or negating doubt concerning the workmanship involved in batching, mixing, placing, 
compacting or curing of concrete.

• Monitoring of strength development in relation to formwork removal, cessation of curing, 
prestressing, load application or similar purpose.

• Location and determination of the extent of cracks, voids, honeycombing and similar defects within 
a concrete structure.

• Determining the concrete uniformity, possibly preliminary to core drilling, load testing or other 
more expensive or disruptive tests.

• Determining the position, quantity or condition of reinforcement.

• Determining corrosion and corrosion conditions of the reinforcement.

• Determining moisture conditions of the concrete cover.

• Increasing the confidence level of a smaller number of destructive tests.

• Determining the extent of concrete variability in order to help in the selection of sample locations 
representative of the quality to be assessed.

• Confirming or locating suspected deterioration of concrete resulting from such factors as 
overloading, fatigue, external or internal chemical attack or change, fire, explosion, environmental 
effects, moisture.

• Assessing the permeability of the concrete cover.

• Monitoring long term changes in concrete properties.

• Providing information for any proposed change of use of a structure for insurance or for change of 
ownership.

2.2.2 Overview methods
Note: some methods are explained in more detail in the next paragraphs.

• Visual inspection (see PARAGRAPH 2.1).

• Half-cell electrical potential method, used to detect the corrosion potential of reinforcing bars in 
concrete.

• Schmidt/rebound hammer test, used to evaluate the concrete strength/surface hardness of 
concrete.

• Permeability test, used to measure the flow of gas or water through the concrete cover, for example 
Torrent-probe (gas) or Karstenbuis (water).

• Moisture testing with a ‘Microwelle Gerät’, on the surface, in depth and or behind coatings.

• Wenner probe measurements used to determine the resistivity of the concrete cover.

• Penetration resistance or Windsor probe test, used to measure the surface hardness and hence the 
strength of the surface and near surface layers of the concrete.

• Cover meter testing, used to measure the distance of steel reinforcing bars beneath the surface 
of the concrete, the geometry of the reinforcement and possibly to measure the diameter of the 
reinforcing bars. Maximized by 100 mm beneath the concrete surface.

• Radiographic testing, used to detect voids, cracks and delamination in the concrete and the 
position of stressing ducts.

• Ultrasonic pulse velocity testing, mainly used to measure the sound velocity of the concrete and 
hence the compressive strength of the concrete.
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• Sonic methods using an instrumented hammer providing both sonic echo and transmission 
methods.

• Tomographic modelling, which uses the data from ultrasonic transmission tests in two or more 
directions to detect voids, cracks and delamination in concrete.

• Impact echo testing, used to detect voids, delamination and other anomalies in concrete.

• Ground penetrating radar or impulse radar testing, used to detect the position of reinforcing bars or 
stressing ducts.

• Infrared thermography, used to detect voids, delamination and other anomalies in concrete and 
also detect water entry points in buildings.

2.2.3 Method: acoustic emission
• Pick up sound when damage (cracking) progresses.

• Continuous monitoring.

• Interpretation requires experience and skills.

• Locating source of failure with a few sensors.

• Equipment costs are high.

• Method requires loading of structure.

• Perfect for lab testing.

2.2.4 Method: concrete resistance meter
• Wenner probe.

• Resistivity is related to moisture content and concrete quality.

• Indication of rate of corrosion.

• Low expertise required.

• Equipment is inexpensive.

• Many measurements in short time.

• Useful in conjunction with other methods, like half-cell 
potential.

• Not reliable at high moisture contents.

• Needs calibration for precise results.
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2.2.5 Method: cover meter
• Electromagnetic search probe.

• Indicates location, cover-depth and diameter of reinforcing bars.

• Common usable range is < 80 mm. Accuracy ± 1x rebar Ø.

• Very closely spaced bars and transfer steel, wires, ties, etc. can give problems.

• Destructive verification at couple of locations advised.

• Portable and rugged equipment.

• No indication of concrete quality.

2.2.6 Method: concrete radar
• Radar technology.

• Indicates location, cover-depth and diameter of reinforcing bars.

• Common usable range is < 200 mm (up to 300 mm). Accuracy largely depends on cover depth and 
density of reinforcement.

• Very closely spaced bars and transfer steel, wires, ties, etc. can give problems.

• Destructive verification at couple of locations advised.

• Portable and rugged equipment.

• No indication of concrete quality.
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2.2.7 Method: electrical half-cell potential
• Electrical potential of rebar is measured relative to a reference electrode (Cu/CuSO4 or Ag/AgCl).

• Testing standard: ASTM C876.

• Point or wheel electrodes for measurement.

• Probability of corrosion.

• Relatively quick method.

• Quantitative measurements.

• Strictly following standard is important.

• Portable.

• No information on rate of corrosion.

• Drawback: needs access to rebar!

2.2.8 Method: fibre scope / endoscope (semi-destructive)
• Bundle of flexible optical fibres.

• Inspect in boreholes or inside hollow girders.

• Check condition.

• Detect voids.

• Experience and training essential.

• Direct visual inspection.

• Semi-destructive (you have to drill holes).

https://www.nen.nl/astm-c876-15-en-1094013
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2.2.9 Method: ground penetrating radar
• Radio frequency waves (0.5 to 4 GHz) from radar transmitter.

• Echo from the interfaces between materials can be detected (for example between concrete and 
rebar, or concrete and asphalt).

• Ground penetrating radar can reach high depths (1-2 m), but accuracy is low at this range.

• Location of rebars (see PARAGRAPH 2.2.6).

• Location of voids and cracks.

• In situ density.

• Moisture content variations.

• Training and experience is required.

• Fast survey of large areas.

• Expensive and less suitable for small areas.

2.2.10 Method: ultrasonic pulse velocity
• Indirect test method for concrete strength, incorporated in EN 13791.

• Calibration with testing cores required.

• Testing standard: EN 12504-4.

• Generated voltage pulse is transformed into wave of mechanical energy.

• Receiving transducer measures time interval between pulse.

• Two sided access needed to measure through a member.

• Measures variability and quality of concrete.

• Defects, voids, honeycombing, cracks, segregation may be found.

• Easy and fast testing method.

• Experience for interpretation.

• Surface preparation, moisture content 
and metal pieces affect results.

https://www.nen.nl/nen-en-13791-2019-en-262700
https://www.nen.nl/nen-en-12504-4-2019-ontw-en-263353
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2.2.11 Method: ultrasonic pulse echo
• Pulsed compressional waves are introduced into material.

• Reflection wave is picked up.

• Only one sided access required.

• Used routinely for integrity testing of piles.

• Internal discontinuities and size can be located.

• High level expertise required.

• Portable.

• Interpretation is difficult and calibration with standards is required. 

• New development: ultrasonic tomography with advanced pulse echo equipment (Pundit, Mira).

2.2.12 Method: thermography
• Infrared camera detects variation in radiation output at surface.

• Thermal gradients.

• Delamination, heat loss, moisture movement.

• Capturing thermal images is easy and fast.

• Interpretation more difficult.

• Portable, no surface access required.

• Expensive.

• Reference standards needed.

• Moisture can influence temperature.

• Other heat sources may interfere.
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2.2.13 Method: rebound hammer
• Indirect test method for concrete strength, incorporated in EN 13791.

• Testing standard: EN 12504-2.

• Spring loaded mass bounces back from surface through metal plunger.

• Measures surface hardness, not the strength of the core of the structure.

• Estimate of strength and uniformity of quality.

• Easy and fast testing method, but clear instruction is needed.

• Assessment of the as-built situation.

• Calibration with testing cores is required.

• A flat surface is needed such as formwork surfaces.

• Quality of surface concrete influences the result.

• Carbonation and moisture have influence.

• Direction of measurements has influence.

• New development: there are now optical 
rebound hammers which are more 
accurate in the high strength range.

2.2.14 Method: gamma radiography
• Radioactive isotope source directed to X-ray photographic plate at the back.

• Well established for steel members, less common for concrete.

• Works for internal cracks, voids, filling of grout channels or location of rebars.

• Trained and licensed personnel.

• Field measurements and simple to operate.

• Difficult in practice; placement of film on the back.

• Health and safety issues.

https://www.nen.nl/nen-en-13791-2019-en-262700
https://www.nen.nl/nen-en-12504-4-2019-ontw-en-263353
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2.2.15 Method: penetration probe (Windsor probe)
• Firing probe in concrete surface.

• Extent of penetration is related to strength.

• Estimate compressive strength, uniformity and quality.

• Expertise low.

• In situ measurements.

• Not influenced by surface preparation, moisture content and temperature.

• Slightly damages surface.

• Calibration is needed.

• Uses gunpowder cartridges, safety instruction necessary.

• Not commonly used in Benelux.

2.2.16 Method: pull-out test (semi-destructive)
• Indirect test method for concrete strength, incorporated in EN 13791.

• Testing standard: EN 12504-3.

• Insert metal disc with a rod protruding from the concrete surface.

• Normally embedded during construction stage but can also be inserted in hardened concrete.

• Force required to pull out disc is measured.

• Limited experience in Benelux.

• In situ strength.

• Drawback: creates damage.

https://www.nen.nl/nen-en-13791-2019-en-262700
https://www.nen.nl/nen-en-12504-4-2019-ontw-en-263353
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2.2.17 Method: relative humidity in concrete (semi-destructive)
• Drill a hole and place standard plastic sleeve.

• Pre-installation of cast holes in fresh concrete also possible.

• Provides estimate of relative humidity (RH) in the concrete cover.

• Test standard: ASTM F2170-09.

• Easy testing method.

• In-depth moisture conditions.

• Creates (small) damage.

2.2.18 Method: 
moisture in concrete
• Measuring moisture in concrete with microwave technology.

• Ratio of reflected and transmitted energy correlates with moisture.

• Penetration depth 2-60 cm.

• Required expertise is high.

• Data influenced by many 
factors (e.g. rebar and other 
embedded metals).

https://www.astm.org/f2170-09.html
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Degradation of materials used in tunnel constructions can cause damage and eventually 
lead to tunnel closure. to support tunnel owners and their consultants in identifying, 
preventing and stopping these failure mechanisms, the COB network has described more 
than fifteen types of damage along with instructions for maintenance and (non-destructive) 
inspection techniques.

Currently, it is not possible to implement predictive maintenance or to reliably determine the 
actual scope of a tunnel renovation project. This is due to gaps in fundamental knowledge 
about failure mechanisms. The Degradation Committee of the COB tunnel programme 
focuses on the deterioration of materials used in tunnel constructions. The research includes 
for example the corrosion of reinforcement and the reduction of fire resistance. These kind 
of mechanisms can often be detected by the damage they cause. This report gives a detailed 
overview of typical types of damage that indicate degradation mechanisms.

PART 1 describes the types of damage that can occur in tunnels. Each page provides a 
photo, the description, its major causes, when and where it can occur and what the 
consequences and risks are. For each type of damage preventive measures, forensic 
tools and sensoring and monitoring techniques are presented as well as a brief 
description on how the damage can be repaired and maintained. 

PART 2 of this document describes the forensic tools, mostly non-destructive, 
which can be used to investigate the nature and severity of each type of 
damage.

Material degradation 
in tunnels
Overview of deterioration mechanisms 

and inspection tools
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