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SUMMARY

In this thesis, ififerent NDT methods have beeinvestigated for reinforced and petgnsionedconcrete structures. The durability (
these structures is mainly affected by concrete composition and deterioration. For that reason, assessment of existingstsug
fundamental approach to ensure letegm performance. This aspect entails thatusttural condition is monitored by collectin
essential data during the service life of the concrete structure, which provides an insight into the structural behavesoréhDT
methods are integrated witBHM to estimate the remaining service lifecohcrete structures.

There are advantages and limitations to applying NDT methods, and the principles of the NDT categories are conclusiv
capability to detect different problems. Howevewailable equipment for NDT methods influences the reltgd@hd interpretation of
obtained data. Technicapecifications and algorithms for NDT methods can differentiate depending on accuracy, depth, and fr
range. Variations in these parameteen result in the imprecision of promising data, influegi¢ihe degree of detection for concret
deteriorations
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Abstract

¢tKS aiddzReé Qa Y Aaluakedhe SighilichrideSof NMOT dnetlib@s fof détecting
damages and flaws in reinforcechdh prestressed concrete. Deterioration mechanisms
influence the durability and serviceability of concrete structures. Assessmentnofete
structures is recommended foeducing high maintenance costs and accomplishing adequate
performance levels. Impleemting various NDT methods is a suitable approach to achieve the
main target of the assessment. Consideration of preliminary assedsinetie key to
determining applicale NDT methods, which is implemented in the detailed assessment to
identify the extentof problems.

Some of the most acknowledged NDT methods emphasidamgages and flawsuch as
cracksyoids delaminations and corrgion have been briefly investigatetihe main purpose

of these NDT methods is to evaluate the accuracy and efficiencyptained data. An
assessment score strategy will be implemented for the different NDT methods to detect
different deterioration typesHowever, many NDT methods are condmrto accomplish an
enhanced understanding of concrete structur&le dirability of rinforced and prestressed
concrete structures can securely be investigated by including multiple NDT methods.
Different fieldtests wil be investigated Besides, the abiors will present their mockup test
with UPE equipment in Hamar.

Several companies @fif quality NDT equipment as a part of the concrete assessment. The
main aspects of NDT equipment amdated to safety and accuracy permance. Countless
NDT products asting in the current marketesultingin an advanced interpretation of their
reliability and efficiency. The field tests and mockup test evaluation clarify that regular tests
with different NDT equipment are preferabtegarding their reliability, indepeatent of their

time duration and costThe result of this thesis that NDT tests anacombination of these
methods are efficient approachésr evaluating concrete structures.



Sammendrag

Studietshovedmal var & ealuere betydningen av NDfetoder fa & oppdage skader og
mangler i armert og forspent betondrorverringsmekanismepavirker bestandighetenog
funksjonalitetentil betongkonstruksjoner. Vurdering av betongkonstruksjoner anbefales for
a redusere hgye vedlikeholdskostnader og opgled av tilstrekkelig ytelsesniva.
Implementering av ulike NDrfietoder er en passende tilnaermirfigr & oppna hovedmalet
medvurderingen Betraktning aYorelagpig vurderingr avgjgrenddor a bestemme gjeldende
NDTmetoder som eriverksatti den detaljerte vurderinge for a identifisere omfanget av
problemer.

Noen av de mest anerkjente NDietodenesom er betydeligefor forverringerer sprekker,
hulrom, delamineringerog korrosjon og disseer spesifiktundersgkt. Hovedformalet med
NDTmetodene er & evaluere ngyaktigten og effektiviteten tide innhentede datane. Det
vil bli gjennomfarten poengstraegi for de ulike NDTmetodene for aundersgkeforskjellige
forverringstyper Imidlertid kombineres mangav NDT metoder for & oppna erbredere
forstaelse av betongkonstksjoner.Bestandighetfor slakkarmertog spemarmert betong
kan undersgkes ved a inklere flere NOF metoder. Ulike feltforsgki litteraturen vil bli
undersgkt Dessuten vil forfatternpresenteresin lab arbeidned UPE.Itstyr.

Flereprodusentertiloyr NDT utstyr av hgy kvalitesom en del av dehetongvurderingen. De
viktigste aspekteneed NDTutstyrene er gkkerhet ogngyaktighet Utallige NDprodukter
finnes i det ndveerende markedet resulterer i en avansert tolkning av deres pdlitelighet og
effektivitet. Feltprover og mockupestevaluering tydeliggjer at regelmessige tester med
forskjellig NDTutstyr er aforetrekke med hensyn til deres palitelighet, uavhengig av deres
varighet og kostnadResultatet av denne oppgaven er at NiB3ter og kombinasjonadisse
testeneer effektive tilnaerminger for evaluering &etongkonstruksjoner
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1. Introduction

1.1 Background

A dominantconstructon material worldwide is concretavhere concrete itselfis described
asdurableover time.Realistically, every structure has an estimated service life depending on
the concrete mixture and execution of the construction mater@incree technologyhas
developedin the last decadegsesulting ina major change in the concrete compositiand
better mechanical propertiesavebeen obtainedThese changes have some néga effects,
making concrete more sensitiv® how the material is nxed and processedue to the
detailed chemistry1].

Thus, the deterioration of concrete structures is a global challenge for structural engineers
worldwide, facing challenges in assessing these structures fromeffestive and efficient
aspects. Delayed assessments increaseptiodability of reduced erviceability and higher
cost of repairs. Therefore, wadkrganized strategy tools are recommended for the assessment
of concrete structures. Different perceptions ofetlbest possible assessment strategy for
concrete structures arestill a debate. Howevermodern tools and approaches such as
building information modeling (BIM) and digital twin are considered to improve structural
assessments regarding planning, constitt and maintenance.Together with NDT
methods, thesemodern ols are a substantial @art of SHM.Furthermore, the mentioned
tools minimize repair effort and increase the remaining service life of a structure. These are
contributing to significant deteatn of deterioration and improved structural performance by
analzing, integrating, anthterpreting highquality data[2].

There has also beengorous discussion aboutxtendingthe life of the existingconcrete
structure to minimize resource consumption and minimizethe envircmmental impact
Concrete structures are prone to different deterioratiprocessesandthe needfor regular
maintenance and repair has increased because of aging dencomstructions[3, 4]. An
attractive approach for assessing the condition existing reinforcedand prestressed
concrete structures ishe useof non-destructive testing (NDTechniques which provide
information regarding material pperties concrete damages,and ongoingdeterioration
processesConsideably, research iongoingto improvetechnologiesand the procssing of
data. In generaINDT méhodsaimto detect the condition of the concrete structure, rank the
structure based b a specific propertyand quantify these properties related to thresholds
However, there are many limitations regarding the quality of assessment related to
uncertainty because of testing methodsuch asinterference with the environment and
material vaiability and errors caused by human interpretation of df@a4]. In this thesis,
analyzing different damages and flaws wattrtainNDT methodsvill be briefly investigated.
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1.2 Aim and objective

Theaim of this master's thesis is to emphasize NDbon-Destructive Testingnethodsfor
evaluation ofexisting conagte structures which contributes to determination ofutability,
structuralintegrity, and safety.The objective has been to detect and interpclamagesn
reinforced and prestressed concrete structuresth various NDT methods. Here also
combination ofdifferent methods has beemvestigated.

The research questions of this thesis ardéai®wing:

1 How efficiemare NDT method#r the evaludion of damages and flaws reinforced
and post-tensionedconcrete

1 Howdoesthe combiration of NDT methods impke theevaluationof reinforced and
post-tensionedconcrete

1.3 Limitations

The NDT dpic has a wide definition, involving various inspection techniques, and many
aspects can therefore be included. However, thtine-consumingand limitations must be
O2yaARSNBR (2 dzy RS NA THenéBrethefhors rjekdaseniimit | LILINE |
the thesiswith following considerations:

1 VisualInspection (VI)UltrasonicPulse Velocity (UPV)Ultrasonic Pulse Echo (UPE),
Impact Echo (IE) Impulse ResponsélR), Grounepenetrating radar (GPR), Cover
Meter (CM), HalfCell Potential (HCPand Concrete Resistivity (CR) are the only
methods addressed in ik thesis

1 Cracks, delaminations, voids, and corrosion are the only investigated damages an
flaws

1 Post-tensioned concreteés emphasizedbr the investigatiorof prestressed concrete

13



1.4Methodology

Themethodologyof the thesis primarily includes a literature study and tebtingconducted
by the authors. The literature study chapter is divided into detetion, damages and flaws,
assessment of concrete structures, NDT methods, taedconrbination of NDT methods in
field tests. A detailed study of the mentionezhtegories is irgrpreted in the form of
assessment scoreganda flowchart of the methodologysillustrated inFigurel.

]

—-‘ Lab testing A nent scores 3

Methodology

i Deterioration, damages and flaws ]

I Assessment of concréte structures ]

[ Combining NDT methods in field tests |

Figurel Flowchart otthe methodblogy in this thesis
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2. Concrete structures and deterioration

2.1Reinforcedconcrete

Reinforced concrete is defined as a composite material astisotropicproperties, mainly
consistedof concrete and steeBy defining the strength of reinforceacrete,the material
itself hasgood compressive strengthut cannotwithstandtensile forces very welReel is
strong in both compression and tension. However, a steel bar establishes the possibility
for bucKing in the system. This is the magason for utilizing steddarsin the tension zone,
obtaining decent compressive strethgtensilestrength,and shear strength values. According
to relevant studies, thetensile strength of the concrete is around 10 percent of its
compressive strength. Thisasement clarifies that concrete has difficultiesresisting tensile
forces, meawhile, steel reinforcement manages to satisfy this condition perfectly
Furthermore concrete protects the steel bars to maintadarability and fire resistancgb].

Reinforced concrete is wable n dimensional control of shrinkage and surface cracking.
Reinforcement is dividethto deformed bars and meshets, where meshnets are either
rectangular mesh, squaraesh,or trench meshTheapplicationareafor reinforced concrete
is habitually forconcree slabs, columns, walls, bridgggavements,and decks. Concrete is
known for brittle failure, occurring instantly without warning, meanwbhdeel reinforcement
is familiar for ductile behaviorBy combining concrete and steel reinforcement, reinéd
conaete undergoes comfortably high deformatiodsringcracking. Stabilized bond between
concrete and steel is recommended fadequateforce transfer between thesematerials.
Bond dependson friction and mechanicalinterlocking between steelreinforcement and
concrete, wherecement paste and steare influencing the bond. Amount of concrete cover
is conclusive in reinforced concrete, decided by the cover thicknésstanding against
corrosion, crackingand fire[5].

In general, minimum essential covirickness diersfies dependent onenvironmentaland
climate conditions EC2specifiesenvironmental classes witminimum concrete covefor
both 50 and 100 years of servitiee [6]. On the other hand, theNorwegianPublic Rad
Administration(NPRA3¥tatesthat the minimum concrete covein the marine environment is
100 mm, andclarifies thatthe durability of concrete strotures should be designed for 100
years [7]. Figure2 emphasizeshe bending behavior of a simply supportbéam, showing
the position of thesteel reinforcementThese reinforcements aresising the tensile forces,
meanwhile the concred iscarrying thecompression forceat the top of the beam[5].
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Figue 2 Composite action of reinforced concrete bef&in

2.2 Prestressed concrete

According taECZ & LINE &  NafbthedpérmaréhffefeftSdhe pre and poststressing
process, which comprise internal forces in the sectiodsdaformations of he structurg6].
Prestressed concrete is divided in gemsioned and postensioned concrete. In pre
tensiored prestressed concrete, steel tendons are stretched between external buttresses
before placing the concrete. After the concrete ludtained the required strength, tendons
are released from the buttresses. In other wordse restressing force is transfieed to the
concrete dependent on the bond between concrete and tendons. For-feosioned
prestressed concrete, stretching of steel tkims occurs isteel or plasti@uct placedin the
concrete. The concrete material eckedwith tendons anchored athte ends. In prestressed
concrete, the entire section is efficient in resisting the applied momdotlowing to reduced
deflections unde service condition{8].

Fuly prestressed concrete structuresilizethe crosssectionefficiently. These structres ae
strongly resistible to lsear forces controlled by the contribution of prestress, causing a
reduction of principle tensile stresses. Higfinength concrete in pratressed structures
results in less shrinkageracks,and enhanced durability under ggessve environmental
circumstances. Reduced creep, strain and high modulus of elasticity are additional factors for
high-strength concrete, strengthening the concresgructures itself. Prestressed concrete
structures arerecommended for huge beam sparespedally related to long span bridges
due to its high strength, fire resistance, cracking resistamacptability, and versatility
Figure3 illustrates theprinciple of stress digibution from prestressingable (P) ad applied
load, resulting topostive compressionA comparisorto Figure2 is thatsteel reinforcement

is responsible fostress distributior{8].
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Figure3 Stress distribution in prestressed concredauin [8]

A challenge for prestressed concrete structumgght becorrosion in tendonsSteeltendons

are experiencing higher working stressesmpared to non-prestressed steel where
contribution of corrosion can result to catastrophic failure. Based oervmus reports,
registered critical deteriorations and structural failures from comasbf pre-tensioned
concreteare relativelylimited [9]. The main reason depends on dense and imperneabl
concrete coverFor posttensionedtendonsin ducts,high quality of grout contributg to
fulfilling corrosion protection in critical em@enmental conditions. Corrosion in ptensioned
tendons are divided in pitting type corrosion, stress corrosion laydtogen embrittlement
[10]. Pitting corrosion is described as an electrochenpoatess, resultingo & NHza G A y 3 €
tendons. In addition, fracture of reinforcement and highly stressed strands act in pitting
corrosion, minimizing the loaldearing capacity of the girder$ll]. Prestressed concrete
structuresendure stress corrosion under high stress valuelserse hairline cracks will begin
to form. These cracks will develop to sudden failure without any external warnittgein
structures. Hydrogen embrittlement gives failure affected by hydrogen sulfide. iChem
reaction of hydrogen sulfide changes the medahproperties of the steel tendorj$0].

Corrosive environments for prestressed concrete bridges are catedoirizthree different
processes. The first process clarifies variations in the mecHarhie&cter of the concrete,
and the second processcreases the permeability of the concrete. The last process destroys
the anticorrosive protective mechanism in thencrete. All these processes combined are
related to prestressd concrete bridges expesl to marine environment. Corrosion hazards
for the prestressing steel in a marine environment increase from its chloride content,
chemical attack of sea water, freezingthawing and abrasion of concrete by ice. Corrosion
dominating environment takes pia 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, magsium, potassium and sulfites endure corrosion atfd€k.
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Cracks in prestresdestructures are mainly caused by corrosion, fraktflection,shrinkage,
and insecure aggregatement combination. Corrosion of reinforcing steel is the main source
for internal pressure through volumetric changes, further developing to excessivengacki
TRS FY2dzyd 2F O2NNRaA2y RS LISghsittg and gapadidyzof ONB (1 S
hydrated cement paste. These are further related to permeability of the prestesoncrete

A ¥ 4 A ~
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2.3 Deterioration of reinforcedconcretestructures

According tachapter 2.4(1)n Eurocode N&N 199(Q12], a durable structure should be able
to resist the deterioration over the desigmorking life in a manner that does not aftetbe
structure® capacity with regard to environment and the expected maintena@iepter
4.1(1)in NSEN 19961-1 describes that a durable construction should in its design working
life fulfil the requiremens of serviceability, strength, and stabilythout reduction in utility

or need for extensive unforeseen maintenarjt&].

There can be different factors causing deterioration, classified as physical, mechanical,
chemicd, biological, and structural induced deterioratioRigure4 presents the cause of
deterioration of concrete structues [13]. It is important to emphasizéhat corrosion of
reinforcementdoes notonly apply for reinforced concrete, but alsprestressed concrete.

Degradation (@ - -=-=-=------ Corrosion of
GREONCIBME b= —mimim i » reinforcement
v Causes

A A v
Structurall |Chemicall | Biologicall | Corrosion '—’

4 v
|Mechanica|| |Physica|

Abrasion Overloading Fouling
Erosion Settlement Biogenic attack
Impact Cyclic loading l l
Explosion il Carbonation Stray
Freezg—thaw Alkali aggregate reactions Chlorides current
Fire Acid attack

Sulfate attack
Attack by pure water

Figure4 Causes of deterioratioil3]

Corrosionof concrete structureds a major factor of deteriorationwhichis identified as
carbonation induceaorrosion ad chbride induced Still, chloride induced corrosioims one

of the majorcausesof structural failure as seen imHgure 5, showing the failure causeof

German infragucture.

18



Poor
workmanship
18%

M Fatigue 3%
é Frost damage 5%

Insufficiently injected

Chioride-induced - tendons 3%
corrosion 8895 # Carbonation-induced

corrosion 5%

Figureb Cause of structural failujd.4]

2.3.1Cracking

The main cause afeterioration in reinforced concretis dueto the properties of the matrix

and the ingress of aggressive agents fromehgironment Generally, signs of deterioration

in concrete appeaoften as cracksad is divided into structural and nestructural cracking.
Structural cracking is oftemsedto bring forth desired mechanical propertiend 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 crackingl]. Figure6 illusrates some of the norstructural cracksandTable 1
explainghe non-structural cracksccording to theFgure®6.

Tension
bending
cracks

Plus rust
Cracks at stains

starter joints

Figure6 lllustration of nonstructural crack$l]
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Tablel Explanation ofigure6

Non-structural cracks
Plasticsetlement (A,B,C)
Plastic shrinkage ( D,E,F)

Early thermal contraction (G,H)
Longterm drying shrinkage (1)
Crazing (J,K)
Corrosion (L,M)

ASR (N)

Independentof cracking categorgindimpacton the strength of the concrete structurethe
crackgpermit the transportationof aggressivagents into he material for instancechlorides
These crackBave a greatnfluence on thedeterioration of the concrete exposng thesteel
reinforcementthat affeds the durability and service lifef the structure.Therebre, the
impact ofthe concrete crackingsan importantpart of the service life predictiorwhere factor
such asrack mophology, growth rate permeabilityandtransport propertiesare taken into
accouwnt [15]. Figure7 summarizethe man nonstructurd cracls. Q-acks caralsobe divded
into macro and microcracksassociatedvith the sizeof the cracks and affecting the concrete
properties and deterioration mechanisithe microcracks appk to the hardened cement
pade with a size up to @microns, occurring due to the restrang d the aggregats, while
macrocracks can have a size up to semdlimetersoccurring from load, drying shrinkage
cracks or AARL].
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Figure7 Causes and types ofacks[15]

2.3.2 Mechanical

Mechanical caise of deteriorationis defined asconcrete structuresexposed toimpacts,
overloadng, novements from settlement, vibratig blasting and othefiorms of loading16].
Theconcrete structures abilt to resist mechanical deterioratiosre associated withtheir
structural integrity reliant onthe strength toughnessand internalproperties of the concrete
related to its ompostion [1]. From an NDT poirdf view, the simplest way of assessing and
detecting these damages is througl. Some of thesedeterioration mechanismsare
mentioned and illustrated iACI 201.1R8[17].

Abrasionand erosion

Abrasion of concretés caused by the stringral lack of resistingriction, grinding, impact,
overloadingand local crushingausedyy movement oftraffic on the surfacesuch asehicles
and pedestriansThewear of the concreteoverresults inloss of mass athe aggregatess

exposedo further deteriorationaffecting the bond of aggregate ahdrdened ement paste.
If no measuresreimplemented the reinforcementwill progressivelype exposed, permitting
corrosion andther deterioration mechanismgl, 18, 19]
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Figure8 Deterioration due to erosion and abrasifry]

- |

Abrasion by friction Abrasion by impact

Figure9 Schematic representation of abrasidueto friction and abrasioffl18]

The mechanism and damage of erosioidenticalto abrasion. However, the deterioration

of the concrete surface is causey tuids containing particles such as silt, sand, gravel, rock,
and ice, and the damage d@&pendng on the flow conditionsThis form of deterioration is
often observed in concrete tunnels, passages, channels, and conthetslegree odbrasion

and erosonis depending on the compressive strength of the concrete, including the hardness
of cerment paste and aggregate, the bdrbetween these components, the size of aggregate,
lower w/c ratio and curing time[1, 18, B]. The following measures can be implemented
achievea compactconcrete and tancrea® the abrasion resistancg, 18}

- Increase the curing time

- Improveproportioning of aggrega&sandcement
- Cement replacemerd such as fly ash

- Consider fiber reinforcement

Impactand explosion

I S NN[20§definésimdactas following

GLYLI OG OlFy o6S 3ASySNrtfte RSTAYSR la | Yl aa
(i.e., the impacted mass), undeertain conditions of velocity, geometry and material
properties of the impacting bodief20, p. 240]
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Impact loadmight becategorzedasa single poinimpact loadngor distributed impact loads
The single point impact may occdrom a vehicular collision with a concrete supporting
elementsuch as a column, whigedistributedimpact load nayarisefrom an explosionFigure
10a illustratesthe consequencesf a singlepoint impacton a concrete beamrhe impact
propagatesompressivetresswavesinto the depth of the concrete, resulting @ompresson
damagesand spallingn the surface othe concrete.Other damages and failures that may
occur are flexural, shear and flexusbear failure as illustratefftom Hgure 10b - Figurel0Oe
Factorsaffecting the degree of damagare the impact intensityconfinenent and thebond
between the concretendreinforcement[21].

(a) Compressive
local damage

\/
A

[

LTran:;mission of
stress wave from impact point

(b)

T 77

LA

Flexural cracks

Local crushing\

Local shear plug

(d)
H/f (\

Global Shear plugJ

(e)

nclined flexural-shear
cracks

FigurelO Effects oimpactload on reinforced beam: (a) Local damage, (b) global flexural failcygjlobal shear failure, (d)
global flexuralshear failurg21]

Explosion also known as blast loadinig, a major cause of damagéfecting the struatiral
integrity of the concrete structuredue to the possibility ofcollapsingof the external and
internal support systemTheloading may arise from diffent saurcessuch asa bomb, and
the blast effects arelassified as primary effects and secondafeas. Mainly, the damages
from an explosiorare caused bghockwavesncreasing theressureof the surrounding aijr
as seen irHgure 11. Other effects ae ground shockin the form of vibration, heang that
weakens the materiabr fragmentsfrom the exposion sourcehitting the structure[22].
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Figurell Effects of blaskbad on reinforced beam(a) Local damage, (lgobal flexurafailure, (c)globalshear failure (d)
global flexuraishear failurg21]

The blast loads applied as distributed loadand propagatsin the depth o the concrete

Thiscaues compressive damage at the surface of the concrete elementspallingand

fragmentationon thetensile zoneof the applied load asillustratedin Fgure 11a. The degree
of damagess depending on thetructural capacityof the concrete, for instanceshear and
bond resistanceOther damagesind failureshat may occuiare flexural shear and flexure
shear faure asillustratedfrom Hgure 11b- Figurelld[21].

2.3.3 Physical

In the literature, the physical and mechanical cassef deterioration are often used
interchangeably A distinction to refer to isthe influence of the enviroment on physical
causes of deterioration3.he physical causésat will be addressed in this thesis arecarding
to Hgure4.

Freezethaw

Freezethaw is a major source of deternation characterizd by surface scalingFreezehaw
iscaused by temperature dropping to freezing point below O0He. t€nsile stress increases

due to 9% volume expansion of frozen water in the pore system of the concrete, resulting in
cracking or spalligpin the outer layeof the material[13].
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Figurel2 Damage of different concretes due to freg¢haw [23]

The surface is usually more exposed to moisture amdctliontact of wder. In these
circumstancesa pumping effect is created due to the freettew loads. The pore system in
the surface acquires alincreases moisture contentherefore the damage is initiated in the
surface[24].

There are three properties that determines tdegreeof frozenpores[13]:

- The low thermatonductivity of concrete
- The concentration of ions in the pore water
- The diameter of poreaffectingthe freezing point

Generally, the freezing occurs in dégy pore water. Environmental conditions have an
impact on the degree of deterioration, suchagegree of water saturation, freeziaw cycles,
freezing rate and the lowest measured temperature. The addition of saltontact with
concrete affects thematerial by lowering the freezing point, resulting in scaling and
detachment of cement paste. ThHeydraulic pressure theory presenthat the remaining
liquid is pressurized by the expanding ice, and the pressurepierditng on pore diameter
and the movig diseince of the remaining liquid. To release the presstnere must be
empty pores close to wdre the pressure is originating fromAn increased pressure is
achievedwhenthe pore diameteris decreased and whethe moving distance to empty the
poresisincreased[13].

Thenumber of freezehaw cyclesdeterminesthe frostresistance and degree of deterioration
of concrete in particularthe saturation of the poreand the porosityof the concrete Afully
sdaurated pore under hydraulic pressuresults inthe microstructure expandg because of
released pressure causing crackiitpe porosity of the concretes determined bythe w/c
ratio. Concrete with high porosity collextvater lead from the capilly pores due to frozen
water, which lowers the pressurand permitsthe growth of ice crystals. Bhdegree of
saturation increases for porous concreteesulting in lower resistance amst frost.
Therefore,alower wi/c ratio resulsin higher frost resistnce[13].
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The main purpose of agntrained concrete is to avoid generation of stress in the capillary
pores when the water freees.Etmanand Ahmaed25] proved that theuse of airentrained
corcrete provides a moredurable concrete anghowedthat the optimal percentof air to
obtain a better frost resistances 0.15%of cement weight It must be noticed that the air
entrained concrete haa lower compressive strength compared toaigentrained concrete.

To maintain the same strength as @ag-entrained concrete, a lower w/c ratio ebld be
considered13, 23] asdemonstratedby Shang and Y26]. Their experimersl studyshowed
that an air content 06.5-6.5% and a wi/c ratiof 0.36provided thehighestresistance agast

400 cycles of freezthaw and a lower decreas@e modulus of elasticity, compared to other
samples.

Karakurtand. | & [27]Ruied theeffect ofair- and noair-entrainment, silica fumeandfly
ash on the freezethaw resistance The degree of surface scalimon the different test
specimerobtained from thepaperis shownin Fgure 13.
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Figurel3 Surface scaling of normal concrete (NC), Bigbngth concrete (HSC), silica fume concrete (SFC) and fly ash
concert (FAC|27]

FromHgure 13, the surface scalinig demonstrated to be significantly lower in high strength
concrete (HSCgonssting of silica fume and w/c ratio 0of0.30. Thiscompositionattributes

a denser concretavith lower porosity In contrast other concrete specimehasa wi/c ratio

of 0.46 explainng the provided resultsTheentrainment of air isshown to result inower
surface scalinfpr all concrete typesthusprovidinglower compressive strengtfihe addition

of silica fume was proven to result in higher degree of deterioration conthaoeother
samplesdue o reduction inworkability and porer compaction of théreshconcrete Hy ash
provided a better freeze¢haw resistancg27].

Musleh and Gutzwiller[27, 28] studied the effect of freez¢haw on posttensioned and
reinforced concretestructures When increasing the numbers &feezethaw cycles, the
dynamic modulus elasticity decreabeith maximum 1625% for postensioned concretg
while a decrease of up t60%were observed for reinforced comete. The study also showed
that the posttensioned concrete withstands several cyabé$reezethaw.
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Fire

In general, cacrete has an excellentperformance againstemperature growth. However,
when exposed to fireand high temperatures a reduction instrength is experiencedThe
factorsdetermining the fireresistancencludesconcrete covercross sectionf the element
material propertiesand the steel reinforcement[29]. The most common effect of firan
reinforced concretes spalling of the surfacevhich B a result ofthe heating of the steel
reinforcement. This damage of concrete cover exposes the reinforcement to high
temperatures,as seen ifHgure 14, affecting thestructural integrity of thestructure due to a
decreasedstrength of the steel reinforaaent. A reduction of the cross sectiarf the element
impacts theoverall ability to supporthe imposed load, resultingin skewed distributiorof
loads on the remaining structur&@he heatfrom fire alsogenerates thermal expansion and
dehydration of theconcreteand oftenresult incrackinghat permits theincreasing oftiermal
stresses and additional cracking of the conci@@.

Figurel4 Spalling of concrete beam and column as a result of3ie

According to Tufalil et aJ]32], the increasing ofemperature 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 temperatue in the sense that these properties decreaseith 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 secondest results andhe lowest values of these properties,
respectively.

2.3.4 Structural
Overload

Damagebecause obverloadingmay occur from different reasons.g the structurebeing
exposed to loads not designed for therpose of theserviceor the structure is loade before
achieving the design strength. For instance, overload cracking can appear -tempsished
constructions due to early release of stran®8]. Normally, the ductile of the concrete
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prevents he structure from sudden failure and larger dedtions and deformations is
experience at overload as a safety precaution for possible collapse. Wadjeemarks that
ductility of concrete cannot be the only structural property considered to achieve a large
deflection from an overloadings this might not be the case in every isa®o. Softening of

the structure immecessary 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 aseasd dress from a structure. The
movement of the ground results in loss of support beneath the concrete structure causing
damage and distortionaffecting the performance and may result in failure. A common
damage is cracking of slabs, as seefigare 15[33].

Figurel5 Cracking due to settlemefi?3]

Cyclic loading
According td35], cycling load is defined as following:

G/ @& bedigDis the application of repeated or fluctuating stresses, strains, or stress
intensities to locations on structural components. The degraddtiah may occur at the
f20FGA2Yy A& NBFSNNBR (2 & FFGAIdzS RSINF RIGA

The cyclic loading may arise fromfeient sources, both structural and environmental, and
accumulates microcracks which allows further deterioration of the concrete

2.3.5 Chemical
Alkalcagqgregate reactions

AlkaltAggregateReactions (AAR) is a generic term considering a chemical raati®to
accessible alkalis in the cement and aggregates. These types of reactions are known as the
Alkali-Slica Reaction (ASR) and th@kali-Carbonate rockReaction (ACR)ASRoccurs in the

pore solution in which the alkalreactwith some silic&, caisngthe formation of extensive
alkalisilica gel in the concretdhemoistureabsorptioncauses expansion alkaltsilica gel
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and resits in microcraclks of aggregate and cemerji,, 36] Figurel6 shows a electron
microscope image of anternal cracking due to ASRCRs characterized by the reaction
between alkali hydroxides and dolomite crystals in the clay matrix, causing expansion of the
coarse aggregate particl¢s].

Figurel6 Electron microscope image of an internal crack dudS&{37]

The ASR expansion resulh visualcrackng, expansion in the surface of the concrete
structureand 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 illustratedin Hgure 17. Therefore, named map cracking known in nonreinforced
concrete.However, cracksend to reflect the rebars in reinforced concrete, as shown in
Figurel8, where the cracking and expansion occur due to the restraining by the rebars. The
cracks @n also appear along the stress direction of columns and beams in case of heavily
reinforced or prestressedoncrete[38, 39]

Figurel8 ASR induced crack pattern in reinforced condizté
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There are three requirementsr ASR to occur in the concredad ifone of thesecomponents
is removedthe reaction is prevented[40]:

- Pre®nce d reactive silica (aggregate)
- High concertation of alkali is required
- Qufficient level of moisture

Further, factorghat may influence the presence of ASR are stoichiometry, the properties of
alkalis, reactive silica, humidjtgyemperature, concretestiffness, or aggregate siz¢38].
Giaccio et al[41] investigatedthe effect of ASR bysingthree different reactive aggregates
and canparingthese with normal concretel his study shows no strength gain for the samples
with reactive aggregates after 28 days, compared to normal concrete alag#in increased
compressive strengthlhe early internal crack due to ASR compared to normal conbsste

a significant impact on the failure mechanism of concrete in compression, resulting in
premature failure.Extensive crackingas also noticed from the loaddeflection cuve of
concrete exposed to ASR

Another research project examirtk a bridge demolised because of alkatiggregate
reactions A part of theinvestigating was to replicatéhe concrete mixusingthe same
aggregateas for e demolishedbridge and the aggegatewere classified aseactive Three
concrete mixes weresedin this investigabn. Two of those had different cement contents
representingd.5 kg/m? alkali contentin difference, while thehird mixwere addedly ashto
document the beneficial effe to prevent the development of ASRhe study showed that
reactiveaggregate in coimnation with higher temperature result inigher expansioin the
concrete except forthe samples with fly ash demonstrating an insignificaxgpansion For
instancethe sanplewith 0.5 kg/m?2 higheralkali contentand a temperature 060°Cresulted
in 0% higher expansiothe first year A reduction of dynamic modulus of elasticity with
increasing expansiowere also observedindicaing the initiation of internal crackig inthe
concrete.

Testswere also conducted on field exposed concrete cubes adileentrained admixture.
These samples were compared to teemples from the original bridge, shoing that the
reconstructed samples had a considerable higher expansion. The explanation cartédink
the measured dynamic modulus of elasticity of thengpdes from the bridgewhich are
relatively low in value, indating that the concrete had already developed internal cracking
[42].

Acidattack

Acid attack occurs whett KS £ A |j dzA R Q &v 615)A readtiori tigveer an adid Sufid 2
calcium hydroxide (Ca(O})s active producing highlysoluble calcium saltAlthough the
solublecalcium salts are removed from the cement paseglucngthe pastestructure. Acid
attack can be divided isulfuric, nitric, acetic hydrochlorig and carbonicattack Following
attack on concretes dependent oracid type and itg€oncentration.Normally,Ca(OH)in the
hydrated cementand aggregate arenfluenced by acid attackhmount ofacid attack can be
reduced by wmbining the Portland cement wittsupplementary Cement Materials (SCMs)
becausethis minimizesCa(OH)in the hydrated cementFly ashground granulatedblast
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furnace slag@@FS) andilicafume aresome SCMs contributorseducing the possibilite
for acid attack|[1].

Accordirg to Nijland and Larbi[43], acid attack on concreteesultsin loss ofcohesiveness,
reduced concrete strength andnhancement ofcapillary porosity.Figure 19 indicatesa
concrete surface affectelly acid attackThere is clear sign of leachifigm the cement pate
matrix, resulting toNB RdzO{ A 2 y cohéBion Yahdlintedsdd dapilfaporosity. The
cement pasteenduresbonding losgo the aggregate bufollowingaspectdoes not influence
the microstructure andconcrete quality Therefore,acid atta&s can bevulnerable forlong
term durability[43]. Singh[44] emphasiessulfuric acid attackwhere production of gypsum
attacks the cement pasteFollowing research paper clarifies thatlfuric acid attackesults
to weakness othe concrete micrestructure, reduction of sizespecimen cement paste and
compressive strength.
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Figurel9 Acid attack alondhe concrete surface from micrograph43]

Sulfate attack

Sulfate attack is defined as progressive los®f cement paste strengttbased on the
connectionbetween hydration pralucts.Sulfate attack is divided &n external and internal
part. External sulfate attackontrolsionsthat penetratesthe concrete reacting withcement
matrix componats to causeextensivechemical reactionsThe brutality of externd sufate
attack depends osulfate concentration either in water or sollo withstandexternal sulfate
attack, concrete quality has &igh significanceln addition,low permeabilitytolerates this
type of sulfate attaclky minimizing thesulfate penetration, which is dependent oblended
cement andreducing w/c ratio.Blended cement is referred teither pozzolanic or blast
furnace slag cemenminimizing Ca(Oklgontentandrefiningthe Y I G NA EQ& LB NB & G N
reduced amount of tricalcium aluminate (GA) and calcium aluminoferrite (GAF) is also
dominantfor the severity ofsulfate attack.Three classes @fggressiveness that are related
to sulfate attack areXAl XA2and XA3 briefly explained orthe EuropearstandardEN 206

1, recommendiig minimum cement content, minimum strength and maximum w/c ratio for
each classefd 3, 45]

31



Internal sulfate attack also known as delayed ettringite formation (DEsg¢urswithout
exposure to a sulfatdearing environmentThe source of ions imternal sulfateattackis in
the concrete itself where higher presenceof sulfatesincreases the possibility ofnternal
sulfate attack Extensive crackingf cement pastes related tointernal sulfate attackSCracks
are visiblein and along thepaste,and aggregateiseis crucial forthe crackopening in he
paste. The pobability of internal sulfate attack can increasgepending onpre-existing
damages of concrete, for instandeeezethaw or ASR.To minimize the possibilities for
internal sulfate attack including cement with lower strength classare recommended.
Simulaneously cement containingeither fly ash or slaghay contribute to preveninternal
sulfate attack13].

Attack by pure water

Attack by pure wadr describes watemmount with low dissolved solid€Caléum ions are

familiar within dissolved solids,acting aggressivelytowards the concrete Concrete
permeability isan important factor fothe degree othe attack by pure wated.ower anount

of Ca(Ohb hasimpressive resistancagainst attack by pure watesuch adblastfurnace slag
cement concrete According toEN 2061 [45], the aggressiveness of watets concreteis

deciced from pH \alue, free CQ content and sulfate ionsAttack of concrete byery soft

watersis a form ofpure water attackdissolving free lime solubilityf 1.7 g/l.Leaching of free
lime are damaghg other constituents of the cement pastediminishing he concrete
resistance[13].

2.3.6 Biological
Fouling

Biofoulingin correlation withthe marine environments relevant formaterials submerge in
seawater divided in microfouling andmacrofouling. Microfouling specifies that the
submergedconcreteis quicklyoccupiedby marine bacteria, establishiragbacterialbiofilm.
Macrofouling emphasizes occupation of bacterial biofiimby other micre and
macroorganismsBiofoulingincludes an imaganalysisbased méhod and wet/dry-weight
biomass measurementlearly illustratinghe evolution ofbiofouling formation.Factors that
canaffect formation ofbiofouling arechemical compositiorporosity, pHand roughnessin
addition,chemical composition for a ogent type isconclusivet 2 NJ 0 A 2 ¥ 2 dzf.Roy 3 Qa
instance, Portland cement CEM | astdg cement CEM #Htetwo influential binder type$46].

Biogenic sulfuric attack

Biogenic sulfuric acid attack (B$®a common fornof biodegradationmechanism damaging
the concrete causig global infastructure deterioration.This type ofattack occurs normally
in concrete sewersHydrogen sulfide is the main source B8Aproduced by sulfate reducing
bacteria (SRBAccording taMonteny et al.[47, 48] BSAcauseshigher deterioratio based
on microbial growth andmovement in humid, porous ansoft corrosion layer formed on
concrete.On the other handQOkabe etal. [49] emphasize thatow amount of oxygen and
reduced nutrientsn the corrosion layerpreventthe microbial successian the corrosion
layer. BSAcan be describedas a slow corrosion procesfrom 1 mm/year tomaximum 5
mm/year.At the samdime, the risk ofBSAs dependent orthe relationship between bacteria
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and the substratumRelated to BSAhé gypsum layein concrete igegulating high humidity
level inthe environment, protectingthe bacteria against dry conditiof47, 50}

2.3.7 Corrosiom

CGorrosion in steel is described aselectrochemical prcess consisteof cahodic and anodic
areas. Electra@jalvanic potential differences are developed on the steel surface, with concrete
pore solution behaving as an electrolyte. The electrochemical ggodegins with an
oxidationandeledrons are consumeadt the cathoa byreductionandelectrons transferred

in the steel bars between anode and cathodeoducing a rustIn reinforced concrete,
common explanations for corrosion are either carbonatiorcldoride-induced corrosiorl].

The modelling of corrosion is divideato initiation and propagatiorperiod, representing the
time of depassivation andifferent stages otleteriorationof the structure

Carbonation of concrete

Carbonation is a major degradation of concrete due toeitfects on corrosion of steel
reinforcement. This mechasm is a restlof areaction between carbon dioxide from taer
andcakium hydroxiden the hydrated cement pasteCQ in the air diffusesnto the concrete
and reacts with pore liquid. The reaatiproduce carbonate (GB®) that reacts with calcium
resuling in catium carbonate (CaC¢), known as carbonatiornThis reaction neutralizes the
pore solution causing the pH valwé the concreteto drop down to between 8 and.Ihe
process of carbonatiors initiated in the concrete surfacas seen irFigure 2@, and will
gradudly penetrate the construction material, until reaching the steel reinforcen@st,
[51].

Figure20 Representation of carbonatioadaptedfrom [51]; a) carbonationof the concreteb)carbonationreachingand
depassivatinghe reinforcementc)penetrationof catbonation, infiating corrosion cracking and spalling the concrete

Whenreaching thesteel reinforcement(Figure 2@) the pH value of the pore solution will
passivate the reinfaement Further, the carbonation wilhitiate active orrosion causng
visual crackingand spallingof the concrete structurgFigure 2@). The concete cover is the
main factor determining the penetratioof carbonatiorwhichis crucial in terms of durality
and service life of the concrete structurA. method of detectingcarbonation is through
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