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SUMMARY

In this thesis, different NDT methods have been investigated for reinforced and post-tensioned concrete structures. The durability of
these structures is mainly affected by concrete composition and deterioration. For that reason, assessment of existing structures is a
fundamental approach to ensure long-term performance. This aspect entails that structural condition is monitored by collecting
essential data during the service life of the concrete structure, which provides an insight into the structural behavior. Therefore, NDT
methods are integrated with SHM to estimate the remaining service life of concrete structures.

There are advantages and limitations to applying NDT methods, and the principles of the NDT categories are conclusive for the
capability to detect different problems. However, available equipment for NDT methods influences the reliability and interpretation of
obtained data. Technical specifications and algorithms for NDT methods can differentiate depending on accuracy, depth, and frequency
range. Variations in these parameters can result in the imprecision of promising data, influencing the degree of detection for concrete
deteriorations.
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Abstract

The study’s main objective was to evaluate 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.



Sammendrag

Studiets hovedmal var a evaluere betydningen av NDT metoder for @ oppdage skader og
mangler i armert og forspent betong. Forverringsmekanismer pavirker bestandigheten og
funksjonaliteten til betongkonstruksjoner. Vurdering av betongkonstruksjoner anbefales for
a redusere hgye vedlikeholdskostnader og oppnaelse av tilstrekkelig ytelsesniva.
Implementering av ulike NDT metoder er en passende tilnaerming for a8 oppna hovedmalet
med vurderingen. Betraktning av forelgpig vurdering er avgjgrende for a bestemme gjeldende
NDT metoder som er iverksatt i den detaljerte vurderingen for a 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 undersgkt. Hovedformalet med
NDT metodene er a evaluere ngyaktigheten og effektiviteten til de innhentede dataene. Det
vil bli gjennomfgrt en poengstrategi for de ulike NDT metodene for & undersgke forskjellige
forverringstyper. Imidlertid kombineres mange av NDT metoder for & oppna en bredere
forstaelse av betongkonstruksjoner. Bestandighet for slakkarmert og spennarmert betong
kan undersgkes ved a inkludere flere NDT metoder. Ulike feltforsgk i litteraturen vil bli
undersgkt. Dessuten vil forfatterne presentere sin lab arbeid med UPE-utstyr.

Flere produsenter tilboyr NDT utstyr av hgy kvalitet som en del av den betong vurderingen. De
viktigste aspektene ved NDT utstyrene er sikkerhet og ngyaktighet. Utallige NDT produkter
finnes i det navaerende markedet resulterer i en avansert tolkning av deres palitelighet og
effektivitet. Feltprgver og mockup-testevaluering tydeliggjer at regelmessige tester med
forskjellig NDT-utstyr er a foretrekke med hensyn til deres palitelighet, uavhengig av deres
varighet og kostnad. Resultatet av denne oppgaven er at NDT tester og kombinasjon av disse
testene er effektive tilneerminger 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:

e How efficient are NDT methods for the evaluation of damages and flaws in reinforced
and post-tensioned concrete?

e 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
considered to understand the author’s approach. Therefore, the authors have chosen to limit
the thesis with following considerations:

e 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

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

e 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.

—-‘ Lab testing A nent scores

Methodology

[ Deterioration, damages and flaws ]

[ Assessment of concréte structures ]

[ Combining NDT methods in field tests |

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 EC2, “prestress” defines 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 “rusting” of the
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.
The amount of corrosion depends on concrete’s high quality, density, and capacity of
hydrated cement paste. These are further related to permeability of the prestressed concrete
structures, connected to porosity dependent on the material’s size and distribution [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
structure’s 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.

Degradation [# - -==-===---- Corrosion of
OFCONCIOE Lo mimive mmimim o » reinforcement
v Causes

A 4 4 4 A A v
|Mechanica|| |Physica|| |Structura|| |Chemica|| | Biologicall | Corrosion ’—’

Abrasion Overloading Fouling
Erosion Settlement Biogenic attack
Impact Cyclic loading l l
Explosion i Carbonation Stray
Freeze-thaw  Alkall aggregate reactions Chlorides current
Fire Acid attack

Sulfate attack
Attack by pure water

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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2.3.1 Cracking
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Figure 5 Cause of structural failure [14]

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.

Tension
bending
cracks

Plus rust
Cracks at stains

starter joints

Figure 6 lllustration 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]
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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:

Baera et al. [20] defines impact as following:

“Impact can be generally defined as a mass (i.e., the impacting mass) striking another mass
(i.e., the impacted mass), under certain conditions of velocity, geometry and material
properties of the impacting bodies” [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 - FigurelOe.
Factors affecting the degree of damage are the impact intensity, confinement and the bond
between the concrete and reinforcement [21].
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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 Bayazit [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.
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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:

“Cyclic loading is the application of repeated or fluctuating stresses, strains, or stress
intensities to locations on structural components. The degradation that may occur at the
location is referred to as fatigue degradation”

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
Alkali—aggregate 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 silica’s, 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 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/m?3 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/m?3 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 the liquid’s pH value is below 6.5. A reaction between an acid and
calcium hydroxide (Ca(OH)) 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) 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); 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 reduction of matrix’s 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.
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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), content and refining the matrix’s pore structure. A
reduced amount of tricalcium aluminate (CsA) 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), 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 CO, 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/I. 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 for biofouling’s formation. For
instance, Portland cement CEM | and slag cement CEM lll 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. CO; in the air diffuses into the concrete
and reacts with pore liquid. The reaction produce carbonate (CO3%) that reacts with calcium
resulting in calcium carbonate (CaCOs), 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].
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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
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spraying of phenolphthalein on the concrete which react and distinguishes carbonated
concrete from normal concrete The reaction appears as a pink color for concrete with a pH
value greater than 9 [13, 51].

Several factors influencing the carbonation rate, mainly depending on the environment
exposure and the concrete composition. The environmental factors that are important to
address when considering carbonation are humidity, temperature, and concentration of CO,.
Among the factors that may greatly affect the degree of carbonation ratio are relative
humidity. Figure 21 represents that correlation between the carbonation rate and relative
humidity, showing an increase in carbonation rate with increasing humidity [13],[51].
Elsalamawy et al. [52] also demonstrated the variation of humidity on carbonation. From the
study, the carbonation depth increases with increasing humidity, and the highest level of
carbonation is observed when the humidity is between 60-70%. Further, the degree of
saturation and the presence of CO; are of great importance [52].
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Figure 21 Carbonation rate as a function of relative humidity [13]

The carbonation rate and depth also increase with increasing CO; in the air, e.g., in motor
vehicle tunnels [13, 51]. This was also proven by Cui et al. [53], however after the
concentration of 20%, the increase rate of carbonation reduces to a great extent. The highest
increase in carbonation was observed when CO; concentration increased from 2% to 10%. In
this study, the scanning electron microscopy shows a denser microstructure in the concrete
when the concrete is exposed to high CO, concentration. The reduction in CO; diffusion is due
to denser surface with lower porosity as result of reduction of pore sizes and lower
connectivity of the pores. The diffusion of CO; in the concrete increases in dry concrete due
to air-filled pores, but the lack of water prevents the reactions [13],[51].

The effect of periodic wetting lowers the carbonation rate and decreases the carbonation
depth. Further, the degree of this effect and its impact on the carbonation rate are dependent
on wetting time, frequency, and duration of wetting-drying cycles. Frequent and short periods
of wetting have a significant reduction on the carbonation penetration. Liu et al. [54]
investigated the impact of temperature on carbonation. This study shows that higher
temperature increases the carbonation depth, and the compressive strength decreases with
the carbonation of concrete in a linear relation.
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The parameters in concrete composition influencing the diffusion of CO, and carbonation rate
includes cement type and concentration, curing time, w/c ration affecting the porosity of the
concrete and admixtures. The influence of w/c ratio is shown in Figure 22, where the
penetration of carbonation increases with increasing w/c ratio and the effect of different
curing period demonstrates a decrease in carbonation depth. Balayssac et al. [55] investigated
the importance of curing, but with the regard to cement content. For instance, after 18
months concretes with cement content of 420 kg/m3 and 300 kg/m3, increasing the curing
period from 1 to 3 days and 1 to 28 days, respectively, reduced the carbonation depth by 50%
[55]. The reason for the difference is explained by the higher porosity of concrete with low
cement concentration, and a longer curing time is therefore needed to obtain the same
durability as for a concrete with high cement concentration.
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Figure 22 Influence of w/c ratio and carbonation depth [13]

The use of admixtures has been shown to have no beneficial effect on the carbonation rate.
On the contrary Balayssac et al. [55] and Elsalamawy et al. [52] discovered that the addition
of Ground Granulated Blast-furnace Slag (GGBS) resulted in higher carbonation depth,
compared to concrete with Portland cement. Czarnecki et al. [56] discovered that the addition
of fly ash increase the carbonation depth with 25%, compared to concrete with Portland
cement. The replacement with silica fume only showed resistance against carbonation for w/c
ratio exceeding 0.7. Therefore, the advantage of this binder is very limited. However,
Elsalamawy et al. [52] showed that adding 10% silica fume with the combination of GGBS can
possibly decrease the carbonation depth with 58%.

Chloride induced corrosion

Chloride induced corrosion is a major cause of deterioration for reinforced concrete. Under
normal condition, the presence of calcium hydroxide in hardened concrete dissolves OH" in
the pore solution of the concrete. Depending on the concentration of this substance, the pH
value in the pore solution of the concrete becomes alkaline (pH 12.5-14), which is to the
advantage of the reinforcement steel from a durability point of view. In contact with the steel,
the reinforcement becomes passivated due to protective layer of ferric oxyhydroxide
between the steel and the environment [51].
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There are two main reasons of depassivation and initiation of corrosion: the decrease of pH
value of the pore solution due to carbonation or a certain concentration of chloride ions
reaching the steel reinforcement. Regularly, the breakdown of the passive film occurs on a
local level and the available chloride ions react with the surface of the steel. This weakened
part of the reinforcement becomes an active zone in form of an anode, and the rest of the
steel reinforcement still protected by the passive film acts as a cathode. The concentration of
chlorides is increased to the anode due to the electrochemical reaction that induces a current
from the anodic zone. Further, the corrosion occurs to the cathodic zone where reduction of
oxygen takes place. Figure 23 illustrates the electrochemical reaction and the substances
involved. The attack of chlorides is increased when ClI//OH" in the pore solution is in contact
with the steel reinforcement, resulting in pitting corrosion [13], [51].
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Figure 23 Chloride induced corrosion of reinforced concrete [1]

When addressing chloride induced corrosion of reinforced concrete, the parameter of critical
chloride content or chloride threshold value is important to assess. This value is associated
with the depassivation of reinforcement with the regard to the value of chlorides in the rebar
and is an important parameter in service life design and service life prediction models. The
properties affecting this threshold values are as following [1, 13]:

- Concrete cover thickness

- Temperature

- Relative humidity

- Electrochemical potential of the reinforcement

— Substances in the pore solution (CI'/OH)

- pH value of the pore solution

- Concentration of oxygen in contact with the steel reinforcement

The concentration level of chlorides to initiate corrosion is depending on the environmental
exposure of the construction and the presence of oxygen that can reach the reinforcement.
The corrosion of steel reinforcement affects the condition of the structure and the structural
performance, from the esthetical appearance to serviceability and safety. The first signs of
corrosion appear as rust spots on the surface of the concrete or as cracks on the concrete
cover, which may result in spalling and delamination. The cracking is a consequence of the
generated tensile stress from the volume expansion due to rust growth around the steel
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reinforcement. Cracking increases the penetrability of the concrete cover layer, which is a
main reason for rapid development of the corrosion process. When the reinforcement is
subjected to direct environmental exposure because of damaged concrete cover, the
serviceability and the safety of the structure is at stake. Further, the uniform or localized
corrosion will have an impact on the properties of steel reinforcement, such as the load-
bearing capacity due to the reduction in cross section of the reinforcement [13].

Almusallam [57], studied the effect of chloride induced corrosion on the mechanical
properties of steel reinforcement. The load capacity had a significant decrease with the
increasing degree of reinforcement corrosion as shown in Figure 24. This curve also shows
that increasing degree of corrosion decreases the elongation before failure, indicating a
brittle behavior of the steel bar. A loss in ductility and yield strain is noticed for corrosion
higher than 12.6% [57].
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Figure 24 Load-elongation curve and different percentages of corrosion for 6 mm diameter steel bar [57]

Corrosion on the steel of post-tensioned concrete components may arise from the
prestressing configuration and environmental exposure of the construction. This
deterioration can be introduced during transport and storage from external sources such as
moisture, sea spray and other contaminations. The presence of rust should not be the only
factor of rejection of a strand because a small amount of rust does not affect the overall
properties. However, the presence of pitting will have an impact on the loading and fatigue
capacity, which may lead to failure and these strands should be rejected [58] [59].

After the application and tensioning of the strand in the concrete component, a time limit of
7 days is set for grouting in humid and marine environment to minimize the infiltration of
aggressive substances. If contaminated water finds its way into the duct, initiation of
corrosion is enabled with the presence of chlorides. This was the case during the construction
of San Francisco-Oakland Bay Bridge. After 15 months 2% of the examined tendons showed
moderate corrosion and few tendons indicated the initiation of localized pitting corrosion.
Overall, only four samples failed to meet the requirements for minimum breaking strength
and ductility [58] [60-62]. An important observation from this investigation is the importance
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of grouting and the influence this consideration has on the integrity of the strands. This
indicated that a longer period of ungrouted has the ability to propagate the corrosion which
may result in a decrease of serviceability,
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3. Assessment of concrete structures

The aspects of economy, history and serviceability have an important impact for the solution
an engineer chooses when considering demolish, rebuild, or renovate a structure. These
considerations have established the known methods of inspection, assessment, maintenance,
repair, and rehabilitation of elderly damaged structures. This approach does not exclusively
profit financially and extend the service life of a structure. The natural sources of this planet
are additionally saved resulting in a sustainable gain. However, the existing concrete
structures are showing increasing signs of deterioration even if building codes are considered,
causing loss of serviceability and safety of concrete structures. Different reports uncover
deterioration of concrete structures demanding high maintenance cost to improve the service
life and performance level, and it is expected an increased need of rehabilitation work [16].

3.1 Condition assessment of concrete structures

An assessment of concrete structures may be necessary for several reasons and is a crucial
part of the long-term performance of the structure. Existing concrete structure is exposed to
several deteriorations during the service life, as seen in chapter 2.3, causing various damages
and distresses that influence the structure's integrity and durability. For that reason,
condition assessment is an efficient approach to evaluating the extent of damages and
implement measures to ensure safety and serviceability. The standard ISO 13822 [63]
addresses the assessment of existing structures, providing principles and approaches
considering structural reliability. A flowchart for this purpose is presented in Figure 25.
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Figure 25 General flowchart for assessment of existing structures (ISO 13822) [64]

The purpose of the assessment is always the basis of the strategy that is proceeded. The
various parts of the flowchart aim to identify and discover the cause of the structural
condition and the extent of the problems. Implementation of various NDT methods is an
important approach included to achieve the aim of the assessment. A part of the preliminary
assessment is to map and clarify the possible causes of the deteriorations through a visual
inspection. The preliminary assessment provides necessary guidance determining the
applicable NDT methods that can be implemented in the detailed assessment for collecting
crucial data to identify the extent of the problems. For this survey, several NDT methods may
be applied to accomplish the aim of the investigation [63]. Figure 26 shows the essential parts
of a detailed assessment. Under determination of action, an example of NDT methods is
included that are relevant for several investigations.
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A similar guideline for assessment of structures is AClI 364.1 R-94 [65]. Hence, this guide is
specifically for concrete structures prior to rehabilitation and evaluates the necessity of
rehabilitation based on the detailed investigation.

Detailed
Ter IL?

Detailed documentary search and review
Documents and drawings

Critical sections

Selection of inspection methods

Detailed inspection and material testing
Access to inspection areas
Electricity/Battery/Light etc.

Material testing either on site or off site

Determination of actions

Radar to detect reinforcement placement
Detection of concrete cover

Detecting corrosion in rebars

Void mapping by ultrasound technology
Verifying voids by sound waves

Including partly destructive testing if necessary
Inspection of endoscope

Determination of structural properties
Results from material testing
Results from NDT testing

Structural analysis
Analysis emphasizing NDT testing and material testing
Maintenance strategies

Verification

Load carrying capacity
Maintenance intervals
Expected life

LCCA if required

Yes - parts of or at intervals

Further inspection?

—r[ Reporting results of assessment

Figure 26 Flow chart for detailed assessment of concrete structures considering NDT methods [66]

An important guideline by the NPRA for assessing concrete bridges in Norway is manual
V441 [67] and is specifically assessing bridges in general. However, it is interesting to evaluate
the approaches included in this guideline. The purpose of the guideline is to evaluate the
integrity and durability of the bridge from a safety point of view and addresses these steps of
a bridge inspection: planning, preparation, implementing, and follow up. The planning and
preparation are similar to the first phases included in ISO 13822 and considers the assessment
strategy by an interval of inspection and the extent of the damage. A part of the strategy is
evaluating the need for methods for data collection, including NDT methods.
In implementing, the bridge damages are assessed by a preliminary inspection and NDT
methods, according to damages described in the guideline. In follow up the collected
measurements are analyzed and compared to documented data to identify the extent and
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development of the damages. Based on these observations, measures are implemented to
ensure the serviceability of the bridge [67].

3.2 Structural health monitoring (SHM)

Wan-Wendner [68] explains that the earlier lack of consideration of maintenance during the
design of a new structure is one reason for the current state of the increasing deterioration
of concrete structures. Long term maintenance strategies were absent, and cheaper design
solutions were favored, neglecting the increasing maintenance costs during the lifespan of a
construction. The concept of LCC has developed because of the old infrastructure, budgetary
constraints, and aspect of sustainability. Several factors are considered during the different
stages of a construction process due to the increased understanding of concrete as a
construction material, such as load capacity, serviceability, initial costs, esthetics, durability,
sustainability, and costs related to maintenance until the demolition of the structure and
recycling [68]. The available standards are mainly based on long term experience that does
not depend on accurate prediction models for time-dependent processes, often applicable
for well-established materials and design situations. The most reliable approach for new
constructions and maintenance of existing structures is models for time-dependent processes

The topic of structural health monitoring has a wide definition. Concise the term addresses
the condition of a structure, considering the degree of damages during the service life. For
this purpose, a condition assessment is conducted to map the performance of the concrete
structure. The most optimal approach is to consider the entire construction. Thus this may be
time-consuming, and often a more local inspection is chosen [13]. As seen in chapter 3.1, an
important part of the assessment to achieve these considerations is the implementation of
NDT methods. For visualizing the concept of SHM, Figure 27 illustrates the relation between
SHM, assessment, and NDT. Monitoring the construction during the service life is one of the
most essential phases to obtain the condition of the structure through regular recording of
parameters. This information gives a perception of the structural behavior, as well enabling
calibration of numerical models [69].

SHM

Assessment

Figure 27 The relation between SHM, assessment and NDT
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The data from monitoring is an important part from a managing point of view, where the data
is used to optimize the operation, maintenance, and repair of the structure. The monitoring
data can be assessed in structural management systems to obtain a survey of the state of the
construction. Based on available information related to the condition of the structure, safety
measures can be implemented. The utilization of better material properties, over design, and
synergetic effects as part of safety measures in case of future deterioration, will maintain the
design performance and extend the lifetime of the construction [69].

Digital twin is a part of SHM, developing digital profile which emphasize present behavior of
either a physical object or process strengthening business performance. It considers real-
time, real-world, and cumulative measurements based on an array of dimensions,
establishing an evolving profile of either the object or process in the digital world that
provides necessary information on system performance. Computer-aided design (CAD) and
Internet of Things (loT) comprise a constitutive part of digital twin, where CAD is related to a
computer-simulated environment with success in modeling complex environments. loT
system measures position and diagnostics for a complete component, without considering
full life cycle process and interactions between components. The real power behind digital
twin is that it provides near-real-time connection between the physical and digital worlds,
where digital twin contributes to richer models with more realistic and holistic measurements
of unpredictability [70].

Digital twin predicts outcomes in much higher accuracy and is designed to model challenging
processes interacting with their environment. Therefore, it is complicated to predict
outcomes over a complete product life cycle. Digital twin in cooperation with NDT inspections
are beneficial for systematical maintenance and rehabilitation processes. At the same time,
these together minimize repair time and effort, estimating the remaining service life of a
structure. In other words, the overall performance and sustainability will increase for
following structure. NDT tasks performed by digital twin have an important place from the
supplier to the costumer. Considering digital twin in NDT methods allows collection of high-
quality data that can be integrated, interpreted, and analyzed [71].

An important area that forms digital twin is Building Information Modeling (BIM). BIM is a
platform emphasizing interoperable and precise data of building information to improve
planning, construction, and maintenance. BIM is responsible for merging the building’s 3D
CAD model with additional data connected to building specification, cost estimation, time
schedule and maintenance management. In the field of manufacturing, building operation
and maintenance, existing buildings suit from implementation of digital twin [72]. The
connection between BIM and digital twin is dependent on Wireless sensor network (WSN),
integration and data analytics. Different sensor networks are a part of digital twin to produce
a real-time view of the asset, allowing real-time analytics, building efficiency, informed
decision-making, and comfort, seen from Figure 28 [72, 73] .
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3.3 Non-destructive test methods (NDT)

In general, there is always a need to determine whether the concrete structure is designed
properly and assess the structure's durability and structural integrity. Many properties of the
concrete can be evaluated through NDT, such as mechanical parameters, the evaluation of
the steel reinforcement and tendon ducts, and detection of damages and flaws [74]. The NDT
methods provide important data to service life prediction and are a part of the assurance of
the long-term performance of a concrete structure [15]. The NDT methods can be divided into
several categories, and there are several available NDT methods for different purposes.

The stress wave method propagates stress waves which is a form of acoustic waves, and in
contact with the concrete element, the test can provide information about the mechanical
condition of the concrete. These waves pass through a concrete element, and the data
involves the interpretation of waves reflected to a receiver. A change in the reflected waves
can be noted depending on what the waves encounter, such as internal flaws, voids, steel
reinforcement, and post-tensioned ducts, and are different for various materials.
Furthermore, the acoustic NDT methods use different acoustic wave spectrum and frequency
range, as seen in Figure 29 [15].

Acoustic Wave Spectrum AE
Impact-echo
Ultrasonic
1 kHz 10 kHz 100 kHz 1 MHz 10 MHz
20 Hz 20 kHz
Infrasound Audible Ultrasound

Figure 29 Acoustic wave spectrum and frequency for different NDT methods [15]

Radiographic methods use x-rays or gamma rays to evaluate a concrete structure for the
identification of flaws and defects, where the element is placed between a radiation source
and a film/detector. The radiation source penetrating the concrete and the radiation's
attenuation depends on the density and thickness of the element due to absorption. The data
is further recorded on a film or through an electronic means, and a benefit of radiographic
methods is the detection of changes in thickness, corrosion, flaws, and density. Despite the
benefits, there are considerable health risk related to this method as a result of the radiation
from the test equipment [75].

The electromagnetic methods are based on the generation of electromagnetic waves. These
waves penetrate the concrete element and are transmitted or reflected and are used to
detect changes in the material properties of the concrete. Electrochemical methods use
reference cells to get information about the chemical condition from the measured
electrochemical potential [15].

The NDT methods that have been selected to investigate in this thesis are shown in Table 2.

45



Table 2 NDT methods [15, 76, 77]

NDT categories

Manual Visual inspection

Stress wave method Rebound hammer

Ultrasonic Pulse Velocity

Ultrasonic Pulse Echo

Impact Echo

Impulse Response

Radiographic methods Radiography

Electromagnetic methods | Ground-Penetrating Radar

Concrete Resistivity
Cover Meter

Electrochemical methods | Half-Cell Potential

In this thesis, some of the more common NDT methods will be addressed to evaluate the
effectiveness and accuracy of the provided data. There are different NDT methods for the
assessment of the various damages and flaws. The following parameters will be investigated:

A.

G mMmoOO®

Cracks

Delaminations

Voids

Corrosion of reinforcement
Corrosion of post-tensioning strands
Location of reinforcement

Location of post-tensioning systems

The parameters A to E can be caused by several deterioration mechanisms and are, in general,
some of the most common observed damages in existing concrete structures caused by this
mechanism. It is important to emphasize that these can also be a result of the execution of
the concrete. The ability of different NDT methods to detect the various damages and flaws
will be addressed. The following assessment score is used:

0 — Not possible to detect deterioration

1 — Possible to detect deterioration, but not suitable

2 —Suitable, but there are limitations

3 — Suitable and preferable
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3.3.1 Visual inspection

Visual inspection is recognized as the most important non-destructive test method, providing
necessary information about the condition of the structure. A visual inspection is associated
with structural serviceability, material deterioration and workmanship [74]. According to on
ACl 201. 1R-08 [17], Guide for Conducting a Visual Inspection of Concrete in Service, the
purpose of a visual inspection is to examine an existing construction to identify and determine
the conditions the construction is subjected to during the service life. A visual inspection is
often aimed for the surface of the concrete structure due to its visibility and is defined as an
overview on performance and durability during the lifetime of the construction to detect
possible distress and deterioration. When degradation is observed, further investigation
through nondestructive test, destructive test and other methods are conducted to acquire
information about the internal conditions of the concrete. Through these investigations,
repair or rehabilitation can be considered, which is a more efficient approach. Thus, it is
important that observations of environmental exposure, durability and performance are
documented during the inspection.

For an engineer, it is important to separate between various signs of distress e.g., cracks,
spalling, disintegration, and lack of uniformity. The visual inspection is specifically related to
the investigated structure, including neighboring structures, climatic conditions, and
surrounding environment. An important part of a visual inspection is to document the
observations obtained during the investigation. Written description, sketches, photographs
including dimensions and videos are essential parts of the documentation. An extensive
description of damages is provided in ACI 201. 1R-08 to assist the investigator, with the cause
of the deterioration and photos for illustration of different types of defects and distresses, for
instance chemical attack, physical deterioration, mechanical damage, and weathering. A
visual inspection is useful for existing structures, considering necessary parts of routine
maintenance [17, 74]. A visual inspection form or a checklist is used during the inspection for
documentation used in preparation of a report. An inspection form proposed by ACI 201. 1R-
08 is found in Appendix 1. The report should include the following information [17]:

The name of the inspector(s)

Purpose of the inspection

Information about the available documentation of the structure
General description of the structure e.g., type, age and location
Inspection technique, the field test utilized and collected data
Filed observations and the part of the structure inspected
Conclusions and recommendation

© No bk wnN R

Explanatory pictures and sketches

A recommendation is presented with description of testing and assessment necessary for a
more comprehensive mapping of the observations. The visual inspection is always the first
phase of an evaluation of a structure to determine the approach of a further inspection. The
scope of the report should therefore be an instructive guidance for the determination of the
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structural serviceability and safety of a concrete structure [17]. Table 3 provides a general
overview of advantages and limitations associated with a visual inspection.

Table 3 Advantages and limitations with visual inspection

Advantages Result limitations
Simple Necessary of expertise
Inexpensive Not applicable for internal condition
assessment of concrete
Rapid Does not detect small flaws
Detect distresses Time consuming for larger concrete
structures

Although a visual inspection is a rapid and inexpensive approach for the identification of
apparent structural issues, detailed information about the interior defects is lacking. In
addition, performing visual inspection on larger concrete structures is demanding and time
consuming. Based on a study conducted by Federal Highway Administration (FHWA), 56 % of
average condition ratings of concrete bridges were found incorrect where visual inspections
accounted for 95% of the incorrect average condition ratings. Some challenges related to
visual inspections emphasize that it is a single aspect of the total evolution plan. In other
words, visual inspection is typically combined with other NDT methods to evaluate real
condition of the structure [78].

Implementation of apparatus such as CCTV and endoscopes are preferred to access unseen
parts and areas with limited access [79]. Another limitation is related to the detection and
evaluation of small cracks. For this purpose, a crack width microscope (Figure 30) can be used
enabling further assessment. The crack width microscope is a high definition tool for precise
measuring cracks dimensions with the ability to magnify up to 40 times and a measuring range
of 4 mm. This tool improves the performance of a visual inspection and is priced from $598.00
[80].
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Figure 30 Crack width microscope [80]
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A recent method for visual inspection is to include drone equipped with 360° camera. Drone

inspection is mostly adapted for bridge structures and high-quality camera is necessary to
detect bridge damages contributing to localize bridge deterioration depending on time, load
capacity, load frequency and environment. According to Humpe [81], drone inspections lower
the economic costs and makes the inspection process more effective. Drones for bridge
inspections can cause less disturbance and minimize safety-connected issues for manual
inspections. This approach provides detection of challenging parts of the bridge structure,
such as bridge corners, celling and arches [81]. Figure 31 illustrated a drone inspection.

Figure 31 Drone inspection of the Daniel Carter Beard Bridge [82]

The ability of a visual inspection to detect various deteriorations is listed in Table 4. In general,
many of these parameters can be observed from the surface and can indicate the cause of
deterioration. However, a visual inspection cannot evaluate the internal condition of the
concrete and this consideration has been accounted when giving scores.

Table 4 Assessment score of a VI

Parameters Assessment score
Cracks 1

Voids

Delamination

Corrosion of reinforcement
Corrosion of post-tensioning strands
Location of reinforcement

Location of post-tensioning systems

O|O|Rr|Pr|O|O
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3.3.2 Ultrasonic method
Ultrasonic Pulse velocity

There are several standards related to Ultrasonic Pulse Velocity (UPV) methods, such as EN
12504-4, ASTM C 597-02 and ASTM E 114-95. EN 12504-4 [83] describes a standardized
method for propagation waves of ultrasonic longitudinal waves in hardened concrete, useful
for several applications. UPV equipment consist of an electrical pulse generator, several
transducers, an electronic timing device and an amplifier. An electro-acoustical transducer
produces a pulse of longitudinal vibrations, which is held in contact with one part of the
concrete surface during the test. The pulse vibrations are transmitted by using a liquid
coupling material such as cellulose paste or grease. The vibration pulses are converted into
electrical signals by a second transducer after travelling a defined path length in the concrete.
In addition, the pulse transit time is measured by enabling electronic timing circuits. The stress
waves consist of both shear and longitudinal waves propagating through the concrete [74,
83].

The time interval is measured from the transmitting transducer to the receiving transducer.
Calibration is provided to detect information about the velocity measurement. According to
EN 12504-4, two variants of the electronic timing apparatus are oscilloscope and an interval
timer. In an oscilloscope, the first font of the pulse is indicated in comparison to an
appropriate time scale. An interval timer emphasizes a direct reading digital display. Major
requirements for UPV performance are specified in this standard, where it should measure
transit times in the calibration bar to a limit aberration of + 0,1 pus and an accuracy of 2 %. The
frequency range for the transducers should be between 20 kHz and 150 kHz. Determination
of pulse velocity is dependent on various factors that can affect the measurements. Some of
the factors described in EN 12504-4 are moisture content, concrete temperature, path length,
geometry, steel reinforcements, cracks, and voids [83]. Figure 32 illustrates a schematic
representation of the pulse travel path from the transmitter to the receiver in relation to
cracks, voids/delaminations and sound concrete.

T = Transmitier
R » Receiver

Figure 32 Pulse travel path from transmitters to receivers in concrete based on UPV [84]
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According to EN 12504-4 transducers in the UPV method can be organized in direct
transmission, semi-direct transmission, and indirect transmission (Figure 33). In direct
transmission, the transducers are placed opposite of each side of the concrete, meanwhile
semi-direct transmission illustrates adjacently placing of the transducers on the surface of the
concrete. In indirect transmission method, transducers are placed on the same surface of the
concrete. Malhotra [85] explains that direct transmission provides more accurate and
meaningful results compared to semi-direct and indirect transmission. The angles of the
transmitters contribute to decent measurements of maximum pulse energy, where the travel
path is simplified. Semi-direct transmission is adequate when the angle of the transducers
and path length is not too large. Indirect transmission gives uncertain results because the
amplitude contribution is ineffective. The amplitude of received signal in indirect transmission
could be less than 3 % compared to a received signal of direct transmission, mainly caused by
the pulse propagation [85, 86].

Direct (A) Semi-Direct (B) Indirect surface (C)
Figure 33 Type of UPV measurements (a) Direct, (b) Semi-Direct, (c) Indirect [87]

EN 12504-4 emphasize the common method is to place the transducers in a direct form.
However, description of path length measurement is different for each transducer
arrangement. The path length is defined as the shortest distance between the transducers for
direct transmission, where the accuracy of path length measurement is £1 %. The path length
measured from the center to center of the transducer faces is sufficient for semi-direct
transmission. Nevertheless, the size of the transducer in comparison with center to center
distance is conclusive for the accuracy. Path length is not measured for the indirect
transmission. However, the standard recommends various measurements with different
distances between the transducers. A test report for following NDT method can contain many
elements, for instance identification of concrete structure, location and date for test
performance, concrete age, concrete temperature, details of transducers and many more
[83].

Measuring the velocity of longitudinal vibrations contributes to acquiring important
mechanical properties, such as modulus of elasticity, dynamic Poisson’s ratio of concrete and
compressive strength, addressing the uniformity of concrete. The implementation of UPV
contributes to efficient examination of heterogeneous areas in the concrete [74]. According
to Lorenzi et al. [88], UPV methods can provide condition assessment of the concrete
structure during the entire structure service life. ASTM E 114-95 clarifies that UPV methods
are perfect quality control for detection of defects, material characterization and thickness
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measurement of concrete. UPV tests are also used for analyzing internal depth of
imperfections, estimating deformation values, and monitoring variations from compressive
strength. Changes in the concrete density and soundness can contribute to sensitive
influences. Factors affecting the concrete strength and density are w/c ratio, cement type,
molding procedure, sample size and type of aggregate. In other words, concrete quality is
dependent on the velocity value in UPV as seen in Table 5.

Table 5 Quality of concrete as a function of UPV from BS [89]

Pulse velocity (m/s) Concrete quality
Above 4500 Excellent
3500 to 4500 Good
3000 to 3500 Medium
Below 3000 Doubtful

Table 6 provides a general overview of advantages and limitations associated with UPV.

Table 6 Advantages and limitations of using UPV method [15]

Advantages Result limitations
User-friendly and simplified Requires surface preparation
Detects concrete uniformity and A point measurement technique a time
quality outstandingly consuming
Measures thick members and large Expertise from structural engineers for
areas rapidly interpretation of results

Better workability on homogenous materials

Assessment of each side of the concrete
element
Presence of steel reinforcement

Attendance of moisture

Type and amount of aggregates

The ability of UPV to estimate cracks is an efficient method as seen in [90, 91] and an
important condition for this to apply is if the right transducer is used, due to the variety of
transducers. There are different methods used for the estimation of crack width and depth,
as presented by Pinto et al. [90]. The paper refers two methods with different approaches.
Figure 34 illustrated the principal of the measurement method. According to the paper, these
methods can estimate the crack with an error of 15%.
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Figure 34 Principals of crack estimation by a) Bungey and b) BS 1881

Two methods were also proposed in the paper and the principal of the methods is illustrated
in Figure 35, based on BS 1881. Method A (Figure 35a) consider four locations for the velocity
measurements, while Method B (Figure 35b) can be used for cracks close to a specimen edge.
These methods were shown to be more efficient with an error of 10%.
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Figure 35 Principals of crack estimation by a) Method A and b) Method B

Kumar and Santhanam [92]demonstrated the influence of the distance between the
transducers for crack detection. A high degree of accuracy for depth detection of vertical
cracks with UPV were shown to apply for distances of under 100 mm. For horizontal cracks,
this distance can be measured with reasonable degree of accuracy for distances 100 — 200
mm between the transducers. For a distance <100 mm the surface waves are registered
before the compression waves, while for a distance >200 mm several reflections may occur.
The measurements of mechanical properties of the concrete with UPV can possibly detect
crack propagation in concrete. For void detection, a lower velocity is registered as presented
by Garg and Misra [93]. However, the presence of voids in post-tensioning ducts decreases
the velocity due the increasing steel strands and the interpretation of data is more
challenging.

The effect of different causes of deterioration is detectable with the UPV e.g., depth of
concrete damage due to freeze-thaw, as presented in [77]. There is a disagreement whether
UPV can be an accurate for the assessment of ASR damage. For instance, Sargolzahi et al. [94]
presented a low sensitivity of UPV by comparing the variation of pulse velocity and expansion
due to ASR. However, the measurement of modulus of elasticity by UPV was confirmed to be
an efficient approach for the determination of ASR damage, as seen by Diab et al. [95]. Their
investigation demonstrated a rational correlation between UPV and ASR expansion. UPV have
also proven the ability of evaluating corrosion.

Although UPV is a user-friendly method for evaluation of concrete structures, several
research studies are critical to the reliability of the results. Adamatti et al. [96] clarified that
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correct choice of test parameters is vital to obtain correct interpretation of UPV results from
concrete structures. The UPV equipment in following research gave decent results by
comparing a smooth concrete surface with a rough concrete surface, clearly seen from Figure
36. In other words, adequately UPV velocity values were obtained from the smooth surface
in comparison to the rough surface. The red areas indicate low UPV velocity values,
meanwhile the blue ares symbolize UPV zones with high velocity values. In addition, presence
of reinforcement has a major impact on interpretation of UPV results. UPV equipment is
clearly visualizing the color differences between the different cases, where reinforced
concrete obtains lower UPV velocity values compared with the concrete wall without steel
reinforcement, seen from Figure 37.

Figure 36 Smooth surface concrete wall vs rough surface concrete wall [96]
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Figure 37 Concrete wall with and without reinforcement [96]

Komlos et al. [97] emphasize that there are certain areas of application where UPV can be
improved. The most reliable application of UPV tests is for evaluating the uniformity of
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concrete without reinforcement. UPV detects strength estimation within a £20 % accuracy,
where obtained strength level accuracy is accomplished from an established calibration
curve. Furthermore, combining UPV with rebound hammer does not improve the strength
accuracy. In addition, detection of defects and crack depth measurement are even less
reliable applications of UPV. The same paper requires an improvement on the international
standards related to UPV tests.

Many UPV equipment are available in the market, such from the manufacturer Proceq. Pundit
Lab (+) offer a digital screen and is a simpler equipment compared to the Pundit 200
touchscreen unit and does not offer scan modes for on-site analysis of 2D visualizations of
raw signals. However, USB connection to a PC allow a further analysis of the obtained data
[98].

Olson Instruments offers the NDT and evaluation equipment Freedom DATA PC (FDPC) and
NDE 360, which are platforms for multiple evaluation and data processing. These platforms
are supplied with add-on systems, allowing multiple NDT evaluations such as UPV, Impact
Echo and Impulse Response. The Freedom Data operates by stress waves and provides a
software managing collection of data and analysis of the mentioned NDT methods through
instrument modules, and several evaluations can be conducted simultaneously. The NDE 360
is a more compact instrument providing mobility in the field inspection and a memory
flashcard is included for storing collected data and an upgrade of the flashcard memory
provides extension of NDT evaluations. The data from the NDE 360 is further downloaded to
a PC for analysis and processing. The add-on systems will be addressed further in the
respectively chapters [99, 100]. Table 7 provides a general overview of the mentioned
products and the relevant details.

Table 7 Different UPV equipment from Proceq [99-101]

Product Product details

Pundit 200 e Calculates the surface velocity
automatically considering standards

e Scan modes: Line Scan, Area Scan, Modulus
of elasticity measurement, Data logging and
compressive strength correlations

e 2D-visualization color classification with

Area Scan
e Estimates crack depth
e Transducer Frequency: 20 — 500 kHz
e Measuring Range: Upto 15 m
e Price-$3,389.00 [102]
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Pundit Lab(+) e Eliminates external amplification when
used with exponential transducers

e Estimates crack depth

e Transducer Frequency: 20 — 500 kHz

e Measuring Range: Upto 15 m

e Price-$3,910.00 - $4,925.00 [103]

UPV-1 Model e Detect cracks, delaminations, honeycomb
e Transducer Frequency: 50 kHz

e 2D and 3D Tomographic velocity images

Ultrasonic Pulse Echo

Another ultrasonic method is the Ultrasonic Pulse Echo method (UPE). The principal of this
method is based on the introduction of a stress pulse to a surface of a concrete element and
the changes in acoustic impedance through the reflection from flaws and interfaces are
measured [15]. UPE apparatus is commonly measuring the slab thickness and placement of
voids and delamination. The longitudinal waves and the transverse waves are applicable in
the UPE method. Reflection of the ultrasonic waves is depending on the acoustic impedance,
which describes percentage of transmitted and reflected energy [104].

The UPE method is mainly divided into three systems and techniques: (a) pulse-echo, (b)
pitch-catch and (c) phased array. The principal of these techniques is illustrated in Figure 38.
The pulse-echo has a single transducer acting as transmitting and receiving transducer. The
transmitter converts electrical pulses to ultrasonic waves and the ultrasonic waves are
reflected reliant on localized cracks and end surface. The system of pitch-catch uses a
separate receiving and transmitting transducer. The travel time is applicable for
determination of the reflection depth when knowing the wave speed of the material [15, 77].
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(a) Pulse-echo

(b) Pitch-catch (c) Phased array
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Figure 38 Schematic of UPE methods: (a) pulse-echo, (b) pitch-catch and (c) phased array [77]

The phased array system is a development of the pitch-catch principal based on array of
transducers allowing several pitch-catch measurements sequentially. For the transducers to
have the function of transmitting and receiving in a predefined sequence, the phased array
system uses a computer software program. The synthetic aperture focusing technique (SAFT)
processes the signals from reflected interfaces generated from the travel time measurements
and reconstructs internal images of the concrete object. A mesh system is used for the object
to identify the location of the transducer pairs and the SAFT algorithm provides a 3D image
for the possibility of different view planes. This method is often known as ultrasonic
tomography [77]. UPE provides data in colors, depending on the intensity and amplitude of
reflection of the waves and is influenced by the damage or flaws in the concrete. The
amplitude is presented in a color scale in the following manner: blue, green, yellow and red,
where the reflection increases in that order indicating the presence of air [105].

Table 8 provides a general overview of advantages and limitations associated with UPE.

Table 8 Advantages and limitations of using UPE method [15, 77]

Advantages

Result limitations

Inexpensive, portable and user-friendly

Expertise from structural engineers for
interpretation of results

Demands one accessible s

urface

Demands technical knowledge for
inspections

Reconstruction of 3D tomo
images

graphic

Unsuitable for not homogeneous parts
and irregular shape

flaws

Penetrates efficiently to detect deep

Requires surface preparation
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Exceptionally determine the thickness
and internal flaws depth

Estimates the shape, size and
orientation of defects

For a reliability assessment of UPE, Beutel et al. [106] demonstrated that several UPE systems
are sufficient for locating shallow thickness sections and tendon ducts. Dimensions with small
deviations were considered, which gave promising accuracy for UPE tests. Small grid size is
also an important parameter for improved accuracy. In following research paper, ultrasonic
echo managed to determine the depth and the concrete cover over the ducts. Another
research paper from Krause et al. [107] adds that reliability of UPE is dependent on source to
first receiver distance, boundary conditions and spacing of the receivers. Most importantly,
ultrasonic echo specified a clear difference between air filled and well grouted parts.
Furthermore, these results allow the distinguishing between reflection of steel and reflection
of air. Faster performance of UPE measurements is available by applying dry contact
transducers, known as air-coupled ultrasonic (ACU).

There are many UPE equipment available in the market, such as form the manufacturers
Proceq, Elop and Germann Instruments. Proceq offers several variants of the Pundit model
with new generation and design-protected touchscreen units, mainly measured from a single
side transducer. The main difference with the different model is related to the technology
and detection measurements by different modes. Elop Insight is a new revolutionary NDT
scanner allowing accurate inspections, management, and structural health monitoring of
concrete structures. Ultrasonic waves are transferred through the material while the scanner
rolls over the concrete surface. Gathered information for this scanner is transferred and
located automatically in the cloud, simplifying the inspection [66].

According to Wagle [108], Elop Insight is more than 10 times quicker than conventional
scanning methods, accomplish a speed up to 50 cm/s. Germann Instruments offers MIRA
Tomographer, an equipment used for the assessment of the internal condition of the concrete
and creates 3D images of defects. The equipment is based on the phased array system and
dry point contact transducers consisting of 48 transducers.

The UPE equipment from the manufacturers offer various visualization features to provide an
easier analysis: 3D visualization, B-scan, C-scan and D-scan. The three last mentioned scans
are based on a coordinate system, which are perpendicular to the cross section of the
investigated object, as seen in Figure 39 [109]. B-scan provides a scan vertically, C-scan
provides a scan horizontally and D-scan provides a scan in the profile plane.
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Names of cross sections:

[ ‘scan B

scan D

Figure 39 lllustration of the B-, C- and D-scan [109]

Table 9 provides a general overview of the mentioned products and the relevant details.

Table 9 Different UPE equipment from Elop, Germann Instruments (MIRA) and Proceq [101, 105, 110]

Product

Product details

Elop Insight

Detects voids, delamination and non-
vertical cracks

Easily rolled over the surface
Visualizes and detects rebars, material
thickness, backwall, honeycombing and

grouting defects in the tendon ducts

Effective and rapid structural imaging of
huge areas

Live 3D visualization, B-scan, C-scan and D-
scan

Depth range: 2 m
Frequency range: 50 — 200 kHz

Price — Unknown

Detects cracks, flaws, slab thickness,
honeycombing, voids and grouting defects
in post tension ducts efficiently

Possible to detect reinforcement

3D visualization, B-scan, C-scan and D-scan

Depth range: 2.5 m
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Frequency range: 25 — 80 kHz

Price — Unknown

Pundit PD8000

Dominates superior depths with image
clarity and geometrical accuracy

Localizes grout defects in tendon ducts

Detects delaminations, honeycombing and
voids

Live 3D visualization with B-scan, C-scan
and D-scan

Depth range: 2 m
Frequency range: 20 — 80 kHz

Price — Unknown

Pundit 250 Array

Localizes grout defects in tendon ducts

Detects delaminations, honeycombing and
voids

B-scan available in panorama mode
Depth range: 1 m
Frequency range: 35 — 40 kHz

Price - $24,380.00 [111]

Pundit 200PE

Detects delaminations, honeycombing and
voids

Rapid availability of B-scan as the scan is
carried out
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e Depthrange:1m
e Frequency range: 35 —40 kHz

e Price -$5,218.00 [102]

To summarize, UPV and UPE equipment are useful for quality assessment of concrete. The
frequency range has a huge influence on the equipment interpretation of cracks,
delaminations, honeycombing, voids, and other type of concrete damages. Some equipment
has the possibility to localize grout defects in tendon ducts. Irrespective, UPV and UPE
technology are recommended to use in combination with other NDT methods. The results
obtained from UPV and UPE measurements are demanding interpretation, and expertise
from structural engineers is required to maintain the tests credibility. The rebound hammer
is often used in combination with UPV, where concrete strength measurement from rebound
hammer and internal damages detected from UPV contribute to promising structural
evaluation.

The ability of UPV and UPE to assess the listed parameters is shown in Table 10. The
uncertainties related to the method has been considered when giving scores.

Table 10 Assessment score of UPV and UPE

Assessment score
Parameters UPV UPE
Cracks 3 2
Voids 2 3
Delamination 3 3
Corrosion of reinforcement 1 0
Corrosion of post-tensioning strands 0 2*
Location of reinforcement 0 2
Location of post-tensioning systems 0 2

*The UPE cannot directly detect corrosion of strand, however the presence of voids in post-tensioning
ducts can be a possible indication of deterioration
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3.3.3 Impact echo (IE)

Impact echo (IE) detects structural flaws in concrete with elastic waves after mechanical
impact instead of ultrasonic sound waves. IE develops high-energy pulse that penetrates
deeply into concrete. Impact on the surface creates longitudinal waves and shear waves
travelling into concrete specimen, meanwhile surface waves (R-wave) travels in the opposite
direction of the impact point. Internal defects reflect longitudinal and shear waves, and these
waves create displacements measured by a receiving transducer. The following principle is
illustrated in Figure 40, where a pattern of surface and longitudinal displacement is shown.
Initially, surface waves lead to high downward displacement. When longitudinal waves are
introduced, the displacement has lower amplitude with repeating downward displacements
induced by multiple reflections between the surface and the internal void [112].
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Figure 40 The coherence between mechanical impact and elastic waves [112]

The principle of frequency analysis is major part of IE. Longitudinal waves created by the
impact endures multiple reflections between the top and bottom of the concrete specimen.
A close distance between the receiver and impact point corresponds to a round trip travel
distance 2T. T can be defined as the distance between the test surface and reflecting
interface. In several cases, understanding amplitude spectrum is necessary for determining
dominant frequencies. For concrete specimens with either reinforcement or ducts, the
thickness frequency is defined as the dominant peak in the spectrum [112].

The standard ACTM C 1383, “Standard Test Method for Measuring the P-Wave Speed and the
Thickness of Concrete Plates Using the Impact-Echo Method” considers the IE method.
According to following standard, the scope specifies procedures for determination of
concrete slab thickness, bridge decks, walls, pavements, or other plate-structures. /E is mainly
divided into procedure A and procedure B. Procedure A measures the concrete longitudinal
waves (P-wave) speed, which is dependent on the measured travel time of waves from a
known distance path between two transducers. Following procedure is suitable for dry
concrete, where a high surface moisture content influences the obtained results. On the other
hand, procedure B determines the thickness frequency evaluated from /E method. The plate

62



thickness from procedure B is calculated from registered P-wave speed. Procedure B is
appropriate on concrete plates in connection with permeable asphalt concrete or lean
Portland cement concrete. Figure 41 illustrates both procedures for plate thickness according
to ACTM C 1383 [112] [113].
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Figure 41 Procedure A and procedure B according to ACTM C 1383 [112]

ACTM C 1383 emphasize that a dry test surface is recommended. Facing a rough surface
creates complications on achieving decent contact between the concrete and transducer. In
addition, loose material on the surface must be removed based on adequately coupling
between the surface and transducers. The IE equipment should be properly placed on the
concrete surface, where the position of the impactor strikes between two transducers at a
distance of 150 + 10 mm. ACTM C 1383 clarifies that preparation of correct data acquisition
parameters is necessary for obtaining correct data, mainly focusing on sampling rate and
voltage range [113].

Table 11 shows a general overview of advantages and limitations associated with IE
measurements

Table 11 Advantages and limitations of using IE [15, 77]

Advantages Result limitations
Portable and user-friendly Expertise to optimize testing parameters
and interpret results
Only one surface is needed for the Time consuming when assessing bigger
investigation concrete structures
Applicable for post-tensioned ducts Results can be affected by small flaws,

type of flaw, orientation, depth and
contact time of
No interference of the steel reinforcement Depth precision of 1 m
on the results
Possible to locate different defects
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Cheng and Sansalone [114] suggested that a crack width of 0.1 mm or higher does not
transmit stress waves by short duration impacts. Following paper emphasizes that IE method
managed to detect signals from reinforced concrete plates containing delamination.
However, detecting shallow cracks or delamination in concrete are more challenging than
deeper cracks or delaminations. Delamination depth, lateral dimensions of delamination and
elastic properties of concrete are decisive for damage evaluation. IE detected that increasing
dimensions of delamination resulted in lower value of frequency. Jaeger et al. [115] have
based on numerical, laboratory and field studies demonstrated that IE outstandingly detects
both complete and partial voids in grouted tendon ducts. A total number of 14 tendon ducts
were evaluated, where 11 ducts were detected as fully grouted, meanwhile 3 ducts contained
voids. Frequency peak values obtained in the amplitude spectrum showed promising sign of
voids in the ducts.

Kriiger et al. [116] clarify that IE is a valuable NDT technique to measure cracks. Cumulative
energy of the transmitted signal contributed to promising results. The signal peak energy
travelling across a crack is delayed, causing a lower overall energy. A part of the impact energy
is reflected at the crack surface, automatically detecting the cracks. However, the system of
cumulative energy demands a more reliable impact generation.

The Freedom DATA PC (FDPC) and NDE 360 addressed earlier also have the ability of
conducting Impact Echo evaluation with the following test heads; IE-1 Model, IE-2 Model and
IES. The IE-2 Model includes an accelerometer providing an enhance depth precision
compared to the IE-model. The Concrete Thickness Gauge 2 (CTG-2) is another independent
device by Olson Instruments, which is a handheld device with an integrated software that can
be connected to a tablet or PC for analysis of the collected data. Table 12 provides a general
overview of the mentioned products and the relevant details.

Table 12 Different Impact Echo equipment for Olson Instruments [99, 100, 117, 118]

Product Product details

IE mgdel e Compatible with the FDPC and NDE 360

e Detect cracks, delaminations, honeycomb,
voids

e Determines thickness of concrete members
with accuracy of £ 2%

e Applicable for RC and PT concrete

e Monitor waveform on-site

e Depth range:

- |E-1 Model: 81 mm —-1.8 m

Reflection from slab/void interface - |E-2 Model: 3.6 m
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The Impact Echo Scanning (IES)

Compatible with the FDPC and NDE 360
Used for investigation of larger areas
Detect cracks, delaminations, honeycomb,
voids

Determines thickness of concrete members
with accuracy of £ 2%

Applicable for RC and PT concrete

Locate PT systems

Rolling displacement transducer recording
data every 25 mm

Provides 2D and 3D images of obtained
data

Depth range: 1 m

CTG-2

Detect cracks, delaminations, honeycomb,
voids in concrete

Determines thickness of concrete members
with accuracy of + 2%

Frequency Resolution: 10 Hz

Depth range: 81 mm —-1.8 m

Measures thickness and detects voids,
delaminations and honeycomb

Frequency Resolution: 40 Hz

Determines thickness of concrete members
with accuracy of  2-4%

Price — Unknown
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FPrimeC Impact Echo e Measures thickness and detects voids,
delaminations

e Frequency Resolution: Unknown

e Determines thickness of concrete members

with accuracy of + 2-4%

e Price — Unknown

To summarize, the IE methods provides a reliable assessment of different concrete flaws and
defects. The NDT method has an enhanced ability to determine the geometry of different
flaws, such as cracks, delamination, and voids accurately. In addition, the IE has been proven
to be a great method of locating ducts, evaluating the internal condition of the tendon ducts
through detecting voids and to determine the level of grouting. This detection contributes to
indicate the possible degradation of the tendons, such as corrosion. The ability of IE to assess
the listed parameters is shown in Table 13. The uncertainties related to the method has been
considered when giving scores.

Table 13 Assessment score of IE

Parameters Assessment score
Cracks 2
Voids 3
Delamination 3
Corrosion of reinforcement 0
Corrosion of post-tensioning strands 1
Location of reinforcement 0
Location of post-tensioning systems 2

3.3.4 Impulse response (IR)

The Impulse Response (IR) method sends stress waves through tested elements based on low-
strain impact. An instrumented hammer is used to measure the impact force. IR method is
based on the long-duration impact, meaning that the structural element responds to the
impact in a bending vibration mode. Application areas for IR are voiding beneath concrete
pavements, delaminations of concrete around steel reinforcement in slabs and
honeycombing and cracking in concrete structures. A mechanical impact from transient stress
pulse takes place on the surface, where an analyze of the resultant bending behavior is active
to characterize the integrity of the element. Velocity transducer (geophone) response and
time records for the hammer force are included in the field computer by considering the fast
Fourier transform (FFT) algorithm. Frequency and mobility are essential for describing IR
sound response, where mobility emphasizes information on the integrity and condition of
concrete [77].
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According to ASTM C1740 [119], the purpose of the Impulse response method is to assess the
structural condition of slabs in concrete. The configuration of IR method and the included
components are shown in Figure 42. As seen in the figure, the obtained data is described in
form of frequency (x-axis) and mobility (y-axis), and after processing the data a counter plot
of the mobility is generated. ASTM C1740 requires that the hammer strikes 100 + 25 mm from
the transducer, and an accuracy of + 5% between the first and second average mobility value.
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Contour plot of mobility
Figure 42 Principal and set-up of the IR method

IR mobility is depending on dynamic stiffness, damping and peak/mean mobility ratio.
Dynamic stiffness defines the inverse of the compliance, known as the slope of the mobility
plot under 0.1 kHz. The thickness of the plate, density, elastic modulus, and the support
conditions are decisive for the dynamic stiffness. The impact-generated elastic wave is
damped by the element’s intrinsic rigidity, more familiar as body damping. Any cracking or
honeycombing in the concrete minimizes both the body damping and stability of the mobility
plots. If delamination or debonding occurs in the concrete structure, IR is controlled by the
response behavior of the uppermost layer. Peak/mean mobility ratio defines the presence of
either debonding, voiding or support loss [77].

Normally, results from average mobility, stiffness, mobility slope and peak-to-mean mobility
ratio are presented in form of a contour plot. Figure 43 shows an example of a contour plot
for average mobility, testing a slab-on-ground floor. The darker area in the following figure
identifies higher mobility, which were dominant at the corners of the slab. A possible theory
is that the slab has lifted off the ground at the corners [77].
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Figure 43 Contour plot from a concrete floor slab showing average mobility values [77]

Table 14 shows a general overview of advantages and limitations associated with IR
measurements.

Table 14 Advantages and limitations of using IR [77]

Advantages Result limitations
Demands only access to one face Requires experienced operator
Does not require coupling materials Thickness limit to 1000 mm
Covers large area in short time Uncertain results
Limited to slabs of concrete structures

According to Davis [120], /IR test method has a significant role in evaluation of reinforced
concrete structures e.g., for floor slabs, bridge decks, piers, and pavements. Freedom Data PC
(FDPC) and NDE 360 are modern computer data storage and analysis facilities, contributing
to quick evaluation of large concrete structures during IR testing on site. Therefore, IR allows
immediate identification of critical zones within the structure for more detailed investigation.
Obtained results from IR measurements boost the confidence and economic advantage for
engineers. By using low-strain impact to send stress waves through the concrete material,
promising IR results have been registered for different case studies in North America. From
following research paper, a 120 m long reinforced concrete bridge deck in Washington State
was emphasized. In this case, IR measurements were performed to interpret the integrity of
the concrete below the asphalt. No signs of concrete delamination were indicated in the deck,
where peak/mean mobility ratios had lower numbers than the critical value [120]. Nazarian

68



et al. [121] emphasize that detecting voids are possible with the IR method. Nevertheless,
thickness size of the concrete is significant for especially corner voids .

On the other hand, Sajid and Chouinard [122] are emphasizing the research directions for IR
condition assessment of concrete structures. Grid size for the IR test is an important factor to
evaluate the effect of hammer impact duration and influence zone, but improvements here
is still possible. In addition, quantifying IR’s reliability for the test results are recommended in
the future. Although IR is a wave reflection technique, following NDT method contributes to
clarify defects in the material that are greater than the wavelength of the elastic-stress wave.
The lack of reliability for IR is especially related to correct detection of a defect and the
probability of false detection. Otherwise, following research paper defines IR method as an
extensively NDT method used for condition assessment of concrete structures and in
combination with other NDT methods. The IR method has also been proven to detect the
depth of ASR and is mentioned as a secondary method for assessing freeze-thaw in [77].

For the Impulse Response evaluation, The Slab Impulse Response (SIR) system is connected
to the Freedom DATA PC (FDPC) or NDE 360. The system is available in two models, SIR-1 and
SIR-2, where the difference is related to the area of application. The SIR-1 Model include a
vertical geophone transducer while the SIR-2 Model has an additional omnidirectional
velocity transducer enhancing the ability of testing slabs and ceiling of concrete structures.
For the processing of data, a software is used for the evaluation of the integrity of the
concrete structure. Counter plots are also generated for simplifying the interpretation of the
collected data. Table 15 provides a general overview of the mentioned products and the
relevant details.

Table 15 Different IR equipment from Olson Instruments and FPrimeC [123, 124]

Product Product details

SIR model e Compatible with the FDPC and NDE 360

Detect delaminations, voids and soft/weak
areas in RC slabs

e Monitor waveform of on-site

e Provides 2D maps of obtained data

e Depth range: Up to 600 mm

e Area of application:

SIR-1 Model: Slabs
SIR-2 Model: Slab, walls and ceiling
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FPrimeC i.Pile e Evaluate the depth of concrete piles

e Locates defects, delaminations and voids in
piles

e Sampling frequency: 40 kHz

e Price — Unknown

Overall, IR method is efficient to include in combination with other NDT method, identifying
critical concrete damages such as voids, cracks, honeycombing and delaminations. FDPC and
NDE 360 are available IR products in the market together with an instrumented hammer. The
instrumented hammer covers large area in a short time, and the setup for IR method does
not demand coupling materials. At the same time, IR method requires only access to one face.
However, this method is often limited to concrete slabs and the result from an IR is in need
of comparison to other NDT method for verification. In addition, /IR method has a thickness
limitation up to 1000 mm, which is less beneficial in comparison to other NDT methods.
However, this NDT method is extremally useful for voids detection in floor slabs, bridge decks,
piers, and pavements, describing its value in the market. The ability of IR to assess the listed
parameters is shown in Table 16. The uncertainties related to the method has been
considered when giving scores.

Table 16 Assessment score of IR

Parameters Assessment score
Cracks 1

Voids (internal)

Delamination (internal)

Corrosion of reinforcement
Corrosion of post-tensioning strands
Location of reinforcement

Location of post-tensioning systems
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3.3.5 Ground-penetrating radar (GPR)

According to ASTM D6432, a transmitter and receiver antenna, suitable data storage, display
devices and a radar control unit are active elements in a GPR setup. EM waves are detected
by the receiving antenna, where the EM signals are transferred to the control unit. There are
different radar penetration depths for GPR, but a range from less than 1000 mm to greater
than 30 m is usually common [125]. GPR waves travel through concrete dependent on
admixtures, w/c ratio, air bubbles and aggregate size. The electrical conductivity of the
material is dominant for GPR waves, especially water. Wetter concrete gives higher electrical
conductivity and lower penetration [126]. The GPR technology includes high-frequency-
pulsed EM waves between 10 MHz and 3000 MHz to acquire subsurface information.
Transmitting antenna is responsible for propagation of energy downwards to the concrete,
later reflected to a receiving antenna. The reflected signals are contributing to either scan
production or trace of radar data. Relative permittivity and radar propagation of materials are
emphasized in the standard. For concrete, the relative permittivity is between 5 and 10 K and
pulse velocities are between 0.134 and 0.095 (m/Ns). The penetration depth is decided by the
radar signal attenuation, where EM signals are converted to thermal energy through either
dielectric relaxation, electrical conduction, or magnetic relaxation losses [125].

ASTM D6432 [125] specifies that alignment parallel with rebar increases the ability of rebar
mapping, meanwhile alignment perpendicular to the rebar decreases rebar scattering
reflections. Based on the last scenario, it may be challenging to see through or past the rebar
with hope of evaluating concrete thickness. However, following standard highlights that a
successfully complete GPR survey entails theory understanding, field procedures and
interpretation methods of GPR data. The accuracy of GPR survey is dependent on the
reflection depths. Lateral resolution and vertical resolution are major considerations for
proper GPR scans. Lateral resolution is controlled by the antenna frequency, antenna speed
and station spacing. On the other hand, vertical resolution is dependent on small change in
GPR depth and detection of a thin layer [125].

Using GPR technology for bridge decks is a huge advantage related to unrequired removal of
an existing asphalt overlay. Two types of GPR antennas are available: air-launched (1 — 2 GHz)
and ground-coupled antennas (15 MHz — 2.5 GHz). The air-launched antennas are located
0.15 — 0.3 m above the surface of the investigated concrete surface and offers a faster scan
attached to a vehicle, while ground-coupled antennas are used directly in contact with the
surface of the concrete element. The ground-coupled antennas have the ability of a more
enhanced concrete penetration, greater than 1 m, providing a higher resolution scan [127].

The main factors influencing the reflected signals from the assessed concrete are the speed
of the signal, amplitude, attenuation, signal polarity and wavelength. Due to the variation in
electrical properties of the layers in the concrete, a difference in the signal response will be
registered detecting reinforcement, voids and cracks. The electrical conductivity determines
the penetration of the EM waves, while relative dielectric permittivity affects the speed of EM
waves. The deflection of rebars in a GPR scan is because EM waves cannot be penetrated
through metals. The presence of moisture and chlorides will attenuate the GPR signals and
therefor the GPR can indicate corrosion induced deterioration in the concrete [128].

71



JBottom of Concrete]

1
|

- % JL l,' =

| vt ® N oret ¥
\
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Figures 44 and 45 illustrate GPR with the reflection of different elements in the concrete.
Strong reflection is observed of rebars as hyperbolas in the top layer of the concrete, while
rebars in the underlying layers are reflected as secondary hyperbola. In Figure 44 the GPR
scan of the bottom of a concrete element is shown and this reflection can provide estimation
of the thickness of the slab. This also applies for the measurement of rebar spacing [129].
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Figure 45 lllustration of GPR signals [128]

As mentioned, in the event of corrosion GPR signals will be attenuated around the area of the
deterioration. This attenuation is clearly seen in Figure 45 and 46, where Figure 46 is from a
GPR scan of a bridge deck inspection. Often the rebar amplitude values are processed into
signal attenuation map images. Figure 47 shows a Deterioration Index map used to evaluate
asphalt-covered bridge decks. Signs of deterioration, such as corrosion are marked in the red
areas which is a consequence of lower amplitude as discussed earlier [130].
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Figure 46 Detection of potential corrosion in a bridge deck [129]

Figure 47 Deterioration Index map [130]

The detection of voids is often observed through strong reflection of the GPR signals due to
the difference in properties between the concrete and the void filled with air/water, as seen
in Figure 48. GPR is also a useful method for locating post-tensioned ducts (Figure 49) and are
often used in combination with other NDT methods for the investigation of post-tensioned
strands [129]. Garg and Misra [93] demonstrated that the GPR has the ability of detecting
voids in post-tensioning plastic ducts, depending on the diameter of ducts and numbers of
strands. The performance of detection increases when these parameters increase. However,
this is not a suitable method for steel ducts.
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Figure 48 The reflection of voids [129]
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Figure 49 Location of post-tensioned ducts [129]
Table 18 show a general overview of advantages and limitations associated with ground-

penetrating radar.

Table 17 Advantages and limitations of ground-penetrating radar[76] [15]

Advantages Result limitations
Easily assess larger areas Requires knowledge about physical principals
of GPR and defect in concrete to interpret
results
Detects location of reinforcement, Signals from small objects are difficult to
voids and cracks detect in the depth

Possible difficulties with validation of corrosion

Cannot detect defects on strand in post-
tensioned concrete

Difficult to detect objects under a lot of steel
reinforcement




For estimation of cracks, Rhazi et al.[131] demonstrated that GPR can detect deep lateral
internal cracks of a width between 0.5 and 3 mm. However, with a frequency of 400 MHz the
reflection of the cracks was attenuated, and cracks were not possible to detect. Data
processing was necessary and the GPR data was applied a low pass filter (25 — 100 MHz) for
the cracks to be visible. For crack depth measurements with GPR, there are adapted antennas
available for assessment of crack. Forest [132] proved that crack depths between 25 to 160
mm can possibly be detected with GPR. Still, the investigation emphasizes the challenges
related to the interpretation of cracks with the GPR. The reflections of cracks from a GPR
signal are observed in form of hyperbolic waves, as seen in Figure 50. Due to the disparity of
crack geometry, a hyperbola will be reflected for every change of direction of the crack.

Figure 50 GPR of a concealed crack [133]

Among the researchers, there are a consensus that the GPR provide sufficient information
about the location of the steel reinforcement and the concrete cover. Still, there are
disagreements about the ability and reliability of detecting delamination in the concrete, as
stated by Sultan et al. [134]. On one side, some researchers suggest that the GPR does not
have the capability to fully detect delaminations and instead only indicates the possibility of
corrosion due to presence of moisture and chlorides. These researchers have concluded that
lower degree of deterioration gives less possibility to detect delaminations. On the other side,
researchers including international standards organizations, suggests that the GPR shows
promising result indicating the great potential of detecting delaminations. According to these
researchers, the GPR has a great accuracy, where high reliability levels are presented [134].

There are many manufacturers of GPR products in the market, such as Proceq, Sensors &
Software and Hilti. The Proceq models are based on “Stepped Frequency Continuous Wave”
radar technology, which implies that the device separately has a large frequency range.
Sensors & Software offers several types of GPR for different purposes, from assessing a
concrete element to more complex concrete constructions such as bridges. All of the
mentioned products are ground-coupled antennas and offer software for management,
processing, and interpretation of the collected GPR data [135-137]. Table 19 provides a
general overview of the mentioned products and the relevant details.
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Table 18 Different GPR equipment from Proceq, Sensors & Software and Hilti [135-137]

Product

Product details

Proceq GP8800

Locates rebars, tendons, ducts and
objects

Small size which allows inspection in
tight spaces and close to concrete
elements

An app to access data from a device
Provides 2D and 3D images of data
Penetration depth: 65 cm

Frequency range: 0.4 — 6 GHz

Price - $3,135.00 - $6,740.00 [138]

Proceq GP8000

Locates rebars, tendons, ducts and
objects

Investigate pavement and bridge decks
An app to access data from a device
Provides 2D and 3D images of data
Penetration depth: 80 cm

Frequency range: 0.2 -4 GHz

Price - $9,875.00 - $11,975.00

CONQUEST® 100

Locate rebars, post-tensioned cables
and voids

An app to access data from a device

Investigate floors, decks, columns, walls
and ceilings

Provides 2D and 3D images of data
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Penetration depth: 30 cm — 91 cm
Antenna frequency: Up to 1 GHz

Price - $14,899.00 [139]

NOGGIN® 1000

Investigation of e.g., pavements and
bridges

Assessment of larger areas
Provides 2D images of data
Penetration depth: 25 m
Antenna frequency: 1 GHz

Price - $7,425.00 [140]

PS 1000-B X-SCAN

Locate rebars, tendons, voids and
cavities

Inspection of floors, decks and slabs
Depth accuracy: £0.5 - 15%

Accuracy of locating rebars/tendons:
10 mm

Penetration depth: 30 cm
Antenna frequency: 1 —4.3 GHz

Price — $24,629.00 [137]

To summarize, GPR appears to be an effective NDT method to locate and collect information
about reinforcement and post-tensioning ducts embedded in the concrete. The
disagreements about the evaluation of delamination may indicate that the detection is
depending on the GPR equipment used in the assessment due to a variety in the frequency
range as seen in Table 20. Further, the algorithms and user interface have a great impact on
for the interpretation of the results and may vary among the manufacturers, as stated by [76].
One of the greatest challenges with the GPR is related to the interpretation of data. A
thorough assessment of the data is necessary for the determination and distinguishing of
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different deteriorations. The ability of GPR to assess the listed parameters is shown in Table
20. The uncertainties related to the method has been considered when giving scores.

Table 19 Assessment score of GPR

Deteriorations and other parameters Assessment score
Cracks 2

Voids (internal)

Delamination (internal)

Corrosion of reinforcement
Corrosion of post-tensioning strands
Location of reinforcement

Location of post-tensioning systems
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3.3.6 Concrete Resistivity (CR)

An NDT method of assessing corrosion is the CR method, a fast, simple, and cheap method of
detecting corrosion. The electrical resistivity determines the current level between anodic
and cathodic sites. The microstructure is an important factor affecting the electrical resistance
of concrete of a concrete object, e.g., the conductivity of the pore solution and degree of
saturation. For instance, a higher electrical resistance will be observed for a denser saturated
concrete (low w/c ratio) than a porous concrete microstructure. The CR method can be
divided into two systems: the four-electrode method and the two-electrode. The more
recognized system is the four-electrode method used for in situ concrete. Meanwhile, the
two-electrode method is considered a less accurate system [15, 77].

The most well-known four-electrode system is proposed by Wenner. The principle of this
method is presented in Figure 51. The system provides information about the CR quickly and
of four electrodes equally spaced in line at the concrete surface. A source of alternating
current sends a low frequency between the two outer electrodes, and the voltages are
measured in the inner electrodes through a voltmeter [15, 77].
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Figure 51 Principal of Wenner four-probe method [77]

An important variable affecting the CR measurements is the spacing of the electrodes. The
spacing is mainly dependent on the maximum size of the aggregates because of the difference
in resistivity and should be enough that a representative average of resistivity of the concrete
is obtained. Normally, the electrodes have a spacing of 50 mm, reducing the degree of
scattering, and can obtain accurate measurement up to 200 mm. For ideal measurements,
wetting or conductivity gel is applied before pushing the electrode against the concrete
surface resulting in better electrical contact between the electrodes and the concrete [15,
77].

Other factors influencing the CR are moisture, salt content, temperature, and mix properties.
In general, the CR is often combined with HCP measurements for the assessment of corrosion
rate. It is important to emphasize that there is no direct connection between resistivity and
corrosion rate. Still, there are available guides for the interpretation of the possibility of
corrosion. For instance, Table 21 is considered in combination with HCP readings indicating
possible corrosion [15].

Table 20 Guide for interpretation of CR [15]

Resistivity (ohm cm) Likely Corrosion Rate
Less than 5,000 Very high
5,000 - 10,000 High
10,000 — 20,000 Low/Moderate

Greater than 20,000 Negligible

Table 22 shows a general overview of the advantages and limitations associated with the CR
method.

Table 21 Advantages and limitations of using CR method [77]
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Advantages Result limitations
Portable apparatus Lack of standardization
Simple Assumed models is the basis of measured
values
Inexpensive Expertise needed for testing and
interpretation of results
Indicates relative corrosion rate when Some systems demand access to reinforcing
active corrosion is present bars for electrical contact

Nonetheless, as discussed, many uncertainties and factors are affecting the CR
measurements. It is important to emphasize that the CR method cannot determine the
corrosion rate unless the reinforcement is depassivated. ACI 228.2R-13 [77] points out that
small spacing between the electrode may result in an error in the measurement due to a poor
representation of the overall resistivity, often very high. With larger spacing, on the other
hand, reliable measurements can be provided. However, there is a risk of the measurements
being influence by the steel reinforcement due to the conductivity. The steel reinforcement's
impact on the resistivity mostly depends on the concrete cover, especially for lower concrete
covers and smaller bar spacing. ACl 228.2R-13 [77] also points out the possibility of difference
in resistivity in the layers of the concrete due to the variation of aggregate size and resistivity
(particularly in the concrete surface), and the CR measurements may not result in a good
representation of the concrete [77].

Table 23 provides a general overview of the available products by Proceq and the relevant
details.

Table 22 Different methods for corrosion by Proceq and other companies [141, 142]

Product Product details

Resipod e Water-proof construction
e Accurate, standardized and reliable test

method

e Estimates corrosion rate and concrete
resistance to aggressive agents
e Visualize concrete homogeneity

e Price — From $3,450.00 [143]

The CR method evaluates of probability of corrosion rate through the measurement of
concrete resistivity. Guides for interpretation of concrete resistivity according to corrosion
rate has been developed to confirm the HCP measurements suggesting corrosion. However,
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several factors must be considered for the inspection to obtain more reliable measurements
as discussed, thus expertise is required when conducting this test. The ability of CR to assess
the listed parameters is shown in Table 24 . The uncertainties related to the method has been
considered when giving scores.

Table 23 Assessment score of CR

Parameters Assessment score
Cracks 0
Voids 0
Delamination 0
Corrosion of reinforcement 2
Corrosion of post-tensioning strands 0
Location of reinforcement 0
Location of post-tensioning systems 0

3.3.7 Cover meter (CM)

Cover meter (CM) is an electromagnetic method visualizing the steel reinforcement in x-, y-
and z-direction and defines the thickness of the concrete cover. The following NDT method is
described as useful, cost-effective, accurate and simple. Nevertheless, CM is not
recommended to use in locating post-stressing tendons, dependent on the amount of
reinforcement. The CM has difficulties locating rebars and tendon ducts because of limited
depth range, compared to other NDT methods. However, the CM is a necessary part of
inspections based on the accuracy of localization, usually in the range of 1 — 4 mm and the
accuracy range is influenced by concrete cover [76].

The British standard BS 1881-204 includes recommendations on using electromagnetic CM.
The principle is to decide bar position, depth, size and accuracy from electromagnetic devices.
Application areas for CM are quality control of correct location and reinforcement cover. BS
1881-204 emphasize that the concrete surface is scanned with the search head, where the
CM detects proximity of reinforcement either by analogue or digital devices. The standard
requires the CM to have a concrete cover accuracy, depending on the largest value, of either
+5 % or £ 2 mm. Further, the standard classifies CM tests as method A, B or C, depending on
the concrete quality. Method A is utilized for cover at 12 mm or above. For smaller cover,
method B or Cis recommended. The search head should not be subjected by rapid movement,
which can influence the calibration mark. BS 1881-204 also highlights that a report related to
CM testing must be included [144].

CM emphasizes the interaction between the reinforcing bars and low-frequency
electromagnetic field. In other words, understanding the operation of CM depends on the
basic relationship between electricity and magnetism. Electromagnetic induction is a
significant principle in CM, defined as a magnetic field intersecting an electrical circuit that
induces an electrical potential, connected to the Faraday’s law. According to ACI 228.2R-13
[77] commercial CM is normally divided into two different systems: magnetic reluctance
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meters and eddy-current meters. Figure 52 perfectly describes a simplified schematic of CM
dependent on the variations in the reluctance of a magnetic circuit either with or without
steel bar [77].

A ferromagnetic U-shaped core called yoke, an excitation coil and a sensing coil is included in
the magnetic reluctance meter. A current from the excitation coil creates the magnetic flux,
and in the absence of steel bar, a high reluctance is registered between the yoke and concrete.
In addition, the amplitude of the magnetic flux between excitation coil and sensing coil is
small, illustrated in Figure 52a. In Figure 52b, the reluctance decreases, and the magnetic flux
amplitude increases. This clarifies that the sensing coil current will also increase, dependent
on if the steel bar is present. However, the reluctance is strongly dependent on the distance
between the bars and yoke poles [77].
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Figure 52 lllustrations of magnetic reluctance meters for: a) small current induced in sensing coil without bar; b)
enhancement of current in sensing coil with bar [77]

Eddy-current CMs define circulating currents at the magnetic field and occurs when an
alternating current is approaching near an electrical conductor and is divided in two different
categories. The first category considers the continuous excitation of the coil by an alternating
current, meanwhile the second category is dependent on pulsed excitation. Figure 53a shows
eddy-current CM without reinforcing bar. When bringing the coil near the reinforcing bar,
alternating eddy currents are active on the bar surface. Therefore, eddy currents are
described as additional source for an alternating secondary magnetic field, inducing a
secondary current in the coil. Figure 53b points out eddy-current CM with reinforcing bar.
Depth and size of the steel bar are factors influencing the induced current amplitude [77].
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Figure 53 lllustrations of eddy-current meters for: a) a characteristic current amplitude; b) differences in current amplitude
interacting with reinforcing bar [77]
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Maximum response is obtained when the search head is placed directly above the reinforcing
bar, as shown in Figure 54a. The relationship between meter amplitude and the horizontal
distance is significant for CM measurements, identified from the center of the steel bar to the
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center of the search head. Figure 54b pinpoints diversification in amplitude by considering
the horizontal distance, identifying a magnetic reluctance CM. The cover depth was equal to
21 mm, meanwhile the size of the steel bar is 19 mm. Following figure has attributes related
to a bell-shaped curve. Figure 54c shows the relationship between amplitude and horizontal
distance for an eddy-current meter, emphasizing two different search heads. By comparing
both search heads, one of them has smaller area of influence, which is an advantage for
detecting individual bars that are closely spaced. This type of search head is known as focused
search heads. Nevertheless, focused search heads have less penetrating ability, unable to
localize bars with deep cover. Both search heads in Figure 54c consider the same bar size (19
mm), but cover depth for search head 1 is defined as 21 mm, meanwhile cover depth for
search head 2 is 59 mm [77].

a) ey =S\ | Power Supply and
R 8 Display Unit

Horizontal '
Offset —He—
Distance ‘ o 6

‘Search Head

Cover

Bar

Influence Zone

Infiuence Zone:

Side view Erd view

Distance, in. Distance, in

80 0 2 4 6 8 500 0 2 4 5]

(b) Reluctance Meter I (c) Eddy Current Meter

707 L
‘ 400\
60-| S s 5 FY
@ .| Cover =21 mm (0.83in) | Probe 1: Cover = 21 mm (083 in.)
3 50 19 mim (#5) bar ® 300 L
! o]
2 404 - i = 19 mm (#5) bar
c i 5 \
= 3041 E 200 | . n
% < \ . FrCDE 2 GOVEer = DY MM (£,321n.)
20 [ \ "
! 100 } % -
1041 -
| [ . . ™
[ [ S S .. E Odee— . . S0 0.5 ..~ 0. B. a9
0 50 100 150 200 0 50 100 15C
Distance, mm |3|Star|cex mm

Figure 54 Zone of influence for: a) the search head; b) magnetic reluctance CM; c) eddy-current CM [77]

Table 25 shows a general overview of advantages and limitations associated with the CM
test.

Table 24 Advantages and limitations of using CM test [77]

Advantages Result limitations
Locate reinforcing bars Bar size and spacing affect cover depth accuracy
Portable and easy to use Difficult to bar diameters with precision
Lightweight Does not identify presence of second layer of
reinforcement
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Estimates cover depth Limitation of maximum penetration and dependent
on meter design

Algernon et al. [145] demonstrated an excellent accuracy of CM measuring concrete cover
with different distances between the reinforcement and diameter, providing an accuracy of
+ 1 mm. However, considering an additional layer of reinforcement had a negative influence
on the accuracy. Larger diameter and close spacing between the steel bars in the crossing
layer are influential for doubtful measurements. Different CM equipment are available in the
market from the manufacturers Proceq, such as various Profometer models and
Profoscope(+). Hilti and Elcometer, also offer the Ferroscan PS200 and various models of
Elcometer 331, respectively. Different search heads are supplied providing a variety of depth
range and the main difference of the models is related to the ability for multiple NDT
evaluation, such as HCP.

For instance, Hiiblova et al. [146] demonstrated the Profometer 630 Al has the possibility of
analyzing uninterrupted linear scans up to 15 m. The equipment provided promising results
for determining reinforcement diameter with an accuracy of £+ 1 mm. However, Cikrle et al.
[147] showed some challenges with the Profometer 630 Al. Detecting closely placed rebars
with CM is a challenge, regardless if the rebars are behind or next to each other. In addition,
measurements deeper than 100 mm can influence obtained CM results. Although the
distance of the bend from the abutment was measured with an accuracy of £10 mm,
Profometer 630 Al managed easily to locate bends in reinforcement.

Table 26 provides a general overview of the available products by the manufacturers and
relevant product details.

Table 25 Different CM equipment from Proceq and other companies [148] [149]

Product Product details
Profometer 650 Al e High quality of cover measurement
through Artificial Intelligence (Al)

feature
e Measure rough surfaces and wide areas

e Provides 2D and 3D imaging of rebar
arrangement

e Cover measuring: 185 mm

e Cover measuring accuracy: £ 1to4 mm

e Diameter measuring: Up to 63 mm
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CM principal: Eddy current

Price - $8,180.00 [150]

Profometer 630 Al

>
>

High quality of cover measurement
through Artificial Intelligence (Al)
feature

Measure rough surfaces and wide areas
Depth measuring range: 185 mm

Cover measuring accuracy: £ 1to4 mm
Diameter measuring: Up to 63 mm

CM principal: Eddy current

Price - $6,635.00 [150]

Profometer 600

>

Measure rough surfaces

Depth measuring range: 185 mm
Cover measuring accuracy: £ 1to4 mm
Diameter measuring: Up to 63 mm

CM principal: Eddy current

Price - $5,085.00 [150]

Profoscope(+)

Includes single handed operation
Checks spot on rebar cover

Depth measuring range: 185 mm
Cover measuring accuracy: £ 1to 4 mm

Diameter measuring: Up to 63 mm
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e CM principal: Eddy current

e Price-52,465.00 - $2,620.00 [151]

e Provides 2D and 3D imaging of rebar
arrangement

e Depth measuring range: 180 mm

e Localization accuracy: £3 mm

36 mm
e CM principal: Eddy current

e Price - From $6,800.00 [152]

Ferroscan PS200 e Measure rough surfaces and wide areas

e Minimum distance detection of objects:

Elcometer 331 Models e Easy to transport and store with single
handed operation

o Depth measuring range: 180 mm
e Diameter measuring: 8 —40 mm

e CM principal: Eddy current

e Price -$1,250.00 - $2,549.00 [153]
[154]

To summarize, CM is an efficient NDT contributor controlled by either magnetic reluctance
meters or eddy-current meters. There are many CM products that are available in the market
and all of the CM equipment consider eddy-current principle rather than magnetic reluctance
principle. The explanation is that magnetic reluctance detects only ferromagnetic objects,
limiting the detection of rebars to certain types of steel reinforcement. Overall, CM
equipment are contributing to decent accuracy of reinforcement diameter, which allows
correction in the distance of adjacent rebars. Simultaneously, fast and accurate results on
measuring cover depth are obtained from CM equipment. However, using CM is a challenge
for measuring an additional layer of reinforcement crossing the layer, where the accuracy
decreases. In the crossing layers, large diameter and close spacing between steel bars are
affecting the measurements negatively. Nonetheless, the CM cannot directly indicate any
deteriorations or provide an evaluation of the internal condition of a concrete. The ability of
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CR to assess the listed parameters is shown in Table 27. The uncertainties related to the
method has been considered when giving scores.

Table 26 Assessment score of the CR method

Parameters Assessment score
Cracks 0
Voids 0
Delamination 0
Corrosion of reinforcement 0
Corrosion of post-tensioning strands 0
Location of reinforcement 3
Location of post-tensioning systems 0

3.3.8 Half-Cell Potential (HCP)

Half-Cell Potential is an acknowledged NDT method in the field to estimate steel corrosion in
concrete structures. For corrosion detection and corrosive environmental detection, HCP
measurements are preferred. HCP is described as cost-effective and rapid, contributing to
secure concrete repair and rehabilitation. Evaluation of steel corrosion is measured from the
coherence between corrosion potential and steel corrosion rate. A standard portable half-cell
and a standard reference electrode are active to measure the potential difference. Different
reference electrodes used in the set-up of HCP are copper-copper sulfate and silver-silver
chloride/potassium chloride. The reference electrode is attached to the positive pole of the
voltmeter, and the steel reinforcement is connected to the negative end, shown in Figure 55
[155, 156].

Voltmeter
—]
+ L~ Reference
electrode
Reinforced steel \ Concrete

Figure 55 Schematic setup of HCP in reinforced concrete [155]

The different factors influencing the test result readings of the HCP method are oxygen level,
chloride concentration, concrete electrical resistance, and concrete cover. A reduction in
oxygen concentration on the steel reinforcement gives higher negative corrosion potential
values. However, the probability of steel corrosion is still less because corrosion is affected by
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permeability. For instance, porous concrete with higher permeability has less negative
corrosion potential than a dense concrete cover with low permeability. Concrete carbonation
decreases the pH value of steel reinforcement, enhancing the probability of steel corrosion.
The following case gives more negative corrosion potential values, which is related to
enhancement in the rate of corrosion [155].

Higher chloride ion concentration gives significant steel corrosion in reinforced concrete and
a more negative corrosion potential value. Simultaneously, a dense concrete cover gives a
decent physical barrier defending the steel from chloride-induced corrosion. The reinforced
concrete has a relatively low oxygen level, where the corrosion potential shifts towards
negative potential values. High concrete resistance is conductive for significant errors in HCP
data. The potential between the two ends of the voltmeter’s resistance describes the
measured half-cell potential. If the potential resistance is greater than the concrete
resistance, the measured HCP value is approximately identical to the steel reinforcement’s
corrosion potential. The accuracy is increased by wetting the concrete surface, which
decreases the concrete resistance. Another possibility is to include a voltmeter with high
internal resistance greater than 20 Mq [155]. Table 28 presents the probability of corrosion
from HCP measurements.

Table 27 Probability of corrosion based on HCP method [155]

HCP readings (Cu/CuS0,) Corrosion activity
Less negative than -0.200 V 90% probability of no corrosion
Between -0.200 V and -0.350 V An increasing probability of corrosion
More negative than -0.350 V 90% probability of corrosion

The purpose of ASTM C876 [156] is to determine the corrosion activity of the reinforcing steel.
The HCP method is applicable to different members irrespective of their size or concrete cover
depth. A concrete cover above 75 mm can lead to loss of the ability to detect variation in
relative corrosion activity. In addition, either engineers or technical specialists with massive
experience in concrete materials and corrosion evaluation in the fields should interpret the
potential measurements. Other vital data such as carbonation depth, delaminations,
corrosion rate, and environmental exposure conditions are contributing to formulating
conclusions regarding corrosion activity of embedded steel and its influence on the
structure’s service life. Data presentations are either available as equipotential contour maps
or cumulative frequency diagrams. A contour map contributes to a graphical illustration of
concrete areas where corrosion activity occurs. The cumulative frequency diagram indicates
the concrete’s magnitude of the influenced area. Localizing corrosion pinpoints differences in
potential over relatively short distances. Another condition with the demand of experienced
engineers is the evaluation of the carbonated depth of reinforcing steel. Irrespective,
corrosion potentials are neither nor an indication of corrosion current [156].

Table 29 shows a general overview of the advantages and limitations associated with the
concrete resistivity method. with HCP method.
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Table 28 Advantages and limitations of using HCP method [15]

Advantages Result limitations
Portable apparatus Indirectly indicate corrosion
Simple Minimal information of the corrosion rate
Inexpensive Experienced operator required

Straight forward data analysis Demands access to reinforcing bars for
electrical contact

Decreases test accuracy dependent on

concrete moisture and temperature

When addressing the efficiency of the HCP method there are some uncertainties related to
the measurements. As explained by Gu and Beaudoin [155], even if lower negative values are
obtained from the HCP method there are several factors affecting the measurements and
increasing the probability of corrosion. Not all of these factors are directly related to induction
of corrosion and the HCP measurements can be misleading as an evaluation. It is therefore
important to emphasize that this test method only indicate the probability of corrosion. This
was clearly shown in the investigation of Frglund et al. [157], where the HCP measurements
were concluded to be misleading in three out of four case.

There are different HCP equipment available in the market, with varying specifications and
features. Some of the manufacturers Proceq, Elcometer and Jet materials. Table 30 provides
a general overview of the available products by the manufacturers and relevant product
details.

Table 29 Different methods for corrosion by Proceq and other companies [141, 142]

Product Product details

Profometer Corrosion + Advanced processing and reporting tools
Effective productivity with wheel electrodes

Cover meter functionality available for
combined testing

Price - $4,090.00 - $5,780.00 [143], [158]
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CANIN+ (discontinued) - Quick presentation of test area
Cost effective approach

Detects active corrosion in reinforcement

Wheel electrodes available for increasing
testing speed

Price — Unknown

Elcometer 331 model - Easy to transport and store with single
handed operation

Quickly and accurately locate the
orientation of rebars in harsh environments

Up to 32 hours battery use

Price - $1,250.00 - $2,549.00 [153] [154]

COR-MAP® SYSTEM - Locates corroding steel reinforcement
: easily and economically

Designed electrodes available for
horizontal, vertical, and inverted positions

Price - $1,614.00 [159]

Based on these facts and the addressed literature, it is recommended that HCP should be
combined with other NDT tests to increase the accuracy and the probability of detection of
corrosion, due to the fact that there are many factors affecting the HCP measurements.
However, one should not ignore the fact that HCP can be a great approach for assessing and
indicating the possibilities of corrosion, but further investigation is required for validation.
The concrete resistivity method is a great and easy NDT test in combination with HCP. Guides
for interpretation of concrete resistivity according to corrosion rate has been developed to
confirm the HCP measurements suggesting corrosion. However, several factors must be
considered for the inspection to obtain more reliable measurements as discussed, thus
expertise is required when conducting this test.

Table 30 Assessment score of HCP

Parameters Assessment scores
Cracks 0
Voids 0
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Delamination

Corrosion of reinforcement

Corrosion of post-tensioning strands

Location of reinforcement

Location of post-tensioning systems

O O|O|N|O
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3.4 Combining NDT methods in field tests

When a concrete structure is investigated, an assessment strategy for NDT methods is
prepared. The NDT methods used in the investigation must be selected based on the purpose
of the survey and their usefulness. There are several NDT methods and techniques enabling
the detection of different defects and flaws, and many of these NDT methods are combined
to gain an enhanced insight of the condition of the structure. Including multiple NDT methods
are a secure way of realizing and managing durability conditions of reinforced concrete. In
addition, combining NDT methods is a common approach in different field tests presented in
the literature, and will be briefly described in this chapter.

3.4.1 Field test of Farris bridge in Larvik

The following field test is presented from the NPRA report elaborated by DEKRA Industrial
and Taljsten [76]. The purpose of the field test of the Farris bridge was to detect partial and
fully grouted ducts by combining several NDT methods. NDT methods that were combined
for the Farris bridge are CM, GPR, and UPE. CM was used to localize the first layer of rebars
with concrete cover around 16-25 mm, meanwhile GPR localized the tendon ducts in the
segments. Placement of tendon ducts and the mesh visibility were possible with an area scan,
seen in Figure 56. The following figure for segment 1 clarified ducts at a depth around 150
mm, visible from the red arrows. Segment 2 had difficulties verifying the ducts because of
duct placement at a greater depth. The ducts placed with a depth around 350 mm in segment
2 were impossibly detected by GPR technology, clearly shown in Figure 57. Results from the
GPR are dependent on the quality of concrete and the signal speed [76].

Figure 57 No sign of tendon ducts in segment 2 [76]

Together with CM and GPR, UPE scans were performed on the ducts for both segment 1 and
segment 2. The red arrow in Figure 58 showed clear visibility of coherent tendon duct 3 with
an average depth of 150 mm. Figure 59 identified the same tendon duct 3 (red arrow) at a
depth between 165-450 mm. From Figure 59, localization of the ducts was complicated in
segment 2 because of the higher depth value. Therefore, examination of results in the
computer and extensive data processing were recommended for segment 2. According to
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DEKRA and Taljsten, signals were weak because of a placement with a depth from 200-450
mm. Another reason may be that the grout in ducts is partly injected [76].

Figure 58 Tendon duct 3 at a depth around 150 mm (segment 1) [76]

Figure 59 Tendon duct 3 at a depth between 165-450 mm (segment 2) [76]

Obtained results from the Farris bridge were valuable to understand better how combining
NDT methods work together. CM is a quick learnable NDT method with less knowledge
required. However, CM has a limit of 80 mm, making several challenges to locate the tendon
ducts. In addition, CM has difficulties distinguishing between reinforcement and tendon
ducts. Therefore, combining CM with GPR can be efficient regarding depth measurement for
tendon ducts. Uncertainties may arise considering the interpretation of CM and GPR.
Including UPE, CM, and GPR show a clearer indication of the cavity in concrete [76].

3.4.2 Field test of Hergysund bridge

A field test was conducted in the Hergysund bridge by DEKRA Industrial and Taljsten [76] to
investigate the condition of the tendon ducts in the bridge. This test was a part of concrete
repair work, and an NDT inspection was conducted to detect voids inside the ducts and other
defects to assess the bridge’s safety.

A combination of different NDT tests was preferred to achieve the best possible results. The
NDT tests emphasized in this field test were the CM, GPR, UPE, IE, and VI. The case study
highlights that experience is needed when investigating tendon ducts and determining the
degree of grouting. Combining NDT methods and drilling holes into the duct is a required NDT
approach to inspect and verify the condition of the strands in terms of corrosion and
breakages in the wires. Tendon ducts tend to be located deep into the concrete, and with this
shortcoming, there are difficulties for the CM to locate tendon ducts. On the other hand, GPR
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serves more efficiently for this task with a depth precision of up to 200-250 mm. These two
methods are combined in the sense that the information about the location of rebars and
concrete cover from the CM is used to calibrate the GPR to gain accurate results. The GPR
locates and marks the tendon ducts on the concrete structure to facilitate the UPE to detect
voids. Further, the IE method is used to verify the data from UPE [76].

Different locations of the tendon ducts on the bridge were chosen for investigation, as seen
in Figure 60.

56 5.7

East

Figure 60 Test areas of the bridge [76]

On a general basis, the NDT tests were a great approach and revealed that all the 8 ducts in
both girders had missing grouting in some investigation points. For simplicity, only some of
the results of this inspection will be addressed. For instance, the North grid of point 5.1 did
no detect any voids in the ducts. Nonetheless, on the South grid, the UPE indicated both small
voids (2S) and missing grout (3SA), as seen in Figure 61 in red. The location of the ducts in the
GPRis shown in Figure 62 [76].

3SA

28

ISA

Figure 61 UPE scan from point 5.1 South girder [76]
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3SA

Figure 62 GPR from point 5.1 South girder [76]

For point 5.2 Southern girder, three holes were drilled as a visual check to confirm the results
from the UPE. The location of the holes and the results from the UPE scan is shown in Figure
63. The moderate scan signals are seen from tendon ducts 1SC and 2S, indicating no missing
grouts or air voids. Strong signals are seen through the whole tendon duct 3SC, indicating an
air-filled duct. Another scan over a longer span was conducted for duct 3SC to assess the
grouting. Figure 64 reveals that strong signals along the whole duct, indicating missing grout
[76].

Drilling
hole

Drilling
hole

Drilling
hole

Figure 63 UPE scan from point 5.2 South girder [76]

Figure 64 UPE scan of tendon duct 35C [76]
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The holes drilled in tendon duct 1SC and 2S confirm the grouting, as seen in the results from
the UPE. For tendon duct 3SC, the drilling revealed missing grouting as expected. However,
breakage in three wires was also detected. The breakage of wires is a consequence of air in
the tendon ducts, which induces corrosion [76].

Figure 66 Drilling and visual check of 35C [76]

In point 5.3 Northern girder, no voids were detected. However, 1 m from the middle in both
directions revealed voids and missing grouting. In the Southern gird, three of four cables had
voids and missing grouting. The results from UPE for point 5.5 are shown in Figure 67, where
the tendon duct 1INB and 2N do not show any strong signals. However, duct 3ND suggests
missing grout or partially grouting due to the variation in signals, and tendon duct 4NB
indicates missing grouting due to the continuous strong signals [76].
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4NB

3NB

. - INB

Figure 67 UPE scan from point 5.5 [76]

To summarize, the case study emphasizes the importance of following the general principles
of maintenance, repair, and upgrading. Combining CM, GPR, UPE, IE, and VI are adequate
approaches to evaluate the condition of the tendon ducts. Every NDT method used in this
inspection has served an important task for detecting the condition of the tendon ducts. From
the inspection, point 5.4 showed the largest defects in the ducts where 6 out of 8 tendons
ducts had missing grouting, and cable 3 in both points 5.1 and 5.2, in the Southern girder, was
not fully grouted near the anchors. In several cases, larger voids were detected, signifying the
need for maintenance and repair. Further, wire breakage was discovered in cable 3SC, and
lack of grouting combined makes it difficult to locate the breakage. Load cracks at the bottom
of the girders were observed, which may have affected the un-grouted tendon ducts at the
bottom of the girders and resulted in corrosion.

3.4.3 Field test of Dalselva bridge

Information presented in the field test is from the research paper “Inspection and Assessment
of Corrosion in Pretensioned Concrete Bridge Girders Exposed to Coastal Climate,” elaborated
by Osmolska et al. [11]. The bridge inspection was conducted in 2018, where the condition of
NIB girders was evaluated by combining HCP, CR, and VI. Structural cracks, delaminations, and
wet concrete areas were briefly documented. According to Osmolska et al. [11], Girder 2 was
selected for a detailed investigation, where combining CR, HCP, and VI were emphasized. A
four-point Wenner Probe was used to evaluate the CRin girder 2. Along the whole span length
of the girder’s bottom surface, HCP measurements were included to detect locations with a
high probability of corrosion in girder 2. Figure 68 shows different views of girder 2 [11].
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Figure 68 (a) Bottom flange of girder 2; (b) Side view of girder 2; (c) Bottom view of girder 2 [11]

Osmolska et al. [11] confirm that the electrical connection between the reinforcement and
Profometer Corrosion was established from the second point. HCP measurements were
performed against a copper-copper sulfate electrode (CSE) with a one-wheel electrode type.
A fine grid was included for the HCP values to increase the probability of corrosion detection,
measuring every 50 mm along the lengths. Based on VI and cover thickness results in the
following inspection, corrosion was visible in the pre-tensioned NIB girders of the Dalselv
bridge. Girders 2, 11, and 12 near the middle support area were affected by the most severe
corrosion damage. Cracks with evidently corroding strands in girders 1 and 2 were visible in
the top flange closest to the middle support. Removal of concrete cover revealed major
corrosion damages in the bottom flange of girder 2 [11].

According to Osmolska et al. [11], an important finding from this field test in the Dalselva
bridge was the correlation between HCP and ER measurements for the right part of girder 2,
specified in Figure 69. The potential decreases when the ER values are below approximately
580-950 Om. The mentioned values are close to the ER thresholds from a range between 500
and 1000 Om, referring to a negligible and low corrosion probability [160]. According to Pailes
[161], ER values should be between 350 and 530 Om. No clear relationship was visible
between HCP and ER for the left half of girder 2. The conclusion from Figure 69 is that HCP
measurements were more consistent for corrosion assessment than ER measurements. A
recommendation is to include VI to verify ER results [11].
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Figure 69 The relationship between HCP and ER measurements [11]

This research paper [11] emphasizes that HCP measurements should be performed on a small
grid size of 50 mm. A local inspection of the reinforcement in the cover zone is vital for
confirming the corrosion condition. Interpretation of the strands is relevant for describing the
bond strength, critical prestressing transfer, and development length. A large amount of
concrete cover is removed to evaluate strands in their anchorage zone, where strand slippage
is dominating with reduced bond strength. Therefore, removing the concrete cover is
recommended for confirming corrosion conditions on the strands but requires precision and
knowledge [11].

Conclusions that are valid for this field test on the Dalselva bridge contribute to major findings
of pre-tensioned bridge girders. Reinforcement corrosion can easily be perceived before
corrosion damage is visible, where the zones influenced by high corrosion probability expand
beyond visible corrosion damage. However, the conditions of the strands are only indicated
by removing the concrete cover. In addition, HCP measurements are not pinpointing
corrosion probability between strands and electrically connected reinforcement in the
girder’s bottom flange, for example, mounting bars and stirrups. Based on the obtained
results, HCP measurements were described as more reliable than ER. Although corrosion was
noticed on the strands, it comprises a small area. High ER in the span corresponds to negligible
corrosion probability. Corrosion assessment should consider a combination of NDT methods
such as HCP, ER, and VI.
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4. Non-destructive tests

An important part of the report was to conduct experimental tests under a controlled
environment, emphasizing different specimens carried out at a research and development
facility in Hamar. The authors carried out the specimen tests in the laboratory. The main
purpose was to investigate the ability of UPE equipment by providing accurate data and
information of air voids, cracks, delamination, and defects in ducts. Following investigation is
a significant part of detecting the possibility of deterioration and damage of strands in tendon
ducts. For the experiments, the main objective for the authors was to uncover the condition
of the strands in the tendons and detect defects in post-tensioned elements. This objective is
important for evaluating the serviceability and safety of existing concrete structures, which is
an important part of the SHM of existing construction.

A limitation related to the laboratory experiments conducted by the authors was that the
construction and defects in the test specimen are known, making it less demanding to
interpret the data presented from the UPE equipment. However, an advantage of this
approach is the verification of the data provided by the UPE equipment. The authors can,
through these experiments, prove that the information provided by following UPE equipment
is reliable. Another advantage of this approach is that investigating different concrete
specimens will reveal the best practice of the addressed NDT methods and possible
shortcomings. Although, only one specific type of UPE equipment was available in Hamar.
Therefore, a one-sided data interpretation of UPE technology is present to detect
deterioration in concrete structures. Overall, this assessment will be a useful guide for the
utilization of the different NDT methods.

4.1 Test specimen

Several concrete specimens in Elop’s research and development facility were available in
Hamar, where some of these specimens had intentional internal defects and deteriorations.
For the thesis project, only three test specimens were investigated. Table 31 addresses these
specimens and other relevant information. As noticed, the specimen has different values of
Dmax-

Table 31 Test specimen specifications

Test specimen Strength Maximum aggregate Length Width Height
class size (Dmax) (mm) (mm) (mm)
$-20-1-2 B45 24 700 550 260
$19-2-2 B45 16 805 600 220
S62 B30 4 800 600 200

The first specimen the authors tested was S-20-1-2: Tendon duct with full and airgap in the
grouting, seen from Figure 70. This specimen consists of two ducts and a rebar mesh. One of
the ducts was empty, while the other tendon duct was fully grouted one half of the duct and
grouted 3/4 on the other half. A drawing of this test specimen with the different components
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and details is illustrated in Figure 71. The purpose of this test specimen is to demonstrate
possible defects that can occur on a tendon duct, in case of not properly executed grouting
or presence of corrosion. In either case, the presence of air will be observed because air
reflects 100% with ultrasonic scanning. Therefore, the empty and the grouted duct are
supposed to be observed clearly in the results.

Figure 70 Test specimen S-20-1-2
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Figure 71 Drawing of 5-20-1-2

The second specimen tested by the authors was S19-2-2: An empty tendon duct. This
specimen consisted of one empty and ungrouted tendon duct in the center of the test

specimen, as illustrated in Figure 72 and Figure 73, and has the same purpose as the empty
ductin §-20-1-2.
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Figure 72 Test specimen $19-2-2
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Figure 73 Drawing of $19-2-2

The third specimen the authors tested was S62: Delamination. This specimen has no
reinforcement or tendon ducts and was casted with a cavity on the bottom of the slab to

resemble delamination, as seen in Figure 74.
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Figure 74 Delamination of S62 slab

4.2 Test procedure

The UPE scanner applied by the authors has the following three scanning modes: high speed,
high resolution, and surface scans. These scanning modes provide improvement of data
quality, flexibility, and efficiency. The high-speed mode offers a speed limit of up to 50 cm/s,
which is applicable for an efficient scan of a larger area. Improved scanning accuracy is
possible from the high-resolution mode to detect defects. After a scan, a mathematical
analysis is performed to analyze the data and to filter noise levels. The authors considered
visualization features on the UPE equipment for optimal interpretations of the concrete
specimens.

The author’s testing procedure was simple and straightforward. During the whole testing, the
scanning mode high resolution was utilized to achieve the best possible measurements.
Chalks were included to indicate 10 cm between each scan on the specimen. Based on that,
the UPE equipment should completely cover the surface of the test specimen, and edges on
all the test specimens remained unmarked. This consideration gives better flow between the
scans and movement of the UPE equipment, directing towards valuable and significant
results. Laser from the UPE scanner was used as a guiding tool for following the chalk path
from one end to another, as seen in Figure 75. The yellow lines in Figure 76 — Figure 78
illustrate the scanning procedure on the surface of S-20-1-2 Band $19-2-2. From 2D
visualization, the scanning for test specimen S-20-1-2 B along the ducts started 13 cm from
the left corner of the specimen. In addition, the scanning across the ducts for similar
specimens started 15 cm from the top corner. Scanning for the $19-2-2 specimen started 16
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cm from the left corner, and between the red lines, the empty duct is localized. A similar
approach was also followed for the test specimen S62, with 10 cm between every scan.

S-20-1-2 B along the ducts

Figure 76 Scanning procedure for S-20-1-2 B along the ducts (dimensions in cm)
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5-20-1-2 B across the ducts

Figure 77 Scanning procedure for S-20-1-2 B across the ducts (dimensions in cm)
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Figure 78 Scanning procedure for S$19-2-2 across the ducts (dimensions in cm)

4.3 Mockup test in Hamar

Another approach for investigating possible concrete deteriorations and damages is
emphasized in Report 699 by the Norwegian Public Roads Administration (NPRA) [76]. The
relevance of NDT methods for following mockup tests in Hamar is highly connected to the
report's main objective. The main scope of this mockup test is to evaluate how efficiently the
NDT methods are to detect internal damages of reinforced and prestressed concrete,
especially for UPE and IE equipment. Following evaluation counts for the air gap in ducts,
internal crack damages, voids, and corrosion on reinforcement. For UPE measurements, scans
UPE 2 and UPE 1 were performed on the partially grouted duct along the duct. From this
investigation, the data from the UPE 2 scan on the left side of Figure 79 detects a strong sign
of void at the right side of the duct. Similar results were visible with scans from UPE 1, but
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there were differences in length of the void and color resolution, shown on the right side
of Figure 79. A higher resolution of the partially grouted duct was observable on UPE 1 scan
[76].

Figure 79 UPE 2 scan vs UPE 1 scan for duct A [76]

A scan along the empty duct with UPE 2 was performed, where huge signs of air gaps were
detected, as seen in Figure 80:

Figure 80 UPE 2 scan of empty duct B [76]

Several UPE 1 scans were performed in the inspection to indicate the differences between
each side of concrete specimen, known as B-scans. Figure 81 illustrates the grouted duct and
the empty duct, meanwhile Figure 82 shows void in the grouted duct and the empty duct.

Empty duct

Grouted duct

| . IO |
Width: 00 mm | Height: 0.0 mm | Area size: 0.0 mm * | ED: 0.0 miv

Figure 81 Grouted and empty duct in UPE 1 scan [76]
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Void in duct

Figure 82 Void in duct and empty duct in UPE 1 scan [76]

Empty duct

4 different testing points were selected along both cable ducts to interpret the differences
between results, shown in Figure 83:

Table 32 Testing points along cable ducts

Location of testing points

Duct type

1 Grouted duct

2 Partially grouted duct
3 Empty duct

4 Empty duct

Figure 83 Location of testing points on the concrete specimen [76]
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IE measurements were performed for test point 1 (TP1) and test point 2 (TP2). It was clear
from TP1 that the thickness peak (blue line on Figure 84) was accomplished. The lines
between the thickness peak verify that the reflection goes directly through the injected duct
before counter reflecting from the concrete specimen. For TP2, the thickness peak is obtained
with a lower thickness frequency, clarifying that the signal will travel a longer distance
because of facing obstacles. Since TP2 is partially filled with grout, signal from the depth
should be prioritized with suspicion of void.

1ICLUIU DTy LUmpaicu. M1
Thickness: 260 mm
Wave Speed: 4061 mis
Thickness Freq: |7.81 kHz
kHz. Max: 30

27.31 kHz 74 mm

L5 3 45 6 5 8 105 12 135 15 165 18 15 2 225 24 %5 2 %5 30 Record Comment

Figure 84 Comparison between test point 1 (TP1) and test point 2 (TP2) [76]

IE results from TP3 and TP4 were identical since both are referring to empty cable ducts,
shown in Figure 85 and Figure 86. The most impressive part from these points compared with
TP1 and TP2 from Figure 84 is a clearer visualization of peak at the depth of the void.

26.B2 kHz 76 mm
Thickness: 260 mm

Wave Speed: 4061 més
Thickress Freq: |7.81 kHz

kHz. Max: 30
L5 3 45 6 75 8 5 12 135 15 185 I8 05 21 925 24 255 27 285 30 Record Comment
Figure 85 Peak frequency of void at TP3 [76]
Thickness: 260 mm

Thickness Freq: |7.81 kHz
kHz. Max: 30

\\ Peak frequency of void - Wave Speed (2081 fm/s

1 1 1 1 1 1 1 1 1 1 1 1 1
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Figure 86 Peak frequency of void at TP4 [76]

To summarize, differences are clearly visualized between injected and empty ducts. Signals
from instrument UPE 1 was clearer than signals from instrument UPE 2, but voids were still
visible from UPE 2 scan. Adjustments in setting options for instrument UPE 2 would had
contributed to improvement in the results. Correct settings are vital to avoid additional costs
related to incorrect assessments and frequently visit to the bridge. UPE technology is
impressively detecting voids and conducts the scan along the tendon ducts magnificently. In
addition, UPE technology is simply covering larger areas of inspected ducts. However, UPE
demands training and expertise to interpret the results. Using the rule of thumb is
recommended to understand results related to voids, where larger voids give better accuracy
in assessment. During the scan performance, it is necessary to have proper contact with the
concrete surface, otherwise realistic results are not achieved. At the same time, there are a
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lot of ultrasonic equipment available in today’s market. The inspector must be acquainted
with the equipment and the software, making the scans mostly executable.

The results from IE are promising with success in locating the voids in the concrete specimen.
However, calibration of the equipment is possible in various ways. The fastest way to calibrate
is to know the thickness of the test specimen. Unknown thickness value makes the IE
calibration more cumbersome, where preparatory tests are recommended to detect the
correct thickness frequency number. Performance of |E tests are time-consuming over larger
areas. Therefore, IE tests are mostly performed with other NDT methods to verify the test
results. In addition, IE is an efficient NDT method to confirm the drill depth. Drilling on
concrete specimen is regarded as a destructive test, where the drilling must be performed
carefully to not damage the tension wires. IE method requires training, expertise, and
experience to interpret the results. Preliminary work and additional calculations must be
included together with the testing procedure.

110



4.4 Results

Tests of the UPE equipment in Hamar resulted in excellent data interpretations. These data
were sent to a cloud-based application (web portal), allowing further analysis, where the data
is visualized through a heatmap defining the signal amplitude. Results obtained from the
different concrete specimens are defined in the sections below:

4.4.1 S5-20-1-2 along the tendon duct

Figure 87 shows a 3D scan of the test specimen 5-20-1-2 along the ducts. From the UPE scans,
one can observe different reflection interpretations. Different properties of materials in the
concrete will have different wave velocities, and therefore a variation in reflection is
observed. The amount of reflection was minimized to detect structural flaws and air gaps in
the grouted and empty duct. It should be noted that the reflection at the bottom of the 3D
scan is the backwall. A better data of the measurements was possible from a C-scan, as seen
in Figure 88. The scan reveals a higher level of reflection with red colors, insinuating air
pockets.

Figure 87 3D scan of S-20-1-2 along the ducts
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Grouted duct Empty duct

Figure 88 C-scan of S-20-1-2 along the ducts

A closer observation of the C-scan in Figure 88 indicates longitudinal reflection on the right
side along with the test specimen, clarifying a continuous opening filled with air due to the
strong reflection. A partial reflection is observed on the left side, indicating the presence of
an air gap. The measurements indicate that the duct on the right side is filled with air. The
duct on the left side is not fully grouted due to the observed air voids. Otherwise, the
measurements and collected data sort well with the construction of the test specimen. The
D-scans in Figure 89 show the grouted duct (in the yellow rectangle box) and the empty duct
located 14.4 cm and 42.3 cm along with that coordinate, respectively. In addition, the
surrounding signals are reflections from the ducts.

Figure 89 D-scans of the grouted duct and empty duct
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4.4.2 S-20-1-2 across the tendon duct

Collected data from S-20-1-2 was very poor and challenging to interpret. As observed,
extremely weak signals are reflected after the minimization of the amount of reflection. The
only clear detection of structural flaws and air gaps in the duct is observed 13 cm into the
concrete, as seen in Figure 90, indicating an air void due to the high signal reflection.
According to Figure 91, this is the same location as the grouted duct. However, there is no
clear indication of the empty duct in this scan. Figure 91 shows the backwall 25.9 cm into the
concrete, which is accurate compared to the thickness of the concrete specimen.

T e

Figure 90 3D scan of S-20-1-2 across the ducts

b)

Figure 91 C-scan a) 13 cm into the concrete, b) 25.9 cm into the concrete
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4.4.4 Source of errors

In advance, the same data was expected as for the scan S-20-1-2 along the ducts. Literature
research reveals that the procedure for UPE assessment is conducted along the length of the
location of the ducts. The following procedure applies for transverse and longitudinal post-
tensioning systems, where the scans are conducted along the duct [162, 163]. Therefore, a
possible explanation of the poor results compared to the scan along the duct is clarified.
Based on the procedure of the UPE method, the measurements should be done according to
a grid with a constant measuring point distance, where a smaller grid provides sufficient data.
The grid size used in the testing with the UPE equipment was 8 mm, resulting in inefficient
data. The scanning across a duct is not an objective approach, and therefore this is a source
of error.

4.4.3 S19-1-2 along the tendon duct

The scanning of the test specimen $19-1-2 along the tendon duct resulted in very accurate
data. Figure 92 shows a C-scan 12.6 cm into the test specimen, indicating strong signals across
the entire duct, clearly indicating an air-filled duct.

Figure 92 C-scan of $19-1-2 along the duct

Figure 93 B-scan 9 cm into $19-1-2
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Figure 94 B-scan 27.3 cm into $19-1-2

Further, Figure 93 and 94 visualize two different B-scan of 9 cm and 27.3 cm into the concrete,
respectively. The purpose with these two scans is to demonstrate the continuity of the strong
signals received and that the signals have almost the same location (in the yellow rectangular
box), which are indicating the empty duct. On the other hand, the strong reflection at the
bottom of both scans clarifies the reflection of the backwall approximately 20-25 cm into the
test specimen. This is an accurate measurement according to the thickness of the test
specimen of 22 cm.

The web portal for used UPE equipment offers different features, and one of them is Realistic
Representation. This feature allows a 3D realistic visualization of the scanned concrete
element. From the collected data, a realistic representation of $19-1-2 along the tendon duct
is seen in Figure 95, based on the original scan showing the reflection of the air and backwall.
This feature also enables the creation of rebars and tubes to get a more realistic visualization
of the scanned element. Flaws and air results in cavities in the realistic representation, and in
this case the cavities are replaced with a duct as seen in the Figure 95.

Figure 95 Realistic representation of S19-1-2
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4.4.4 S62 delamination

When conducting tests of specimen S62, the delamination in this test specimen was easily
detectable. One of the advantages of different scans are the opportunity of observing the
flaws and airgaps from different points of view. From a C- and D-scan (Figure 96 and 97), the
delamination is clearly observed. Based on these scans, it is possible to clarify that the
delamination is bowl shaped.
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Figure 96 Snapshot of a C-scan of S62 from Elop Insight

wo 68'cl

Backwall

Figure 97 D-scan of S62

From Figure 97, the backwall is observed 20-25 cm into the concrete, which is accurate with
the thickness of the test specimen of 20 cm. Figure 98 is a snapshot of a C-scan of the backwall
22.4 cm into the concrete and is obtained direct from the UPE equipment after the scan.
Strong signals are observed, but there are no signal in the middle of the scan. A closer look at
the D-scan reveal no great reflections beneath the marked area. Through these examinations,
the scans detected an uneven backwall with a cavity at the bottom of the test specimen. The
realistic 3D model in this analysis gave an excellent image of this delamination as seen in
Figure 99, where this cavity is very visible.

116



@ 3D
@B

©D

"

Now finding

Figure 99 Realistic Representation of S62
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5. Discussion

In this report, different NDT methods have been investigated and evaluated for reinforced
and post-tensioned concrete structures with respect to certain deteriorations. Generally,
there are several deterioration mechanisms such as mechanical, physical, structural,
chemical, biological, and corrosion. The deterioration mechanisms are mainly affected by the
environment and concrete composition, influencing the durability and safety of the concrete
structures. Therefore, NDT methods can be implemented for the assessment of concrete
structures. The NDT methods are categorized according to different principles and application
areas, such as acoustic, electromagnetic, and electrochemical methods, implying various
degree of property analysis. The principles ensure to identify deteriorations and map the
condition of the concrete structure.

However, the usefulness of NDT methods is limited due to issues of identifying deterioration
mechanisms. As seen in this report, the methods can quantify the consequences of
deterioration. The present investigations in the literature specify the cause of deterioration
or investigate the effects of the deterioration mechanisms. Overall, several NDT methods can
detect the effects of the deterioration mechanisms, clearly visible in the measurements. An
investigation carried out in this thesis considers the effectiveness and accuracy of provided
data from various NDT methods. A score system is presented to evaluate the ability of
different NDT methods for detecting certain deteriorations. Other parameters that are
necessary for the assessment is also included, specifically location of reinforcement and post-
tensioning systems. The score system was defined as following:

0 — Not possible to detect deterioration

1 — Possible to detect deterioration, but not suitable
2 — Suitable, but there are limitations

3 — Suitable and preferable

Deterioration parameters investigated in this report were cracks, voids, delaminations,
corrosion of reinforcement, and corrosion of strands. It is important to emphasize that
deterioration has a wide definition, including different mechanisms. The severity of the
damages can variate due to the exposure conditions as addressed. Many of these mechanisms
are interrelated because they can accumulate the deteriorations and the extent of the
damage. According to the authors, these investigated parameters are some of the central
parameters in accordance with concrete deterioration and are often addressed in the
literature. To clarify the differences between the NDT methods, a chosen approach is to
analyze the assessment scores for the different deterioration parameters, presented in bar
diagrams. Figure 100 — Figure 107 consider these parameters in correlation to NDT methods.
The following NDT-methods are included in the bar diagrams:

e Visual Inspection (VI)

e Ultrasonic Pulse Velocity (UPV)
e Ultrasonic Pulse Echo (UPE)

e Impact Echo (IE)
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e Impulse Response (IR)

e Ground-penetrating radar (GPR)
e Concrete Resistivity (CR)

e Cover Meter (CM)

e Half-Cell Potential (HCP)

However, it should be emphasized that the assessment scores presented are based on the
author’s knowledge, the findings in the literature and their own conducted UPE tests. Other
researchers may evaluate results differently. Nevertheless, the presented approach gives a
good understanding of the usefulness of different NDT methods and how they could be
combined.

From the evaluation of cracks, as seen in Figure 100, the UPV method demonstrates better
performance in measuring cracks compared to the other NDT methods. For the UPV method,
crack measurements were efficient with low error estimation. In addition, the distance
between the transducers is a significant factor for the accuracy of cracks estimation.
Therefore, the authors agree on that these considerations contribute to valuable crack
detections from the UPV method. Furthermore, GPR, UPE, and IE show the capability to
detect cracks. Although, the crack geometry influences the GPR data, and a change in crack
direction can result in possible misinterpretation due to several reflections. For the IE method,
the crack size influences the registered impact energy due to reflection from the cracks,
resulting in a lower amplitude. However, the small cracks can be challenging to detect. VI is
more suitable for visible cracks, but it can be challenging to evaluate the extent of the
damage, e.g., crack depth. Still, a crack width microscope can be included to measure crack
widths. IR detects cracks with lower probability and is dependent on damping, which can be
challenging to evaluate due to the influence of crack size and extension. CM, HCP, and CR are
not recommended NDT methods for the assessment of cracks due to lack of detection.
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Figure 100 Assessment score of cracks in accordance with NDT methods

The evaluation of voids in RC and PT concrete from Figure 101 indicates that several NDT
methods are applicable for detecting voids. GPR, UPE, and IE show clear signs through
reflections, and the obtained data are often easily interpreted. On the other hand, IE method
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is a more applicable method for detecting voids in PT ducts compared to UPV. IR shows
possibilities to detect voids, but the thickness size of the concrete structure is conclusive for
the correct interpretation of the following method. Therefore, a challenge can be to detect
corner voids.
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Figure 101 Assessment score of voids in accordance with NDT methods

Several NDT methods demonstrate a decent detection of delamination, such as UPV, UPE,
and IE, as seen in Figure 102. Longitudinal waves (P-waves) from UPV show a correlation with
the size and location of the delamination. From the UPE tests conducted by the authors, the
sample with delamination (S62) showed strong reflections with the ability to locate and
estimate the shape of the damage. The authors are convinced that the UPE method is a
suitable approach for illustrating delamination. Although, the authors knew about
delamination in specimen S62, the UPE equipment managed to represent clear visualizations
and therefore the interpretation of the UPE results was a minimal issue. IE detects
delaminations depending on size and can be challenging to detect small delaminations. Still
this method is less challenging compared to cracks. The reason for the given delamination
score in GPR is related to the uncertainties addressed in the report. Similar to cracks, the
interpretation of data can be complicated.

Delamination
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Figure 102 Assessment score of delamination in accordance with NDT methods
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Figure XX shows the assessment score for corrosion of reinforcement. Moreover, the NDT
methods provides different approaches for the identification and evaluation of corrosion.
Although the HCP and CR are some of the most suitable methods for evaluating corrosion of
reinforced concrete, these NDT methods are often combined to interpret the corrosion rate
guantitatively. However, the proposed approach of assessment scores aims to evaluate each
of the NDT methods separately and does not account for a combination of several methods.

For HCP, there is uncertainty about the accuracy of this that can provide misleading
interpretations about the possibility of corrosion. Hence, it is important to emphasize that the
HCP method only provide information about the probability of corrosion. On the other hand,
the CR method measures the concrete resistivity of the concrete surface. The reliability is
influenced by the composition of the concrete, reinforcement, and the distance of the probes
which may result in an inaccurate indication of possible corrosion rate. These mentioned
considerations are the reason for the given assessment score of the methods. The GPR can
indicate areas of corrosion by the signal attenuation, thus the method does not provide
information about the corrosion rate. A VI can only detect corrosion if rust spots, spalling or
completely disintegration of the surface exposes visible corrosion of the reinforcement. The
UPV and IE can quantify cracks because of corrosion. However, this is not a clear enough
indication unless corrosion is noticeable,
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Figure 103 Assessment score of corrosion of reinforcement in accordance with NDT methods

None of the NDT methods has the capability to detect corrosion directly in PT strands. The
approach used for identifying corrosion is through assessing presence of voids and the
grouting in the ducts. It is important to mention that this does not indicate the extent of
damages of the strands. The assessments scores have accounted this fact. The assessment
scores (Figure 104) demonstrate a decent ability of the UPE and IE. The investigated field tests
in chapter 3.4 are great examples demonstrating some of these NDT methods to detect voids.
However, investigation of Farris bridge is doubtful regarding simplified interpretation of the
results from UPE.

The authors’ own UPE tests provided detailed void detection with reliable data interpretation
and quick cloud transformation. The cloud-based application permitted an on-site analysis of
the obtained data contributing to a beneficial approach for detecting the voids in the partially
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grouted duct of the test specimens. For the UPV method, detection of voids is possible.
However, strands in post-tensioning systems influence the velocity, affecting the
interpretation of data. For the VI, the only approach is through endoscope and drilling into
the duct as seen in the field tests, visualizing corrosion damages of post-tensioning strands.
The GPR can be a possible method but is not applicable for steel ducts. Even if the UPE and IE
method has been given a score of 2, the accuracy of corrosion in post-tensioning strands is
not fully integrated for UPE and IE, demanding more interpretation from obtained results.

Corrosion of post-tensioning strands
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Figure 104 Assessment score of corrosion of PT strands in accordance with NDT methods

The location of reinforcement is CM and GPR, shown in Figure 105. Proximity reinforcements
are detected from CM measurements of the concrete cover, which is a positive sign for test
accuracy. Nevertheless, an additional layer of reinforcement can decrease the accuracy of the
CM method, especially for multiple layers with a larger diameter and close spacing
reinforcement. For the GPR method, locating reinforcement is preferable for depth range
detection. Reinforcement quantity can minimally influence the location of the bars. UPE
shows signs to locate reinforcement, but several limitations regarding frequency range must
be considered. Moreover, the authors agree with the assessment scores for location for
reinforcement. Farris bridge and Hergysund bridge give precise accuracy of locating
reinforcement with CM method. Still, concrete structures with high reinforcement depth
creates challenges on locating the steel bars from CM. Nevertheless, combining CM with GPR
is a promising solution based on that GPR method can provide deep reinforcement
localization. For the assessment scores of UPE, the authors initially gave this method a score
of 2. Even though some of the test specimen contained reinforcement, the conducted testes
UPE did not showed any ability to locate or visualize reinforcement clearly. Therefor the
assessment score for the UPE method were changed to 1.
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Figure 105 Assessment score of location of reinforcement in accordance with NDT methods

The GPR method is a decent approach for locating internal and external ducts in PT systems,
independent of metal and nonmetal ducts (Figure 106). UPE and IE are suitable methods for
locating ducts in PT systems with certain limitations. Although, selected grid size is influential
for detecting a clear difference between air-filled and grouted ducts. In addition, registered
air reflections from ducts are decisive for UPE measurements. Additionally, the reflection of
the ducts is dependent on the material of the duct. Locating ducts in PT concrete with the IE
method is suitable for empty and grouted ducts, where valuable frequency peak numbers are
measured. However, the thickness of the concrete structure has an impact on obtained
frequency values, affecting the interpretation of ducts. Therefore, the authors agree with the
assessment scores for location of post-tensioning systems. The field tests from Farris bridge
and Hergysund bridge contribute to valuable results for localizing ducts. Still, result
interpretations from UPE and IE are more demanding compared with GPR, making GPR a
more sufficient NDT approach for the ducts.

Location of post-tensioning systems
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Figure 106 Assessment score of location of post-tensioning systems in accordance with NDT methods

In the report, a wide variety of equipment from different manufacturers is available for the
NDT methods. The technical specifications differentiate from accessible NDT equipment in
the market, considering features such as accuracy, depth, frequency range, and data
presentation, which influence the extent of detection of different parameters. The necessary
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equipment features depend on the purpose of the investigation and the extent of requested
detection. As observed, the manufacturers have accounted for this consideration by offering
several models of equipment. A consequence of this fact is observed in the variating prices of
the equipment. However, it is important to emphasize that these differences impact the
result and analysis of the result, which may affect the quality of the assessment.

An interesting pattern observed in the bar diagrams is a correlation between the NDT
categories and the detection level of the certain parameter in several cases. This fact
demonstrates that certain categories have a better ability to detect specific damages and
flaws than other categories, proving that underlying principles of the NDT methods have a
great impact on the degree of detection. In some cases, the NDT methods provide different
information about a parameter, and a comparison of the methods can detect various
information about that specific parameter. Therefore, a combination of NDT methods can
improve the perception of a problem, and the methods can be implemented in the application
area it best performs. Additionally, the NDT methods can be combined with the purpose of
verification to improve the accuracy of the obtained data

In the report, this have been proven to be a significant approach for the investigation of post-
tensioning systems, as seen in the field tests of Farris and Hergysund bridge. CM and GPR
located reinforcement and tendon ducts, while UPE and IE were used to investigate the
grouting of the ducts. Further, from the field test of Dalselva bridge, the combination of VI,
HCP and CR demonstrated an increased probability of corrosion. Considering the correlation
between these NDT methods, the authors will not exclude an assessment score of 3 for these
NDT methods. Based on the investigation in this report and the given assessment score of the
NDT methods, the authors suggest that the best application of the methods in combination
is presented in Table 33. One must not ignore that a VI is a very helpful method and in used
as a supplementary method.

Table 33 Final evaluation

Parameters NDT combinations
Primary Secondary
Cracks e UPV e UPE
o |E
Voids e UPE o UPV
o |E e IR
e GPR
Delaminations e UPV e IR
e UPE e GPR
e |E
Corrosion of reinforcement e GPR o V|
e CR
e HCP
Corrosion of strands e UPE o V|
e |E e GPR
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Location of reinforcement and GPR UPE
CM
Location of post-tensioning systems GPR UPE
IE
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6. Conclusion and future recommendations

Different NDT methods have been investigated for reinforced and post-tensioned concrete
structures. The durability of these structures is mainly affected by concrete composition and
deterioration. For that reason, assessment of existing structures is a fundamental approach
to ensure long-term performance. This aspect entails that structural condition is monitored
by collecting essential data during the service life of the concrete structure, which provides
an insight into the structural behavior. Therefore, NDT methods can be integrated with SHM
to estimate the remaining service life of concrete structures.

Moreover, the NDT methods provide different approaches for identifying and evaluating
deterioration, damages, and flaws. There are both advantages and limitations to apply NDT
methods, and the principles of the NDT categories are conclusive for the capability to detect
different problems. However, available equipment for NDT methods influences the reliability
and interpretation of obtained data. Technical specifications and algorithms for NDT methods
can differentiate depending on accuracy, depth, and frequency range. Variations in these
parameters can result in the imprecision of promising data, influencing the degree of
detection for concrete deteriorations. For a specific concrete deterioration, different NDT
equipment emphasizing identical principles can provide differences in obtained results.

By considering the report’s methodology, the assessment scores indicate that NDT methods
are applied in various areas of applications. The application areas emphasize different analysis
methods for the extent of damage, where this approach clarifies promising ability to detect
deterioration, damages, and flaws. A more impressive approach is to combine the NDT
methods to accomplish an enhanced perception of durability. The combination of NDT
methods contributes to a broader insight into identifying the deterioration to a higher degree
than a single NDT method. Hence, combining multiple NDT methods increases accuracy and
reliability to detect concrete deterioration by considering their best area performance.

The conducted UPE tests were beneficial in the sense of giving the authors the opportunity
to evaluate some of the investigated parameters for the UPE method based on the obtained
data and comparing these to the findings in the literature study. This approach allowed the
authors to approve or change the assessment scores.

To summarize, an important consideration the authors want to emphasize is that even if the
NDT methods are available to detect various deteriorations, there is no clear indication of a
correlation between the cause of deterioration mechanism and the collected data. Although,
the NDT methods can quantify damage extent due to a specific deterioration mechanism. As
addressed in the report, the data from the methods do not identify the cause of the
deterioration. This can create delays on observing concrete damages at the correct time.
However, one should not neglect the efficiency of this methodology, providing sufficient
information about the concrete structures. Based on the investigation and discussion from
literature study and lab test, the authors completely agree on that NDT methods are efficient
for the evaluation of damages and flaws in reinforced and post-tensioned concrete. In
addition, the authors conclude with that combining NDT methods improve the evaluation of
reinforced and post-tensioned concrete massively.
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Future recommendations that the authors suggest from this report is represented as
followed:

e A more reliable comparison between the different NDT methods is recommended.
Existing NDT equipment available in the market should highlight extensive
investigation in field and lab in a higher degree. Normally, product details for different
NDT methods describe the accuracy range, but an improved development here is
possible.

e Well established NDT methods for detecting deterioration mechanisms need further
improvement. NDT methods manage to contribute with major findings, but
deterioration mechanisms such as ASR and freeze-thaw can be improved.

e Measurements for detecting corrosion damages with NDT methods need more
development, improving the accuracy and reliability of corrosion detection.
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Appendix 1

Visual inspection form

1. GENERAL Report number
Purpose of inspection
Inspector’s name(s)
1A. Name
DESCRIPTION | Location
OF THE Type

STRUCTURE Size

Owner

Project engineer

Contractor

Date(s) of construction

Photographs | General view

Detailed close-up of
condition of area

Sketch map orientation indicating
sunny and shady areas and well and
poorly drained regions

1B. MATERIALS

Concrete Normal weight

USED aggregate type

Aggregate size
Admixture type
Mixture properties
Compressive
strength
Modulus of elasticity

2. NATURE OF | Exposure Environment

ENVIRMENTAL Weather

AND LOADING Freeze-thaw

CONDITIONS

Wetting and drying

Drying under dry
atmosphere

Chemical corrosion
and environmental
agents

Abrasion, erosion,
cavitation, impact
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Electric conductivity

Deicing chemicals

(chloride ions)

Heat exposure

Drainage Flashing
Joint sealants
Weepholes
Counter
Elevation of drains
Loading Dead
conditions Live
Impact
Vibration
Traffic
Seismic
Other
Soils Expansive soil
Settlement soil
Pumping
3. DISTRESS Cracking
INDICATORS Staining
Surface deposits and exudations
Leaking
4. PRESENT Apparent Settlement
CONDITION OF | alignment of
STRUCURE | structure Deflection
Expansion
Contraction
Surface Condition level:
condition of good, satisfying,
concrete poor
Formed and Smoothness
finished surface Surface air
voids

Sand streaks

Honeycomb

Soft areas
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Cold joints

Straining

Cracking

Location and
frequency

Crack map

Width and
pattern

Leaching

Ongoing

Scaling

Area, depth

Type

Spalls and pop outs

Size and depth

Type

Stain/efflorescence

Corrosion in
exposed
reinforcement

Curling and warping

Erosion Abrasion
Cavitation

Previous patching

or other repair

Surface protection Type and
thickness
Bond to
concrete
Condition

Penetrating sealers | Type

Effectiveness

Discoloration
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