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Abstract 
¢ƘŜ ǎǘǳŘȅΩǎ Ƴŀƛƴ ƻōƧŜŎǘƛǾŜ ǿŀǎ ǘƻ ŜǾaluate the significance of NDT methods for detecting 

damages and flaws in reinforced and prestressed concrete. Deterioration mechanisms 

influence the durability and serviceability of concrete structures. Assessment of concrete 

structures is recommended for reducing high maintenance costs and accomplishing adequate 

performance levels. Implementing various NDT methods is a suitable approach to achieve the 

main target of the assessment. Consideration of preliminary assessment is the key to 

determining applicable NDT methods, which is implemented in the detailed assessment to 

identify the extent of problems.  

Some of the most acknowledged NDT methods emphasizing damages and flaws such as 

cracks, voids, delaminations, and corrosion have been briefly investigated. The main purpose 

of these NDT methods is to evaluate the accuracy and efficiency of obtained data. An 

assessment score strategy will be implemented for the different NDT methods to detect 

different deterioration types. However, many NDT methods are combined to accomplish an 

enhanced understanding of concrete structures. The durability of reinforced and prestressed 

concrete structures can securely be investigated by including multiple NDT methods. 

Different field tests will be investigated. Besides, the authors will present their mockup test 

with UPE equipment in Hamar. 

Several companies offer quality NDT equipment as a part of the concrete assessment. The 

main aspects of NDT equipment are related to safety and accuracy performance. Countless 

NDT products existing in the current market resulting in an advanced interpretation of their 

reliability and efficiency. The field tests and mockup test evaluation clarify that regular tests 

with different NDT equipment are preferable regarding their reliability, independent of their 

time duration and cost. The result of this thesis is that NDT tests and a combination of these 

methods are efficient approaches for evaluating concrete structures.    
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Sammendrag 
Studiets hovedmål var å evaluere betydningen av NDT metoder for å oppdage skader og 

mangler i armert og forspent betong. Forverringsmekanismer påvirker bestandigheten og 

funksjonaliteten til betongkonstruksjoner. Vurdering av betongkonstruksjoner anbefales for 

å redusere høye vedlikeholdskostnader og oppnåelse av tilstrekkelig ytelsesnivå. 

Implementering av ulike NDT metoder er en passende tilnærming for å oppnå hovedmålet 

med vurderingen. Betraktning av foreløpig vurdering er avgjørende for å bestemme gjeldende 

NDT metoder som er iverksatt i den detaljerte vurderingen for å identifisere omfanget av 

problemer. 

Noen av de mest anerkjente NDT metodene som er betydelige for forverringer er sprekker, 

hulrom, delamineringer og korrosjon, og disse er spesifikt undersøkt. Hovedformålet med 

NDT metodene er å evaluere nøyaktigheten og effektiviteten til de innhentede dataene. Det 

vil bli gjennomført en poengstrategi for de ulike NDT metodene for å undersøke forskjellige 

forverringstyper. Imidlertid kombineres mange av NDT metoder for å oppnå en bredere 

forståelse av betongkonstruksjoner. Bestandighet for slakkarmert og spennarmert betong 

kan undersøkes ved å inkludere flere NDT metoder. Ulike feltforsøk i litteraturen vil bli 

undersøkt. Dessuten vil forfatterne presentere sin lab arbeid med UPE-utstyr. 

Flere produsenter tilbyr NDT utstyr av høy kvalitet som en del av den betong vurderingen. De 

viktigste aspektene ved NDT utstyrene er sikkerhet og nøyaktighet. Utallige NDT produkter 

finnes i det nåværende markedet resulterer i en avansert tolkning av deres pålitelighet og 

effektivitet. Feltprøver og mockup-testevaluering tydeliggjør at regelmessige tester med 

forskjellig NDT-utstyr er å foretrekke med hensyn til deres pålitelighet, uavhengig av deres 

varighet og kostnad. Resultatet av denne oppgaven er at NDT tester og kombinasjon av disse 

testene er effektive tilnærminger for evaluering av betongkonstruksjoner. 
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1. Introduction 

1.1 Background 
A dominant construction material worldwide is concrete, where concrete itself is described 

as durable over time. Realistically, every structure has an estimated service life depending on 

the concrete mixture and execution of the construction material. Concrete technology has 

developed in the last decades, resulting in a major change in the concrete composition, and 

better mechanical properties have been obtained. These changes have some negative effects, 

making concrete more sensitive to how the material is mixed and processed due to the 

detailed chemistry [1]. 

Thus, the deterioration of concrete structures is a global challenge for structural engineers 

worldwide, facing challenges in assessing these structures from cost-effective and efficient 

aspects. Delayed assessments increase the probability of reduced serviceability and higher 

cost of repairs. Therefore, well-organized strategy tools are recommended for the assessment 

of concrete structures. Different perceptions of the best possible assessment strategy for 

concrete structures are still a debate. However, modern tools and approaches such as 

building information modeling (BIM) and digital twin are considered to improve structural 

assessments regarding planning, construction, and maintenance. Together with NDT 

methods, these modern tools are a substantial part of SHM. Furthermore, the mentioned 

tools minimize repair effort and increase the remaining service life of a structure. These are 

contributing to significant detection of deterioration and improved structural performance by 

analyzing, integrating, and interpreting high-quality data [2]. 

There has also been rigorous discussion about extending the life of the existing concrete 

structure to minimize resource consumption and minimize the environmental impact. 

Concrete structures are prone to different deterioration processes, and the need for regular 

maintenance and repair has increased because of aging concrete constructions [3, 4]. An 

attractive approach for assessing the condition of existing reinforced and prestressed 

concrete structures is the use of non-destructive testing (NDT) techniques, which provide 

information regarding material properties, concrete damages, and ongoing deterioration 

processes. Considerably, research is ongoing to improve technologies and the processing of 

data. In general, NDT methods aim to detect the condition of the concrete structure, rank the 

structure based on a specific property, and quantify these properties related to thresholds. 

However, there are many limitations regarding the quality of assessment related to 

uncertainty because of testing methods, such as interference with the environment and 

material variability and errors caused by human interpretation of data [3, 4]. In this thesis, 

analyzing different damages and flaws with certain NDT methods will be briefly investigated. 
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1.2 Aim and objective 
The aim of this master's thesis is to emphasize NDT (Non-Destructive Testing) methods for 

evaluation of existing concrete structures, which contributes to determination of durability, 

structural integrity, and safety. The objective has been to detect and interpret damages in 

reinforced and prestressed concrete structures with various NDT methods. Here also 

combination of different methods has been investigated.  

The research questions of this thesis are as following: 

¶ How efficient are NDT methods for the evaluation of damages and flaws in reinforced 

and post-tensioned concrete? 

¶ How does the combination of NDT methods improve the evaluation of reinforced and 

post-tensioned concrete?  

 

1.3 Limitations 
The NDT topic has a wide definition, involving various inspection techniques, and many 

aspects can therefore be included. However, this is time-consuming, and limitations must be 

ŎƻƴǎƛŘŜǊŜŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ŀǳǘƘƻǊΩǎ ŀǇǇǊƻŀŎƘΦ Therefore, the authors have chosen to limit 

the thesis with following considerations:  

¶ Visual Inspection (VI), Ultrasonic Pulse Velocity (UPV), Ultrasonic Pulse Echo (UPE), 

Impact Echo (IE), Impulse Response (IR), Ground-penetrating radar (GPR), Cover 

Meter (CM), Half-Cell Potential (HCP), and Concrete Resistivity (CR) are the only 

methods addressed in this thesis 

¶ Cracks, delaminations, voids, and corrosion are the only investigated damages and 

flaws 

¶ Post-tensioned concrete is emphasized for the investigation of prestressed concrete 
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1.4 Methodology 
The methodology of the thesis primarily includes a literature study and lab testing conducted 

by the authors. The literature study chapter is divided into deterioration, damages and flaws, 

assessment of concrete structures, NDT methods, and the combination of NDT methods in 

field tests. A detailed study of the mentioned categories is interpreted in the form of 

assessment scores, and a flowchart of the methodology is illustrated in Figure 1. 

 

Figure 1 Flowchart of the methodology in this thesis 
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2. Concrete structures and deterioration 

2.1 Reinforced concrete 
Reinforced concrete is defined as a composite material with anisotropic properties, mainly 

consisted of concrete and steel. By defining the strength of reinforced concrete, the material 

itself has good compressive strength but cannot withstand tensile forces very well. Steel is 

strong in both compression and tension. However, a thin steel bar establishes the possibility 

for buckling in the system. This is the main reason for utilizing steel bars in the tension zone, 

obtaining decent compressive strength, tensile strength, and shear strength values. According 

to relevant studies, the tensile strength of the concrete is around 10 percent of its 

compressive strength. This statement clarifies that concrete has difficulties in resisting tensile 

forces, meanwhile, steel reinforcement manages to satisfy this condition perfectly. 

Furthermore, concrete protects the steel bars to maintain durability and fire resistance [5].  

Reinforced concrete is valuable in dimensional control of shrinkage and surface cracking. 

Reinforcement is divided into deformed bars and mesh nets, where mesh nets are either 

rectangular mesh, square mesh, or trench mesh. The application area for reinforced concrete 

is habitually for concrete slabs, columns, walls, bridges, pavements, and decks. Concrete is 

known for brittle failure, occurring instantly without warning, meanwhile, steel reinforcement 

is familiar for ductile behavior. By combining concrete and steel reinforcement, reinforced 

concrete undergoes comfortably high deformations during cracking. Stabilized bond between 

concrete and steel is recommended for adequate force transfer between these materials. 

Bond depends on friction and mechanical interlocking between steel reinforcement and 

concrete, where cement paste and steel are influencing the bond. Amount of concrete cover 

is conclusive in reinforced concrete, decided by the cover thickness withstanding against 

corrosion, cracking, and fire [5].  

In general, minimum essential cover thickness diversifies dependent on environmental and 

climate conditions. EC2 specifies environmental classes with minimum concrete cover for 

both 50 and 100 years of service life [6]. On the other hand, the Norwegian Public Road 

Administration (NPRA) states that the minimum concrete cover in the marine environment is 

100 mm, and clarifies that the durability of concrete structures should be designed for 100 

years. [7].  Figure 2 emphasizes the bending behavior of a simply supported beam, showing 

the position of the steel reinforcement. These reinforcements are resisting the tensile forces, 

meanwhile the concrete is carrying the compression forces at the top of the beam [5]. 
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Figure 2 Composite action of reinforced concrete beam [5] 

 

2.2 Prestressed concrete 
According to EC2Σ άǇǊŜǎǘǊŜǎǎέ ŘŜŦƛƴŜǎ all the permanent effects of the pre- and post-stressing 

process, which comprise internal forces in the sections and deformations of the structure [6]. 

Prestressed concrete is divided in pre-tensioned and post-tensioned concrete. In pre-

tensioned prestressed concrete, steel tendons are stretched between external buttresses 

before placing the concrete. After the concrete has obtained the required strength, tendons 

are released from the buttresses. In other words, the prestressing force is transferred to the 

concrete dependent on the bond between concrete and tendons. For post-tensioned 

prestressed concrete, stretching of steel tendons occurs in steel or plastic duct placed in the 

concrete. The concrete material is jacked with tendons anchored at the ends. In prestressed 

concrete, the entire section is efficient in resisting the applied moments, following to reduced 

deflections under service conditions [8]. 

Fully prestressed concrete structures utilize the cross-section efficiently. These structures are 

strongly resistible to shear forces controlled by the contribution of prestress, causing a 

reduction of principle tensile stresses. High-strength concrete in prestressed structures 

results in less shrinkage, cracks, and enhanced durability under aggressive environmental 

circumstances. Reduced creep, strain and high modulus of elasticity are additional factors for 

high-strength concrete, strengthening the concrete structures itself. Prestressed concrete 

structures are recommended for huge beam spans, especially related to long span bridges 

due to its high strength, fire resistance, cracking resistance, adaptability, and versatility. 

Figure 3 illustrates the principle of stress distribution from prestressing cable (P) and applied 

load, resulting to positive compression. A comparison to Figure 2 is that steel reinforcement 

is responsible for stress distribution [8].  
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Figure 3 Stress distribution in prestressed concrete beam [8] 

A challenge for prestressed concrete structures might be corrosion in tendons. Steel tendons 

are experiencing higher working stresses compared to non-prestressed steel, where 

contribution of corrosion can result to catastrophic failure. Based on previous reports, 

registered critical deteriorations and structural failures from corrosion of pre-tensioned 

concrete are relatively limited [9]. The main reason depends on dense and impermeable 

concrete cover. For post-tensioned tendons in ducts, high quality of grout contributes to 

fulfilling corrosion protection in critical environmental conditions. Corrosion in pre-tensioned 

tendons are divided in pitting type corrosion, stress corrosion and hydrogen embrittlement 

[10]. Pitting corrosion is described as an electrochemical process, resulting to άǊǳǎǘƛƴƎέ ƻŦ ǘƘŜ 

tendons. In addition, fracture of reinforcement and highly stressed strands act in pitting 

corrosion, minimizing the load-bearing capacity of the girders [11]. Prestressed concrete 

structures endure stress corrosion under high stress values, where hairline cracks will begin 

to form. These cracks will develop to sudden failure without any external warning in the 

structures. Hydrogen embrittlement gives failure affected by hydrogen sulfide. Chemical 

reaction of hydrogen sulfide changes the mechanical properties of the steel tendons [10]. 

Corrosive environments for prestressed concrete bridges are categorized in three different 

processes. The first process clarifies variations in the mechanical character of the concrete, 

and the second process increases the permeability of the concrete. The last process destroys 

the anticorrosive protective mechanism in the concrete. All these processes combined are 

related to prestressed concrete bridges exposed to marine environment. Corrosion hazards 

for the prestressing steel in a marine environment increase from its chloride content, 

chemical attack of sea water, freezing or thawing and abrasion of concrete by ice. Corrosion 

dominating environment takes place if high amount of deicer salts is applied to the 

prestressed roadway bridges. In a hot climate, piles and foundations reacting with high 

concentration of calcium, magnesium, potassium and sulfites endure corrosion attack [10]. 
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Cracks in prestressed structures are mainly caused by corrosion, frost, deflection, shrinkage, 

and insecure aggregate-cement combination. Corrosion of reinforcing steel is the main source 

for internal pressure through volumetric changes, further developing to excessive cracking. 

ThŜ ŀƳƻǳƴǘ ƻŦ ŎƻǊǊƻǎƛƻƴ ŘŜǇŜƴŘǎ ƻƴ ŎƻƴŎǊŜǘŜΩǎ ƘƛƎƘ ǉǳŀƭƛǘȅΣ density, and capacity of 

hydrated cement paste. These are further related to permeability of the prestressed concrete 

structures, ŎƻƴƴŜŎǘŜŘ ǘƻ ǇƻǊƻǎƛǘȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ǎƛȊŜ ŀƴŘ Řƛǎtribution [10]. 

 

2.3 Deterioration of reinforced concrete structures 
According to chapter 2.4(1) in Eurocode NS-EN 1990 [12], a durable structure should be able 

to resist the deterioration over the design working life in a manner that does not affect the 

structureΩs capacity with regard to environment and the expected maintenance. Chapter 

4.1(1) in NS-EN 1990-1-1 describes that a durable construction should in its design working 

life fulfil the requirements of serviceability, strength, and stability without reduction in utility 

or need for extensive unforeseen maintenance [12]. 

There can be different factors causing deterioration, classified as physical, mechanical, 

chemical, biological, and structural induced deterioration. Figure 4 presents the cause of 

deterioration of concrete structures [13]. It is important to emphasize that corrosion of 

reinforcement does not only apply for reinforced concrete, but also prestressed concrete.  

 

Figure 4 Causes of deterioration [13] 

Corrosion of concrete structures is a major factor of deterioration, which is identified as 

carbonation induced corrosion and chloride induced. Still, chloride induced corrosion is one 

of the major causes of structural failure, as seen in Figure 5, showing the failure causes of 

German infrastructure. 
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Figure 5 Cause of structural failure [14] 

2.3.1 Cracking  
The main cause of deterioration in reinforced concrete is due to the properties of the matrix 

and the ingress of aggressive agents from the environment. Generally, signs of deterioration 

in concrete appear often as cracks and is divided into structural and non-structural cracking. 

Structural cracking is often used to bring forth desired mechanical properties, and are easier 

to design and estimate, such as cracking of a beam to mobilize the tensile properties of steel 

reinforcement. On the other hand, the concrete involvement with the environment results in 

non-structural cracking [1]. Figure 6 illustrates some of the non-structural cracks, and Table 1 

explains the non-structural cracks according to the Figure 6. 

 

Figure 6 Illustration of non-structural cracks [1] 
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Table 1 Explanation of Figure 6 

Non-structural cracks 

Plastic settlement (A,B,C) 

Plastic shrinkage ( D,E,F) 

Early thermal contraction (G,H) 

Long-term drying shrinkage (I) 

Crazing (J,K) 

Corrosion (L,M) 

ASR (N) 

 

Independent of cracking category and impact on the strength of the concrete structures, the 

cracks permit the transportation of aggressive agents into the material, for instance chlorides. 

These cracks have a great influence on the deterioration of the concrete, exposing the steel 

reinforcement that affects the durability and service life of the structure. Therefore, the 

impact of the concrete cracking is an important part of the service life prediction, where factor 

such as crack morphology, growth rate, permeability and transport properties are taken into 

account [15]. Figure 7 summarizes the main non-structural cracks. Cracks can also be divided 

into macro- and microcracks, associated with the size of the cracks and affecting the concrete 

properties and deterioration mechanism. The microcracks applies to the hardened cement 

paste with a size up to 30 microns, occurring due to the restraining of the aggregates, while 

macrocracks can have a size up to serval millimeters occurring from load, drying shrinkage 

cracks or AAR [1]. 
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Figure 7 Causes and types of cracks [15] 

2.3.2 Mechanical 
Mechanical cause of deterioration is defined as concrete structures exposed to impacts, 

overloading, movements from settlement, vibration, blasting and other forms of loading [16]. 

The concrete structures ability to resist mechanical deterioration are associated with their 

structural integrity, reliant on the strength, toughness, and internal properties of the concrete 

related to its composition [1]. From an NDT point of view, the simplest way of assessing and 

detecting these damages is through VI. Some of these deterioration mechanisms are 

mentioned and illustrated in ACI 201.1R-08 [17]. 

Abrasion and erosion 

Abrasion of concrete is caused by the structural lack of resisting friction, grinding, impact, 

overloading, and local crushing caused by movement of traffic on the surface, such as vehicles 

and pedestrians. The wear of the concrete cover results in loss of mass as the aggregates is 

exposed to further deterioration affecting the bond of aggregate and hardened cement paste. 

If no measures are implemented, the reinforcement will progressively be exposed, permitting 

corrosion and other deterioration mechanisms [1, 18, 19]. 
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Figure 8 Deterioration due to erosion and abrasion [17] 

 

Figure 9 Schematic representation of abrasion due to friction and abrasion [18] 

The mechanism and damage of erosion is identical to abrasion. However, the deterioration 

of the concrete surface is caused by fluids containing particles such as silt, sand, gravel, rock, 

and ice, and the damage is depending on the flow conditions. This form of deterioration is 

often observed in concrete tunnels, passages, channels, and conduits. The degree of abrasion 

and erosion is depending on the compressive strength of the concrete, including the hardness 

of cement paste and aggregate, the bond between these components, the size of aggregate, 

lower w/c ratio and curing time [1, 18, 19]. The following measures can be implemented to 

achieve a compact concrete and to increase the abrasion resistance [1, 18]: 

-  Increase the curing time 

-  Improve proportioning of aggregates and cement 

-  Cement replacements such as fly ash 

-  Consider fiber reinforcement 

Impact and explosion:  

.ŀŜǊŇ Ŝǘ ŀƭΦ [20] defines impact as following: 

άLƳǇŀŎǘ Ŏŀƴ ōŜ ƎŜƴŜǊŀƭƭȅ ŘŜŦƛƴŜŘ ŀǎ ŀ Ƴŀǎǎ όƛΦŜΦΣ ǘƘŜ ƛƳǇŀŎǘƛƴƎ Ƴŀǎǎύ ǎǘǊƛƪƛƴƎ ŀƴƻǘƘŜǊ Ƴŀǎǎ 

(i.e., the impacted mass), under certain conditions of velocity, geometry and material 

properties of the impacting bodiesέ [20, p. 240]. 
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Impact load might be categorized as a single point impact loading or distributed impact loads. 

The single point impact may occur from a vehicular collision with a concrete supporting 

element such as a column, while a distributed impact load may arise from an explosion. Figure 

10a illustrates the consequences of a single point impact on a concrete beam. The impact 

propagates compressive stress waves into the depth of the concrete, resulting in compression 

damages and spalling in the surface of the concrete. Other damages and failures that may 

occur are flexural, shear and flexure-shear failure as illustrated from Figure 10b - Figure10e. 

Factors affecting the degree of damage are the impact intensity, confinement and the bond 

between the concrete and reinforcement [21]. 

 

Figure 10 Effects of impact load on reinforced beam: (a) Local damage, (b) global flexural failure, (c) global shear failure, (d) 
global flexural-shear failure [21] 

Explosion, also known as blast loading, is a major cause of damage affecting the structural 

integrity of the concrete structure due to the possibility of collapsing of the external and 

internal support system. The loading may arise from different sources such as a bomb, and 

the blast effects are classified as primary effects and secondary effects. Mainly, the damages 

from an explosion are caused by shockwaves increasing the pressure of the surrounding air, 

as seen in Figure 11. Other effects are ground shock in the form of vibration, heating that 

weakens the material or fragments from the explosion source hitting the structure [22].  
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Figure 11 Effects of blast load on reinforced beam: (a) Local damage, (b) global flexural failure, (c) global shear failure, (d) 
global flexural-shear failure [21] 

The blast load is applied as a distributed load and propagates in the depth of the concrete. 

This causes compressive damage at the surface of the concrete element and spalling and 

fragmentation on the tensile zone of the applied load, as illustrated in Figure 11a. The degree 

of damages is depending on the structural capacity of the concrete, for instance shear and 

bond resistance. Other damages and failures that may occur are flexural, shear and flexure-

shear failure as illustrated from Figure 11b - Figure 11d [21].  

2.3.3 Physical 
In the literature, the physical and mechanical causes of deterioration are often used 

interchangeably. A distinction to refer to is the influence of the environment on physical 

causes of deteriorations. The physical causes that will be addressed in this thesis are according 

to Figure 4.  

Freeze-thaw  

Freeze-thaw is a major source of deterioration characterized by surface scaling. Freeze-thaw 

is caused by temperature dropping to freezing point below 0°C. The tensile stress increases 

due to 9% volume expansion of frozen water in the pore system of the concrete, resulting in 

cracking or spalling in the outer layer of the material [13]. 
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Figure 12 Damage of different concretes due to freeze-thaw [23] 

The surface is usually more exposed to moisture and direct contact of water. In these 

circumstances, a pumping effect is created due to the freeze-thaw loads. The pore system in 

the surface acquires and increases moisture content. Therefore, the damage is initiated in the 

surface [24]. 

There are three properties that determines the degree of frozen pores [13]: 

-  The low thermal conductivity of concrete 

-  The concentration of ions in the pore water 

-  The diameter of pores affecting the freezing point 

Generally, the freezing occurs in capillary pore water. Environmental conditions have an 

impact on the degree of deterioration, such as degree of water saturation, freeze-thaw cycles, 

freezing rate and the lowest measured temperature. The addition of salts in contact with 

concrete affects the material by lowering the freezing point, resulting in scaling and 

detachment of cement paste. The hydraulic pressure theory presents that the remaining 

liquid is pressurized by the expanding ice, and the pressure is depending on pore diameter 

and the moving distance of the remaining liquid. To release the pressure, there must be 

empty pores close to where the pressure is originating from. An increased pressure is 

achieved when the pore diameter is decreased and when the moving distance to empty the 

pores is increased [13]. 

The number of freeze-thaw cycles determines the frost resistance and degree of deterioration 

of concrete, in particular the saturation of the pores and the porosity of the concrete. A fully 

saturated pore under hydraulic pressure results in the microstructure expanding because of 

released pressure causing cracking. The porosity of the concrete is determined by the w/c 

ratio. Concrete with high porosity collects water lead from the capillary pores due to frozen 

water, which lowers the pressure and permits the growth of ice crystals. The degree of 

saturation increases for porous concrete, resulting in lower resistance against frost. 

Therefore, a lower w/c ratio results in higher frost resistance [13].  
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The main purpose of air-entrained concrete is to avoid generation of stress in the capillary 

pores when the water freezes. Etman and Ahmaed [25] proved that the use of air-entrained 

concrete provides a more durable concrete and showed that the optimal percent of air to 

obtain a better frost resistance is 0.15% of cement weight. It must be noticed that the air-

entrained concrete has a lower compressive strength compared to no air-entrained concrete. 

To maintain the same strength as no air-entrained concrete, a lower w/c ratio should be 

considered [13, 23], as demonstrated by Shang and Yi [26]. Their experimental study showed 

that an air content of 5.5-6.5% and a w/c ratio of 0.36 provided the highest resistance against 

400 cycles of freeze-thaw and a lower decrease in modulus of elasticity, compared to other 

samples. 

Karakurt and .ŀȅŀȊƤǘ [27] studied the effect of air- and no air-entrainment, silica fume and fly 

ash on the freeze-thaw resistance. The degree of surface scaling on the different test 

specimen obtained from the paper is shown in Figure 13. 

 

Figure 13 Surface scaling of normal concrete (NC), high strength concrete (HSC), silica fume concrete (SFC) and fly ash 
concert (FAC) [27] 

From Figure 13, the surface scaling is demonstrated to be significantly lower in high strength 

concrete (HSC), consisting of silica fume and a w/c ratio of 0.30. This composition attributes 

a denser concrete with lower porosity. In contrast, other concrete specimen has a w/c ratio 

of 0.46, explaining the provided results. The entrainment of air is shown to result in lower 

surface scaling for all concrete types, thus providing lower compressive strength. The addition 

of silica fume was proven to result in higher degree of deterioration compared to other 

samples, due to reduction in workability and poorer compaction of the fresh concrete. Fly ash 

provided a better freeze-thaw resistance [27]. 

Musleh and Gutzwiller [27, 28] studied the effect of freeze-thaw on post-tensioned and 

reinforced concrete structures. When increasing the numbers of freeze-thaw cycles, the 

dynamic modulus elasticity decreased with maximum 10-25% for post-tensioned concrete, 

while a decrease of up to 50% were observed for reinforced concrete. The study also showed 

that the post-tensioned concrete withstands several cycles of freeze-thaw. 
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Fire 

In general, concrete has an excellent performance against temperature growth. However, 

when exposed to fire and high temperatures, a reduction in strength is experienced. The 

factors determining the fire resistance includes concrete cover, cross section of the element, 

material properties and the steel reinforcement [29]. The most common effect of fire in 

reinforced concrete is spalling of the surface, which is a result of the heating of the steel 

reinforcement. This damage of concrete cover exposes the reinforcement to high 

temperatures, as seen in Figure 14, affecting the structural integrity of the structure due to a 

decreased strength of the steel reinforcement. A reduction of the cross section of the element 

impacts the overall ability to support the imposed loads, resulting in skewed distribution of 

loads on the remaining structure. The heat from fire also generates thermal expansion and 

dehydration of the concrete and often result in cracking that permits the increasing of thermal 

stresses and additional cracking of the concrete [30]. 

 

Figure 14 Spalling of concrete beam and column as a result of fire [31] 

According to Tufail et al. [32], the increasing of temperature e.g., fire, result in a decrease in 

various mechanical properties of concrete, such as the compressive strength, tensile strength, 

and modulus of elasticity. These properties showed an inversely proportional behavior in 

contrast to the temperature in the sense that these properties decreased with the increasing 

temperature. The study showed beneficial effects of granite as coarse aggregate, providing 

the highest compressive strength, tensile strength, and modulus of elasticity, while quartzite 

and granite provided the second-best results and the lowest values of these properties, 

respectively.   

 

2.3.4 Structural 
Overload 

Damage because of overloading may occur from different reasons, e.g. the structure being 

exposed to loads not designed for the purpose of the service or the structure is loaded before 

achieving the design strength. For instance, overload cracking can appear in post-tensioned 

constructions due to early release of strands [33]. Normally, the ductile of the concrete 
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prevents the structure from sudden failure and larger deflections and deformations is 

experience at overload as a safety precaution for possible collapse. Warner [34] remarks that 

ductility of concrete cannot be the only structural property considered to achieve a large 

deflection from an overloading, as this might not be the case in every scenario. Softening of 

the structure is necessary and desired for this behavior to occur. 

Settlement 

Settlement is a described as a change in stress to the ground causing vertical movement of 

the earth occurring due to different reasons, such as increased stress from a structure. The 

movement of the ground results in loss of support beneath the concrete structure causing 

damage and distortion, affecting the performance and may result in failure. A common 

damage is cracking of slabs, as seen in Figure 15 [33]. 

 

Figure 15 Cracking due to settlement [33]  

Cyclic loading 

According to [35], cycling load is defined as following: 

ά/ȅŎƭƛŎ ƭoading is the application of repeated or fluctuating stresses, strains, or stress 

intensities to locations on structural components. The degradation that may occur at the 

ƭƻŎŀǘƛƻƴ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŦŀǘƛƎǳŜ ŘŜƎǊŀŘŀǘƛƻƴέ  

The cyclic loading may arise from different sources, both structural and environmental, and 

accumulates microcracks which allows further deterioration of the concrete. 

 

2.3.5 Chemical 
Alkaliςaggregate reactions 

Alkali-Aggregate Reactions (AAR) is a generic term considering a chemical reaction due to 

accessible alkalis in the cement and aggregates. These types of reactions are known as the 

Alkali-Silica Reaction (ASR) and the Alkali-Carbonate rock Reaction (ACR). ASR occurs in the 

pore solution in which the alkalis react with some silicaΩs, causing the formation of extensive 

alkali-silica gel in the concrete. The moisture absorption causes expansion of alkali-silica gel 
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and results in microcracks of aggregate and cement [1, 36]. Figure 16 shows an electron 

microscope image of an internal cracking due to ASR. ACR is characterized by the reaction 

between alkali hydroxides and dolomite crystals in the clay matrix, causing expansion of the 

coarse aggregate particles [1].  

 

Figure 16 Electron microscope image of an internal crack due to ASR [37] 

The ASR expansion results in visual cracking, expansion in the surface of the concrete 

structure and the characteristics of the cracks depend on the application of reinforcement in 

the concrete. The cracks appear as random patterns with several fine crack shapes resembling 

a map, illustrated in Figure 17. Therefore, named map cracking is known in non-reinforced 

concrete. However, cracks tend to reflect the rebars in reinforced concrete, as shown in 

Figure 18, where the cracking and expansion occur due to the restraining by the rebars. The 

cracks can also appear along the stress direction of columns and beams in case of heavily 

reinforced or prestressed concrete [38, 39]. 

 

Figure 17  Map cracking due to ASR [23] 

 

Figure 18 ASR induced crack pattern in reinforced concrete [24] 
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There are three requirements for ASR to occur in the concrete and if one of these components 

is removed, the reaction is prevented  [40]: 

-  Presence of reactive silica (aggregate) 

-  High concertation of alkali is required 

-  Sufficient level of moisture 

Further, factors that may influence the presence of ASR are stoichiometry, the properties of 

alkalis, reactive silica, humidity, temperature, concrete stiffness, or aggregate size [38]. 

Giaccio et al. [41] investigated the effect of ASR by using three different reactive aggregates 

and comparing these with normal concrete. This study shows no strength gain for the samples 

with reactive aggregates after 28 days, compared to normal concrete which has an increased 

compressive strength. The early internal crack due to ASR compared to normal concrete has 

a significant impact on the failure mechanism of concrete in compression, resulting in 

premature failure. Extensive cracking was also noticed from the load-deflection curve of 

concrete exposed to ASR. 

Another research project examined a bridge demolished because of alkali-aggregate 

reactions. A part of the investigating was to replicate the concrete mix using the same 

aggregate as for the demolished bridge, and the aggregate were classified as reactive. Three 

concrete mixes were used in this investigation. Two of those had different cement contents, 

representing 0.5 kg/m3 alkali content in difference, while the third mix were added fly ash to 

document the beneficial effect to prevent the development of ASR. The study showed that 

reactive aggregate in combination with higher temperature result in higher expansion in the 

concrete, except for the samples with fly ash demonstrating an insignificant expansion. For 

instance, the sample with 0.5 kg/m3 higher alkali content and a temperature of 60°C resulted 

in 30% higher expansion the first year. A reduction of dynamic modulus of elasticity with 

increasing expansion were also observed, indicating the initiation of internal cracking in the 

concrete.  

Tests were also conducted on field exposed concrete cubes added air-entrained admixture. 

These samples were compared to the samples from the original bridge, showing that the 

reconstructed samples had a considerable higher expansion. The explanation can be linked to 

the measured dynamic modulus of elasticity of the samples from the bridge, which are 

relatively low in value, indicating that the concrete had already developed internal cracking 

[42]. 

Acid attack 

Acid attack occurs when ǘƘŜ ƭƛǉǳƛŘΩǎ ǇI ǾŀƭǳŜ ƛǎ ōŜƭƻw 6.5. A reaction between an acid and 

calcium hydroxide (Ca(OH)2) is active, producing a highly soluble calcium salt. Although, the 

soluble calcium salts are removed from the cement paste, reducing the paste structure. Acid 

attack can be divided in sulfuric, nitric, acetic, hydrochloric, and carbonic attack. Following 

attack on concrete is dependent on acid type and its concentration. Normally, Ca(OH)2 in the 

hydrated cement and aggregate are influenced by acid attack. Amount of acid attack can be 

reduced by combining the Portland cement with Supplementary Cement Materials (SCMs) 

because this minimizes Ca(OH)2 in the hydrated cement. Fly ash, ground granulated blast-
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furnace slag (GGBFS) and silica fume are some SCMs contributors reducing the possibilities 

for acid attack [1]. 

According to Nijland and Larbi [43], acid attack on concrete results in loss of cohesiveness, 

reduced concrete strength and enhancement of capillary porosity. Figure 19 indicates a 

concrete surface affected by acid attack. There is clear sign of leaching from the cement paste 

matrix, resulting to ǊŜŘǳŎǘƛƻƴ ƻŦ ƳŀǘǊƛȄΩǎ cohesion and increased capillary porosity. The 

cement paste endures bonding loss to the aggregate but following aspect does not influence 

the microstructure and concrete quality. Therefore, acid attacks can be vulnerable for long-

term durability [43]. Singh [44] emphasizes sulfuric acid attack, where production of gypsum 

attacks the cement paste. Following research paper clarifies that sulfuric acid attack results 

to weakness of the concrete micro-structure, reduction of size specimen, cement paste and 

compressive strength.   

 

Figure 19 Acid attack along the concrete surface from a micrograph [43] 

Sulfate attack 

Sulfate attack is defined as a progressive loss of cement paste strength based on the 

connection between hydration products. Sulfate attack is divided in an external and internal 

part. External sulfate attack controls ions that penetrates the concrete, reacting with cement 

matrix components to cause extensive chemical reactions. The brutality of external sulfate 

attack depends on sulfate concentration either in water or soil. To withstand external sulfate 

attack, concrete quality has a high significance. In addition, low permeability tolerates this 

type of sulfate attack by minimizing the sulfate penetration, which is dependent on blended 

cement and reducing w/c ratio. Blended cement is referred to either pozzolanic or blast 

furnace slag cement, minimizing Ca(OH)2 content and refining the ƳŀǘǊƛȄΩǎ ǇƻǊŜ ǎǘǊǳŎǘǳǊŜΦ A 

reduced amount of tricalcium aluminate (C3A) and calcium aluminoferrite (C4AF) is also 

dominant for the severity of sulfate attack. Three classes of aggressiveness that are related 

to sulfate attack are XA1, XA2 and XA3, briefly explained on the European standard EN 206-

1, recommending minimum cement content, minimum strength and maximum w/c ratio for 

each classes [13, 45].      
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Internal sulfate attack, also known as delayed ettringite formation (DEF), occurs without 

exposure to a sulfate-bearing environment. The source of ions in internal sulfate attack is in 

the concrete itself, where higher presence of sulfates increases the possibility of internal 

sulfate attack. Extensive cracking of cement paste is related to internal sulfate attacks. Cracks 

are visible in and along the paste, and aggregate size is crucial for the crack opening in the 

paste. The probability of internal sulfate attack can increase depending on pre-existing 

damages of concrete, for instance freeze-thaw or ASR. To minimize the possibilities for 

internal sulfate attack, including cements with lower strength class are recommended. 

Simultaneously, cement containing either fly ash or slag may contribute to prevent internal 

sulfate attack [13]. 

Attack by pure water 

Attack by pure water describes water amount with low dissolved solids. Calcium ions are 

familiar within dissolved solids, acting aggressively towards the concrete. Concrete 

permeability is an important factor for the degree of the attack by pure water. Lower amount 

of Ca(OH)2 has impressive resistance against attack by pure water, such as blast furnace slag 

cement concrete. According to EN 206-1 [45], the aggressiveness of waters to concrete is 

decided from pH value, free CO2 content and sulfate ions. Attack of concrete by very soft 

waters is a form of pure water attack, dissolving free lime solubility of 1.7 g/l. Leaching of free 

lime are damaging other constituents of the cement paste, diminishing the concrete 

resistance [13].     

2.3.6 Biological 
Fouling 

Biofouling in correlation with the marine environment is relevant for materials submerged in 

seawater, divided in microfouling and macrofouling. Microfouling specifies that the 

submerged concrete is quickly occupied by marine bacteria, establishing a bacterial biofilm. 

Macrofouling emphasizes occupation of bacterial biofilm by other micro- and 

macroorganisms. Biofouling includes an image-analysis-based method and wet/dry-weight 

biomass measurement, clearly illustrating the evolution of biofouling formation. Factors that 

can affect formation of biofouling are chemical composition, porosity, pH and roughness. In 

addition, chemical composition for a cement type is conclusive ŦƻǊ ōƛƻŦƻǳƭƛƴƎΩǎ ŦƻǊƳŀǘƛƻƴ. For 

instance, Portland cement CEM I and slag cement CEM III are two influential binder types [46].    

Biogenic sulfuric attack 

Biogenic sulfuric acid attack (BSA) is a common form of biodegradation mechanism damaging 

the concrete, causing global infrastructure deterioration. This type of attack occurs normally 

in concrete sewers. Hydrogen sulfide is the main source for BSA, produced by sulfate reducing 

bacteria (SRB). According to Monteny et al. [47, 48], BSA causes higher deterioration based 

on microbial growth and movement in humid, porous and soft corrosion layer formed on 

concrete. On the other hand, Okabe et al. [49] emphasize that low amount of oxygen and 

reduced nutrients in the corrosion layers prevent the microbial succession in the corrosion 

layer. BSA can be described as a slow corrosion process from 1 mm/year to maximum 5 

mm/year. At the same time, the risk of BSA is dependent on the relationship between bacteria 
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and the substratum. Related to BSA, the gypsum layer in concrete is regulating high humidity 

level in the environment, protecting the bacteria against dry conditions [47, 50].   

 

2.3.7 Corrosion 
Corrosion in steel is described as an electrochemical process consisted of cathodic and anodic 

areas. Electro-galvanic potential differences are developed on the steel surface, with concrete 

pore solution behaving as an electrolyte. The electrochemical process begins with an 

oxidation and electrons are consumed at the cathode by reduction and electrons transferred 

in the steel bars between anode and cathode producing a rust. In reinforced concrete, 

common explanations for corrosion are either carbonation or chloride-induced corrosion [1]. 

The modelling of corrosion is divided into initiation and propagation period, representing the 

time of depassivation and different stages of deterioration of the structure.  

Carbonation of concrete 

Carbonation is a major degradation of concrete due to its effects on corrosion of steel 

reinforcement. This mechanism is a result of a reaction between carbon dioxide from the air 

and calcium hydroxide in the hydrated cement paste. CO2 in the air diffuses into the concrete 

and reacts with pore liquid. The reaction produce carbonate (CO32- ) that reacts with calcium 

resulting in calcium carbonate (CaCO3), known as carbonation. This reaction neutralizes the 

pore solution causing the pH value of the concrete to drop down to between 8 and 9. The 

process of carbonation is initiated in the concrete surface, as seen in Figure 20a, and will 

gradually penetrate the construction material, until reaching the steel reinforcement [13], 

[51]. 

 

Figure 20 Representation of carbonation adapted from [51] ; a) carbonation of the concrete, b) carbonation reaching and 
depassivating the reinforcement, c) penetration of carbonation, initiating corrosion cracking and spalling the concrete 

When reaching the steel reinforcement (Figure 20b) the pH value of the pore solution will 

passivate the reinforcement. Further, the carbonation will initiate active corrosion causing 

visual cracking and spalling of the concrete structure (Figure 20c). The concrete cover is the 

main factor determining the penetration of carbonation which is crucial in terms of durability 

and service life of the concrete structure. A method of detecting carbonation is through 


















































































































































































































