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Abstract

Abstract

Much of the transport infrastructure in Europe was built in the second half of the last century. This fact combined with the growing demand of safety and optimization of lifecycle costs
on these structures needs good strategies for condition evaluation, maintenance and repair.
To be able to get good estimates of the development of future damage this thesis gives a
comprehensive overview of deterioration mechanisms. For frost-thaw damage of concrete
and for reinforcement corrosion, as being the most common deterioration mechanisms of
concrete structures, physical and empirical models for the calculation where collected in a
state of the art review. Further, recommendations for the use of models for the most important processes and sub-processes are proposed as far as possible.

Next, a framework for condition control of concrete infrastructure on basis of current technical rules and standards is proposed. This framework should give a good overview of how
to assess concrete structures without the help of data from permanent monitoring. In general, the framework deals with the initial inspection, routine inspections, use of deterioration calculation in the conservation management, detailed investigation, measurement
methods (not including permanent monitoring) and recalculation including probabilistic
assessment.

For combining all the data that was collected until this point and to facilitate the communication between consultants, operators and owners a framework for performance indicator
based assessment was developed. The basic idea of this framework is the calculation of Key
Performance Indicators (KPI) which are basically condition ratings using all information
available for the different spheres of action of concrete infrastructure. KPIs are calculated
for “Safety, Reliability and Security”, “Availability and Maintainability”, “Costs”, “Health and
Politics” and “Environment”.
Finally, in a case study the developed frameworks starting with the initial inspection are
applied on a corroding modular reinforced concrete bridge located in the north of Vienna.
Here, the calculation of the corrosion process was made on basis of half-cell potential, chloride concentration and concrete cover measurements. This spatial or two-dimensional information was further used in a probabilistic FE analysis. At the end, all measurement and
calculation results gained in the assessment process are used for the calculation of key performance indicators.
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Kurzfassung

Kurzfassung

Große Teile der Verkehrsinfrastruktur in Europa wurden in der zweiten Hälfte des letzten
Jahrhunderts gebaut. Diese Tatsache in Verbindung mit den steigenden Anforderungen an
die Sicherheit und die Optimierung der Lebenszykluskosten dieser Strukturen erfordert
gute Strategien zur Zustandsbewertung, Wartung und Reparatur. Um die Entwicklung zukünftiger Schäden gut abschätzen zu können, gibt diese Arbeit einen umfassenden Überblick
über die Verschlechterungsmechanismen. Für Frost-Tau-Schäden von Beton und für Bewehrungskorrosion, als die häufigsten Verschlechterungsmechanismen von Betonkonstruktionen, wurden physikalische und empirische Modelle für die Berechnung in einem State of
the Art Review gesammelt. Darüber hinaus werden Empfehlungen zur Verwendung von
Modellen zu den wichtigsten Prozessen und Sub-Prozessen vorgeschlagen, soweit dies möglich ist.
Als nächstes wird ein Framework für die Zustandskontrolle der konkreten Infrastruktur auf
der Grundlage aktueller technischer Regeln und Standards vorgeschlagen. Dieses Framework soll einen guten Überblick darüber geben, wie Betonbauwerke ohne die Hilfe von Daten aus der permanenten Überwachung bewertet werden können. Im Allgemeinen geht es
um die Erstinspektion, Routineinspektionen, den Einsatz von Degradationsberechnungen
im Instandhaltungsmanagement, Detailuntersuchungen, Messmethoden (ohne permanente
Überwachung) und Nachrechnung inklusive probabilistischer Bewertung.
Zur Zusammenführung aller bis dahin erhobenen Daten und zur Erleichterung der Kommunikation zwischen Beratern, Betreibern und Eigentümern wurde ein Framework für eine
Bewertung auf Basis von Performance Indikatoren entwickelt. Die Grundidee dieses
Frameworks ist die Berechnung von Key Performance Indikatoren (KPI), die im Wesentlichen eine Bewertung auf Basis von Zustandsnoten unter Verwendung aller verfügbaren
Informationen für die verschiedenen Wirkungsfelder von Infrastruktur aus Beton darstellen. KPIs werden für "Sicherheit und Zuverlässigkeit", "Verfügbarkeit und Wartbarkeit",
"Kosten", "Gesundheit und Politik" und "Umwelt" berechnet.

Schließlich werden in einer Fallstudie die entwickelten Frameworks auf einer korrodierenden Stahlbetonbrücke welche sich im Norden Wiens befindet angewandt. Hier erfolgte die
Berechnung des Korrosionsprozesses auf Basis von Halbzellpotential-, Chloridkonzentrations- und Betondeckungsmessungen. Diese räumliche oder zweidimensionale Information
wurde in einer probabilistischen FE-Analyse weiterverwendet. Am Ende werden alle im
Bewertungsprozess gewonnenen Mess- und Berechnungsergebnisse zur Berechnung von
KPIs verwendet.
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Introduction

1 Introduction
1.1 Motivation and current state

Almost all engineering structures suffer damage within their lifetime. The extent of these
damages usually depends on the intensity of usage, the structures environment, the quality
of construction, the planning etc. Most of transportation infrastructure in the Austria and
Old states of Germany was built in the second half of the last century. Commonly, these
structures were built with the aim of being economic at the time of construction. Deterioration processes and life-time costs were not considered in old standards. Thus, the amount of
effort needed for upgrading, reconstruction, repairing and maintenance in order to assure
structural safety is increasing nowadays.
When damages caused by diverse types of deterioration mechanisms appear, they usually
do not cause limitations for the usage or the bearing capacity immediately. However, bigger
damages can of course affect these limits and extreme cases can even lead to collapse. Additionally, the interaction of different types of deterioration might have an influence on the
capacity of the structure as well. So, knowledge of the current state of deterioration, and
probably as well an estimation of the future development can be very important for maintenance planning.
Not only the resistance but also the load on a structure can change within its lifetime. For
instance, climate change can lead to extreme weather conditions that were not considered
in the planning stage. Additionally, very often traffic loads increased within the lifetime of
these structures. The volume of traffic is permanently increasing, plus, the maximum loaded
vehicle weight and the permissible axle load had been augmented several times in the last
decades.

To assure structural safety, periodic visual inspections of special trained engineers are obligatory today. These inspections lead to a rating of all parts and an overall rating for the
entire structure. If the executing engineer cannot assure the safety any longer, usually a detailed investigation is executed. Rating systems are highly subjective and depend much on
the executing engineer. In addition, neither the selection of measurement methods nor the
procedure for the assessment of the structural safety and capacity are regulated in a clear
way.

Thus, there is a big need of good strategies for the assessment, maintenance and conservation of concrete structures.

1.2 Aim of the thesis

The principle goal of this thesis is the development of a comprehensive and predictive assessment procedure for deteriorating concrete transport infrastructures. The content derived from this very general aim can be summarized as follows:
1

Introduction

•
•
•

The collection, listing and evaluation of available and usable degradation models.
The development and description of a generally applicable and valid procedure for
the evaluation and recalculation of reinforced concrete structures.
The development of an assessment tool based on performance indicators for the objective description of reinforced concrete bridges in their different spheres of action.

Hence, one important goal was to show deterministic and probabilistic deterioration models
for selected deterioration processes. The extent and critical stages should be defined mathematically. Additionally, measurement data and expert knowledge should be used in the
prognosis of the deterioration process.
Indicators which define the state of damage should be defined. That means:
•
•
•

At what stage is a certain damage type detectable?
How can the extent be measured and assessed?
When is a critical stage reached?

These goals include measurement methods for the detection of damage and its extent. At,
this stage it was decided however to focus on structures without a monitoring system applied since the vast majority of structures is not permanently monitored and assessment for
such structures is needed frequently. The result of the framework should be the evaluation
and evolution of structural performance or beating capacity in time.
To combine all the information assessed in such a process and in order to facilitate the
communication between stakeholders, politics and the engineers executing the assessment
of a structure the idea of a performance indicator based analysis rose and was added.
Finally, a case study showing the application of all the above-mentioned goals should be
executed. As short overview of problems and innovations for the illustration of the interaction of the content of this thesis Figure 1.1 was elaborated.

2
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Figure 1.1: Flowchart of content, problems and innovations of this thesis showing its interconnections
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1.3 Methods

In order to achieve these goals, several methods seemed suitable and important.
•

•

•
•

•

•

4

The description of common degradation processes including a literature review over
empirical degradation models. Due to the relatively high number of such models and
for avoiding confusion, an overview of existing models for the most common processes, showing and defining its features, innovations, needed input data and applicability is created.
Giving an overview of possible investigation methods for detailed investigation with
focus on the applicability, representativeness, accuracy, cost, speed and damage or
harm.
Evaluation of current condition survey and assessment procedures of concrete
structures in transportation infrastructures, and their principles.
The development of a new framework for the assessment of deteriorating concrete
structures that reaches from the visual inspection to probabilistic assessment on basis of the aforementioned evaluation.
The development of a performance indicator based rating system. The principle aim
of this framework is the simplification of the communication between consultants,
operators and owners. In this system, the bridge is assessed in its different spheres
of action (e.g. safety, reliability, maintainability, environment, etc.). Another novelty
of this approach is that all available data should be included, regardless of whether
the information originates from the visual inspection, detailed measurements or the
recalculation. So, apart from being a tool for the objectivation of the assessment of
data from visual inspections such as the approach of Braml [1] this framework aims
at being more comprehensive.
Showing the most important facts for an execution of a probabilistic analysis including the generation of Latin Hypercube samples with and without spatial variability.

Degradation processes and models

2 Degradation processes and models

The durability of concrete and reinforced concrete structures is highly related to its exposure. Structures must resist loads (e.g. traffic, dead load, settlement of supports, etc.) and
environmental influences (e.g. frost-thaw, deicing salt, CO2, etc.) which are damaging the
structure. For this time-dependent process usually empirical knowledge is used in design,
however if deterioration starts and proceeds of course the structures capacity, reliability
and durability is affected.
For the transportation infrastructure made of concrete most relevant deterioration processes are the corrosion of reinforcement, fatigue of reinforcement and tendons, damages of
bearings, expansion joints and damages of the sealing. In rare cases as well frost-thaw (FT),
leaching, attack by aggressive chemical substances, fatigue of concrete, fatigue of steel and
alkali silica reaction might cause damage.
For some of these deterioration processes neither a physical/chemical nor an empirical
model is available. However, these processes can be described usually by the evaluation of
big data sets or approximated with Markov chains.

Corrosion of steel in concrete is the main cause of damages on reinforced concrete bridges
with for instance approximately 71 % of all damages in Germany [2], caused numerous costly repairs and a considerable number of structural failures over the last centuries [3]. Especially in regions where bridges are exposed to either deicing salts or maritime salts, reinforcement corrosion is a very big issue.

Figure 2.1: Causes of damage of concrete bridges and their frequency [2]

One aim of this thesis was the description and the collection of models for relevant deterioration processes. So, deterioration due to FT attack and due to reinforcement corrosion is
described theoretically and empirical models are listed. Such information for other, rare,
deterioration mechanisms such as degradation by acids, leaching and fatigue are shown in
the FIB Model Code for Concrete Structure 2010 (MC10) [4]. In case of fatigue of concrete
additionally a rather complicated model that is only applicable in combination with extensive material testing of Pfanner [5] could be used.
5
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Deterioration models for the degradation of reinforced concrete are time dependent usually
calculated in discrete time steps and can be divided in two classes: The first is the indirect
degradation of concrete, meaning the carbonation-induced and the chloride-induced corrosion of reinforcing steel. The second class is the direct degradation which is causes due to FT
attack (internal damage and scaling), reactivity of aggregate and/or of the cement paste
(internal damage), acid action (dissolving action) and leaching process.

In the following the chapters 2.1 Frost-Thaw Action, 2.2 Corrosion of steel in concrete and
2.3 Discussion of degradation models give an overview of the processes involved in this degradation mechanisms and applicable empirical models.

2.1 Frost–Thaw Action

Frost-Thaw (FT) action is one of the most important causes of decay of concrete in cold climates. In the following chapters, an overview of the physical processes is given. Further
models that calculate the future damage due to FT are presented. In order to assess the
structural reliability and residual lifetime of existing structures these models can be of big
importance.

When water freezes in a porous material (such as concrete) micro cracking is caused. Concrete behaves in a pretty complex way while freezing since several chemical and physical
phenomena interfere. Generally, it can be said that most models differentiate between firstly
internal damage, which means a loss of mechanical properties of both its strength and stiffness caused by micro cracking, and secondly scaling of the surface layers which has a rather
small influence on the structural strength but influences or accelerates other deterioration
processes such as chloride induced corrosion or carbonization. While scaling is the dominant deterioration in areas where de-icing salts are used, internal damage is dominant
where water is available [6] [7]. Salt-FT-cycles are quite often investigated in literature as a
separated decay process of concrete.
2.1.1

Destructive mechanisms

2.1.1.1 Hydraulic pressure theory

Investigating on the FT mechanism several discoveries were made by Powers in the 1950s
and 1960s. His first publication was the “Hydraulic Pressure Theory” in 1945 [8]. In his testing, Powers observed that w/c-ratio has a considerable influence on whether the dominant
observed decay of concrete is scaling (high ratio) of the concretes surface or internal damage, which means a loss of mechanical properties of lower lying areas. First, he concluded
internal damage to be caused by the increase of hydraulic pressure due to the expansion of
water during freezing of some 9 %. Secondly, he discovered that scaling depends on the degree of saturation in the zone close to the surface. Further he analyzed that the rate of ice
formation, the permeability and the degree of saturation have an influence on the hydraulic
pressure. To describe the space available for expelled water RS Powers developed the following formula:
6
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RS =

US
US + W

(2.1)

where US is the amount of freezable water [XY /XY ], and W is the air-filled pore volume
[XY /XY ]. If RS is smaller than 0.917, enough air space is available for the increase of volume
of water during freezing and no damage occurs. This insight predicted the effectiveness of
the air void technique.
Powers applied Darcy's law to express the rate of ice formation. Having this information, he
developed equations that describe the critical thickness and the maximum pressure. These
formulas derive from the assumption that water in a saturated pore close to the surface can
be pushed out during freezing and thus does not cause enough pressure to exceed the tensile strength and cause damage. So, the bigger the distance to the surface gets the higher the
pressure. If this space exceeds the tensile strength the specimen gets damaged, thus this
distance is called critical thickness [\] and the equation is:
de
8_
j
[\] = ^ a c
`
1 gUS
^1.09 − R a
b
S gh i

k
l

(2.2)

where de is the tensile strength, _ is the permeability in [Xl ], ` is the viscosity of water in
[mn⁄Xl ] and gUS ⁄ghis the rate of generation of excess water flow in [XY ⁄n].

Powers expressed the pressure p for of a spherical cement model Figure 2.2 with an air pore
in its center as:
p(q = qr ) =

`
1 gu gUS 1 qrY qvY qrY
s1.09 − t
s + − t
_
RS gh gu 3 qv
2
qv

(2.3)

where qr is the radius of the sphere, qv is the radius of the pore, _ is the permeability of the
cement paste in [Xl ], gu⁄gh is the rate of temperature change in [°x ⁄n], gUS ⁄gu is the
amount of freezable water per volume of paste by a temperature change of gu in
[XY ⁄(°x XY )] and RS is the effective degree of saturation of the cement paste outside the
air-pore.
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Figure 2.2: Material model of Powers for the freezing cement paste [9]

So, the water flow into the concrete causes a hydraulic pressure which produces a tensile
stress in the material. Further Powers formulated the critical wall or shell thickness y\] for
a material model. y\] describes the maximum distance that water has to be transferred to
from the freezing site in the cement paste to the surface of the next air void [10].

The material model (Figure 2.3) Powers introduced for the calculation of y\] is based on
two assumptions. First, he assumes that all pores are of equal size under the condition that
the specific surface of the pores in the model is the same in the entire air pore system. Secondly the volume relationship between air pore and cement paste is the same in the entire
material. Further y\] is defined to be the minimum distance from the corner of the paste to
the circumference of the air pore [9] [11].

Figure 2.3: (left) the flow distance in a real material (right) material model of Powers for the critical shell thickness
LCR [11]

y\] 3
yl\] ^
+ a=
qv
2

3 _ de
1 gUS
` ^1.09 − R a
S gh

(2.4)

In a laboratory study Fridth (2005) [9] checked the some of the effects predicted by the hydraulic pressure theory. It could be showed that the rate of cooling has a rather small or
negligible influence on the ice formation which disproves this theory in this aspect since one
would expect to get a double as big dilatation when the freezing rate is increased by a factor
of two. The prediction of the model that expansion stops when cooling stops could be
8
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proved experimentally. Though, the contraction predicted as well could not be affirmed in
tests. The influence of the freezing temperature (bigger expansion at lower temperature)
and the prediction that the duration of freezing temperature has no effect could be proven
in experiments. The water-cement (w/c)-ratio influences the frost resistance since the
amount of freezable water increases with the w/c-ratio.

However, the degree of saturation RS proposed by Powers seems to be unsuitable since the
value of 0.917 is usually exceeded in an outdoor environment. Further in reality the air pore
system becomes water filled as well. Thus, it seems to be more suitable to use the degree of
saturation based on the total water content of the concrete. Experiments showed that concrete with a considerable high fraction of water filled air pores still can be frost resistant.
Anyhow, moisture content is the parameter with the dominant effect [9] [12].
2.1.1.2 Closed container theory

Fagerlund (1997) [11] tried to explain the behavior of very dense and saturated materials
exposed to freeze thaw cycles. Basically, it is a special case of the hydraulic pressure theory
where the permeability and ductility are assumed to be zero. This leads to very high pressures in materials with a degree of saturation above 0.917 since the high permeability does
not allow the water to move. If the degree of saturation is below this value no harm is
caused to the concrete.
This theory is of course not suitable to explain many phenomena observed in concrete while
freezing. Anyhow, the mechanism can be observed when water freezes in air pores, in high
performance concrete with very low w/c-ratio, in cracks or in porous interfaces between
coarse aggregate and cement paste [10].
2.1.1.3 Ice lens theory

Usually macroscopic and microscopic ice lens growth is distinguished. The first one is also
known as frost heave which was described fist by Taber (1930) for clays. He observed the
growth of these ice lenses due to suction of water from the warmer not frozen inner zone or
the clay which causes the heave of the zone close to the surface. Later the same mechanism
could be observed for concretes with low quality and water excess such as in dams. Anyhow,
the real significance of this deteriorating mechanism of concrete was never ascertained.

The microscopic ice lens growth on the other hand damages the concrete matrix. First, as
explained before the freezing temperature of water in a porous medium depends on the
pore size. So, ice is formed at fist in those bigger pores called "air pores" which cause a suction of water towards them. The result of this effect is that the material surrounding bigger
pores dries out. Thus both, drying and the lowering of temperature cause the material to
shrink. This effect is big for mixtures with a small spacing factor y (i.e. ≤ 0.3 XX) and could
be proved for air-entrained concrete experimentally. On the other hand, the growth of ice
due to this suction effect causes an expansion of the material. So, the dominance of one of
those effects causes either contraction or expansion. The microscopic ice lens theory predicts that halts in cooling would not lead to an immediate stop of the ice lens growth and
9
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thus expansion of the material. Experiments showed anyhow that this is not the case, a stop
in cooling cause an immediate stop in expansion. This theory is as well highly dependent on
the degree of saturation and experiments showed that this is the dominant factor for expansion and destruction of the concrete matrix [6] [9] [13]. See also chapter 2.1.2 and Figure
2.4.
2.1.1.4 Theory of ice expansion during thawing

The thermal coefficient is about five times bigger for ice than for concrete. Since most of the
ice melts close to 0°C ice is present during the main part of warming. Fridh (2005) [9]
shows that the pressure caused by this mechanism is only 0.015 % of the tensile strain and
thus not causing damage.
2.1.2

Moisture

Moisture is the dominant parameter in the FT process. Damage will only occur if the critical
moisture content is exceeded. Water absorption which leads to damage can occur due to
several reasons. First water can be absorbed before freezing due to the exposure of the material. The second possibility is that water is sucked in during the FT process. Third, it is also
possible that water is redistributed within the matrix in a FT cycle.

When concrete is placed for a long time in water air filled pores will get water filled. Small
pores get water filled first while coarser pores need more time to replace their air with water [14]. In the simplest case, when water is absorbed uniformly from the entire surface, the
process can be described with:
R(h) = R\{| + } ⋅ h •

(2.5)

Where R(h) is he total degree of saturation after a period h of water absorption, R\{| is the
capillary saturation, } is a coefficient mainly dependent on the diffusivity of dissolved air
through the matrix and € is a coefficient that depends on the distribution of the air [11].

The second and third possibility of water absorption and redistribution in concrete can be
described by the micro-ice-lens-pump theory by Setzer [15] [16] [17] (see also chapter
2.1.1.3 and Figure 2.4). This theory describes the processes on a microscopic level. It can
explain both the expansion behavior while freezing and the increased water absorption during a FT cycle. This model describes on a submicroscopic scale the behavior and processes
using thermodynamics and surface physics. The left-hand side of Figure 2.4 shows the macroscopic nonstationary behavior of the concrete. The right-hand side shows the submicroscopic structure of the cement with the bulk ice (micro ice lens). While cooling equilibrium
of the phases (gas, liquid and solid) evolves. This causes water to be forced out of the gelpores which freezes on macroscopic ice particles. Due to the geometry and surface energy
deicing is delayed when heating. Thus, there is a hysteresis with cooling as the metastable
state. When heating, the matrix expands while the micro-ice-lenses still exist. Since the water in gel pores is still relatively low, water from outside is sucked into the concrete. This is
10
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the reason for the high saturation of concrete under FT attack which exceeds the isothermal
capillary suction.

Figure 2.4: Micro-ice-lens model by Setzer [17]

2.1.3

Empirical models for damage prediction

The quality of a life time assessment in case of FT exposure is of course highly dependent on
the quality of mathematical models that describe the damage due to scaling or internal
damage as function of time and other parameters. The aim of a realistic modeling should be
to co cover all physical processes that lead to a damage thermodynamically correct in mathematic formulations. However, in case of FT damage this seems to be very difficult due to
the complexity of the process and thus the accuracy of predictions made by these “theoretical” models are rather low. An alternative way to estimate the damage as function of time
can be made with analytical-empirical models which are base usually on testing data.
2.1.3.1 Models of Fagerlund

Generally, the models of Fagerlund are based on the assumption that damage occurs only if
certain critical water saturation is reached. However, by taking a closer look on the equations (2.6) to (2.19) it gets evident that these models are not capable to cover effects like the
intensity of the FT attack or phenomena like the ice lens theory. Though, parameters of
11
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these models seem to be chosen in a conservative way since the residual lifetime is usually
underestimated [15]. The models of Fagerlund have the advantage, in contrast to other empirical formulations of the problem, of being applicable.
Potential service life as a function of water absorption

As mentioned, the dynamic modulus of concrete does not experience any harm until a certain critical saturation R•,\] is reached. Once exceeded, only a few FT cycles can damage
concrete completely. This approach aims at determining the time h| when the degree of saturation R• = R•,\] .
h| = ‚

W
R•,\] − 1 + „ ƒ
€

e…e

†

k
\

(2.6)

where Wƒ is the air-pore volume when all air-pores are air filled, „e…e is the total air pore
volume in the concrete and € and x are coefficients. To determine R•,\] and the coefficients
it is recommended to perform a short-term water absorption experiment. Another possibility is the calculation of these values with information about the critical spacing factor and
the size distribution of the air pore system. More information regarding the determination
of these factors can be obtained in [14] [18].
Internal damage

The model for the estimation of internal damage of Fagerlund [19] was selected because
there is no other approach (known to the author) that can describe the residual lifetime and
the damage of concrete under given environmental conditions.
The data needed for the evaluation of the actual damage [ƒ of a structure is usually obtained
from drilling cores. The loss of a material property such as E-modulus or strength is evaluated by comparing it to the value before damage occurred. As mentioned before no internal
damage occurs if the actual saturation R•‡e is lower than the critical saturation R\] .
0,
[=ˆ
_‹ (R•‡e − R‡‰Še ),

R ≤ R‡‰Še
R Œ R‡‰Še

(2.7)

For the evaluation of the coefficient of fatigue _‹ Fagerlund presents an experimentally determined formula:
_‹ =

}⋅m
€+m

(2.8)

where } and € are coefficients. The values } = 1.2 and for € = 4 can be used for concrete.
However, this model distinguishes 3 types of water availability:
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•
•
•

Unchanged or lower moisture conditions in the future.
The inner moisture content will gradually increase in the future.
Constant moisture exposure

The first case does not lead to further damage ([e = [ƒ ). The second case assumes that a
certain amount of water uptake and some healing occurs between each freezing cycle. For
this case, it was found out experimentally that the water uptake is not linear but quite close
to a square root function of diffusivity, hence damage behaves similarly.
k

ΔR•‡e = Ž ⋅ m l

(2.9)

Y

} Ž ml
[=
€+ m

The coefficient Ž and the number of FT cycles m are determined with:
Ž=

[ƒ (€ + • hƒ )

(2.10)

(2.11)

Y

} (• hƒ )l

m= •h

(2.12)

where • is the average number of FT-cycles every year and h is the time in years. Ž is a constant and specific to each concrete. Having all this information the future damage in a time
interval of Δh and the age of the structure hƒ can be calculated with:
k

k

k

Δ[ = s(hƒ + Δh)l − hƒl t ⋅ 1.2 Ž • l

(2.13)

In the third case the specimen is exposed to water and thus permanently saturated. For this
case experiments showed that the water uptake can be described with a square root function.
k

k

ΔR‡•• = R\] + ‘ ⋅ h l ⋅ m l
Y

} ‘ •l h l
[e =
€+•h

(2.14)
(2.15)

where • is the same as in the second case, } and € are constants and have the same values
as in case two and ‘ is similarly to Ž a constant and specific to every concrete. It can be cal13
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culated from the actual damage [ƒ of concrete after a defined number of FT-cycles. In addition, the future damage Δ[ can be calculated for every time step.
‘=

[ƒ (€ + • hƒ )
Y

} •l h l

k

Δ[ = 1.2 ⋅ ‘ ⋅ • l ⋅ Δh

(2.16)
(2.17)

Surface scaling

Models for surface scaling are rather rare, especially for salt FT attack. One model for this
problem that is applicable to some types of environments is presented in section 2.1.3.2.
Usually the damage occurs only on the concretes surface and in combination with salts. This
means that chloride corrosion influences the type of deterioration. Determination depends
highly on the presence of salts. For maritime environments salt surface scaling in the future
will be unchanged. In case of de-icing salt exposure, a decrease of salts will probably change
future deterioration. If salt usage is stopped almost no further scaling will occur. If the
amount of salt increases most probably no change of damage development will be observed,
unless the initial salt concentrations were very low. Fagerlund (1995) [19] describes surface scaling with a simple exponential equation.
n = _ ⋅ m’

(2.18)

nƒ
Δh
hƒ

(2.19)

Estimation of the future scaling is done by extrapolation of the observed state. In this model
three types of extrapolations are thinkable. A retarded scaling with values for “ < 1, a linear
scaling where every FT cycle causes the same amount of deterioration with “ = 1 and an
accelerated process with “ Œ 1. The third case is not discussed further since structures with
that problem last only very few years. Sound concrete usually leads to a linear deterioration
while non-homogenous concrete shows a retarded behavior. The actual scaling nƒ is determined at the time of inspection. Since usually the scaling is linear the slope of the future
scaling Δn is defined by
Δn =

Fagerlund explains that all types of non-homogeneities lead to a retarded salt scaling and
thus the calculation of Δn is on the safe side.

The intensity of the FT cycle plays an important role for the extent of the damage. Fagerlund
describes this relation with:
Δn
≈ ˜ ⋅ |urŠš |l
•–x
14
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where c is a constant and urŠš is the lowest temperature of a FT cycle. That means that relative scaling for an event with -20 °C is 1, while for -10 °C it is 0.25 and -5 °C it is 0.06.
2.1.3.2 Model of Penttala (2006) [20]

Penttala (2006) [20] developed an empirical model using regression analysis that is able to
predict the internal damage and scaling. These quantities were assessed with the CIF/CDF
(German standard) and the slab test (Swedish standard). He tested 45 concrete types of
normal strength with varying water-cement ratio, curing time, air content, aggregate content, and maximum aggregate size. For this specimen, he used cement type CEM II A 42,5R.
Additionally, he tested high strength specimen using cement type CEM I 52,5 and additional
silica fume (12 concrete mixtures) on FT in a 3 % NaCl solution.

He found the most important variables to be the water-cement ratio, air content and curing
time. While curing, time had a big influence on scaling the effect on internal damage was
rather small. In a regression analysis, he obtained coefficients of determination R2 ranging
from 80.8 % to 89.2 %. The best non-linear regression model for scaling is:
(• ⁄x )‡
[ =W+›⋅œ ž Ÿ
} ⋅€

(2.21)

(• ⁄x )‡
[ =W+›⋅œ
}ž

(2.22)

And for internal damage he obtained the following solution.

Table 1: Values for the coefficients of Equation (2.21)

Damage Type

a

B

c

d

e

Scaling
Internal damage

-57.8
-831.9

8679
835

3.356
-0.0815

0.4957
-0.0309

0.2142
0.001866

Damage Type

a

b

c

d

R2[%]

Table 2: Values for the coefficients of equation (2.22)

Scaling
Internal damage

-66.58
-837.2

5732
836.8

3.24
-0.08286

0.4823
-0.03037

R2[%]

89.2
81.1

87.6
80.8

The first equation can be used for 3 % saline (NaCl) solution attack on high strength concrete (compressive strength in the survey reached from 93.9 to 133.9 MPa) as well using the
coefficients in Table 3.
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Table 3: Values for the coefficients of the formula for internal damage and scaling for high strength concrete

Damage Type

Scaling
Internal damage

a

24.91
234.6

b

1111300
-360.7

c

6.698
0.3683

d

2.294
0.3388

R2[%]

98.6
81.7

The model matches the laboratory results for quite a big variety of concrete mixtures well
but like many other models there is no suggestion for how to transform a FT cycle of the
CIF/CDF or the slab test to a FT cycle in the field. The paper shows the variety of FT resistance parameters as much for internal damage as for scaling. Further these tests of
Penttala also show that high strength concrete with silica fume needs air-entrainment because of poor internal FT resistance.
2.1.3.3 Model of An Duan (2010) [21]

In the paper by An Duan (2010) [21] some material testing was made in order to describe
the results mathematically. For the experiments 80 plain (not reinforced) prismatic
(100 mm x 100 mm x 300 mm) specimens and 60 confined (reinforced) prismatic (150 mm
x 150 mm x 450 mm) were produced. These prisms were exposed to FT action according to
the Chinese code GB 85-82 (which is almost the same as ASTM C666[22]). The results for the
compressive strength (d‡¡ ), elastic modulus (¢‡¡ ) and strain (‘‡¡ ) were used in a regression
analysis.
Plain concrete

The w/b ratio was varied in the concrete for the plain specimens thus they had a varying
cubic strength. The following results were obtained:

d‡¡
¤Y.ƒY¥¥
= 1 − 200m ⋅ d‡£
d‡ƒ

(2.23)

¢‡¡
¤¥.ªƒ«¬
= exp(−1,1345 ⋅ 10ª d‡£
⋅ m)
¢‡ƒ

(2.25)

‘‡¡
¤¥,k§ƒ¨
= exp¦661742 ⋅ d‡£
⋅ m©
‘‡ƒ

(2.24)

Where the index 0 stands for the undamaged and [ for damaged, d‡£ [MPa] is the cubic
strength of the undamaged concrete and m is the number of FT cycles.
Further the development of the stress-strain curve for FT damaged plain concrete is formulated:
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±̄W¡ ⋅

=
d‡¡ °̄
with

®

‘
‘ l
‘ Y
+ (3 − 2W¡ ) ^ a + (W¡ − 2) ^ a ,
‘‡¡
‘‡¡
‘‡¡
‘
‘‡¡
,
l
‘
‘
›¡ ²
− 1³ +
‘‡¡
‘‡¡

0≤

‘
<1
‘‡¡

‘
≥1
‘‡¡

¤ª.ª¨¨ª )m l
W¡ = ¦(6.474 ⋅ 10¤ª d‡£
− (0.5975 exp(−0.1039 d‡£ ))m + 1©Wƒ

›¡ = ¦(5.8159 exp(−0.3087 d‡£ ))m l + (14.097 exp(−0.1803 d‡£ ))m
+ 1©›ƒ

(2.26)

(2.27)
(2.28)

where W¡ and Wƒ are parameters for the ascending branch while ›¡ and ›ƒ are used for the
descending side.
Confined concrete

Two types of confined specimens where made for the test. They distinguish only in the spacing between the stirrups. In order to describe the amount of confinement in a column a confinement index is formulated as:

µ=

4 ⋅ }¶· d¹·
⋅
n⋅ℎ
d‡

(2.29)

where }¶· is the cross-section area of a transverse hoop, n is the vertical spacing between
the hoops and ℎ is the center to center distance between the longitudinal reinforcement.

A regression analysis was made in the same way as for plane concrete which leads to the
following result for stress d‡‡¡ , strain ‘‡‡¡ and elastic modulus ¢‡‡¡ as a function of the
number of FT cycles m:
d‡‡¡
¤§.ª (1
= 1 − 51800 ⋅ m ⋅ d‡£
⋅ − 1.2884 ⋅ µ)
d‡‡ƒ

‘‡‡¡
¤¬.l (1
¤kl
= 1 + m ⋅ 5.451 ⋅ 10kl d‡£
− 2.4126µ) − m l 2.08 ⋅ 10k§ d‡£
(1
‘‡‡ƒ
− 2.0785µ)

(2.30)
(2.31)
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¤Y (1
1 − 1197d‡£
− 1.9909µ) ⋅ m
¢‡‡¡
l.§ (1
= ºd‡£
+ 7.8326µ)
¤§
¢‡‡ƒ
− 2532(1 − 2.3491µ)d‡£
59200

0 ≤ m ≤ mk

mk ≤ m ≤ 300

(2.32)

where µ is the index of confinement and values for the elasic modulus and the stresses are
expressed in MPa.
mk =

l.kk (1
d‡£
+ 7.7382µ)7
88

(2.33)

The main problem here equally to almost all the other models for FT damage that no method of how to transform a FT cycle from the laboratory setup in a frost impact in the field.
Further limitations are that the model is not applicable to air-entrained concrete. Since all
the specimens were made with ordinary Portland cement it cannot be applied to other
binder types. Since the damage is not distributed uniformly size effect is an issue that is not
further discussed in this paper.
2.1.3.4 Model of An Duan (2014) [7]

In this publication, a stochastic damage model is presented in order to describe the internal
deterioration. The model does not differentiate between internal damage and scaling, in fact
it calculates the damage of a microelement which is defined in size and location (i.e. distance
from the surface). For this model three hypotheses are proposed:
•
•
•

The microelement has a lifetime (T). It fails once the duration of FT action (t) exceeds T.
The lifetime of each microelement is independent random variable and follows a
three parameter Weibull distribution.
The parameters used in the CDF of the Weibull distribution are dependent on its position within the cross section. So, it is assumed that all elements with the same distance to the boundary have the same parameters.

Further the damage D of each element is expressed as a loss of dynamic modulus with a
mean value »¡ and variance -¡l .
•

Á

2
˜k
»¡ (h) = 1 − l ¼ ½ exp ‚− ¾¦(`ƒ + ˜l ½)h − ˜k ©¿ ^h −
aÀ † g½
W
`ƒ + ˜2½
ƒ

-¡l (h) =

18

Á
1
‰
(h
)¿(h
)©
Â
Â
exp
−
Ã
−
Ã
s−
s¦`
k
k
k
}lƒ Ä Ä

+ ¦`l (h − Ãl )¿(h −

Á ‰
Ãl )© ‰ t t gnk gnl

− ¦1 − »¡ (h)©

l

(2.34)

(2.35)
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where ˜k is a positive constant for the calculation of Ã, ˜l is a constant for the calculation of
`, h is the time of exposure, W is the distance of the micro element to the surface, }ƒ is the
total area of the cross section, Ω is the entire domain, ¿ is the Heaviside function, q is the
conditional association of the random variables –k and –l , s is the position (½, Æ), • is the
shape parameter of the Weibull distribution, ` reflects indirectly the weakness of the concrete and Ã is the failure threshold. The indices 1 and 2 refer to the random variable –k and
–l respectively. For the numerical approximation, the equations had to be adapted since
they are antiderivative.
š¤k

2 W É(0) + É(W)
W
»¡ = 1 − l È
+ Ê É ²Ë − ³Í
W Ç
2
Ç

(2.36)

-¡l (h)

(2.37)

š

ŠÌk

š

1
l
= § Ê Ê _ŠÎ − ¦1 − »¡ (h)©
Ç
ŠÌk ÎÌk

_ŠÎ = exp ‚− ¾¦(`Š (h − ÃŠ )¿(h − ÃŠ
`Š = `ƒ +
ÃŠ =

˜k
`Š

Á
)© ‰

Á ‰
‰

− ²¦`Î (h − ÃÎ ©¿¦h − ÃÎ ©³ À †

(2.38)

•⋅‡Ï (lŠ¤k)
l⋅š

(2.39)
(2.40)

where `, Ã and • are the parameters of the Weibull distribution (values are given in Table
4). In a test series, these parameters were calibrated for the numerical model using specimens that had varying values of cement, fine aggregate, coarse aggregate and water content.
Only ordinary concrete mixtures were used, so no values are obtained for concretes with
air-entraining agents.
Table 4: Calibrated parameters from material tests

w/c

0.40
0.45
0.55
0.60

ÐÑ

0.0043
0.0049
0.0116
0.0261

Ò

1.2
1.2
1.2
1.2

ÓÔ

0.081
0.061
0.030
0.027

0.01
0.01
0.01
0.01

ÓÕ

0.98
0.98
0.98
0.98

Ö

The limitations are like those of other FT models that there is no recommendation proposed
of how to apply it on the field. All specimens the model was calibrated with were fully saturated and exposed to FT action as suggested in the Chinese code GBJ82-85 (which is very
similar to the ASTM C666-92 [22]). Further the calibration was only made for ordinary Portland concrete.
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2.1.3.5 Model of Vesikaris [23], Lowke and Brandes [24]

Vesikaris model describes both internal damage and scaling due to FT action. The loss of
material per year q(h)[XX⁄Æq] is estimated with this formula:
q = ˜Ÿš× ⋅ ˜‡£‰ ⋅ ˜•ØŸ ⋅ W¤ƒ.ª ⋅ (d‡’ + 8 )¤k,§

(2.41)

where ˜Ÿš× , ˜‡£‰ and ˜•ØŸ are coefficients. The first depends on intensity and frequency of FT
loads, the second counts for the quality of curing and the last considers the maturity and
aggregates of the concrete, W [%] is the air content and d‡’ [m⁄XXl ] is the cube compressive strength after 28 days.
In the model of Lowke and Brandes a critical saturation is needed in order to get damage on
the concretes surface. Loss of material q [XX⁄Æq] is described in a like the equation above
as:
q = “ ⋅ d¶ ⋅ dÙrŠš,‡ ⋅ dÚ‡ ⋅ dvŠš ⋅ d•Ÿ• ⋅ d‡•‰v

(2.42)

where “ [X] is the maximum possible decay per FT cycle, the coefficient d¶ accounts for the
salt concentration, dÙrŠš,‡ for the minimum temperature, dÚ‡ for the water binder ratio, dvŠš
for the binder type, d•Ÿ• for the content of air filled pores and d‡•‰v for the carbonization on
the concrete surface.
So in contrast to Vesikaris model this is able to count on carbonization as well [15].

Good predictions are rather hard to make using these models since they depend on lots of
coefficients which are hard to obtain.

2.1.3.6 Constitutive relations

Petersen (2003) [6] investigated the interaction of compressive strength, flexural strength,
dynamic modulus and static modulus. Since damage in the models of commonly refers to the
loss of dynamic elastic modulus, dependencies can help in the assessment of a harmed
structure. These relations might be very useful in in recalculations of existing structures
harmed by FT cycle laboratory material testing showed the following linear dependencies.
qÛÜ. d‡ = 0.7 ⋅ qÛÜ. ¢ ž¹š + 20

(2.43)

qÛÜ. ¢¶e•e = 0.9 ⋅ qÛÜ. ¢ ž¹š − 6

(2.45)

qÛÜ. d‡v = 0.9 ⋅ qÛÜ. ¢ž¹š + 7

(2.44)

where qÛÜ. Stands for the relative loss of the material property, d‡ is the compressive
strength, d‡v is the bending tensile strength and ¢¶e•e is the static dynamic modulus.
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The coefficients of determination for the three equations lie between 0.83 and 0.87.

2.2 Corrosion of steel in concrete

Corrosion of steel is by far the most common deterioration process of infrastructure made of
reinforced concrete. In general concrete protects steel quite well from corrosion since its
very low pH value causes a passivation layer on the reinforcing bars which avoids the oxidation of iron. Hence rust can only form when the concrete loses its alkalinity which causes the
loss of the passive layer. This depassivation is usually caused either by carbonation or by
chlorides.
Level of deterioration
Initiation Period

Propagation Period

Collapse

3.

2.
1.

Spalling, delamination

Crack formation
and growth

Initiation of reinforcement corrosion

Time of exposure

Figure 2.5: Deterioration levels of reinforced concrete

The time until a certain threshold is exceeded (p¿ ≤ 9) and the corrosion of the reinforcement starts is called initiation time. The time after corrosion initiation, the propagation
time, is usually divided into 3 phases until the collapse of the structure (Figure 2.5). In the
first phase corrosion process starts but is still not visible from outside. The second period
starts when the tensile stress on the concrete cover caused by corrosion products results in
the formation of cracks. These cracks grow until the concrete cover spalls off. The last phase
is characterized by a progression of spalling until the structure collapses due to diminution
of cross section of reinforcing steel of cross section of concrete and of bond between steel
and concrete.
2.2.1

Initiation phase

2.2.1.1 Ingress of chloride

The ingress of chlorides into concrete is a very complex process. It involves different
transport mechanisms such as ionic diffusion, permeation, migration and convection. So, the
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number of parameters chloride penetration depends on is very high (see Figure 2.6). However, since some of those parameters are inter- and time dependent chemical reactions the
process is getting even more complex [25] [26].

Figure 2.6: Factors influencing the chloride ingress and corrosion process [26]

Thicker cover, higher strength, lower w/c ratio and the addition of some admixtures reduce
the chloride ingress as well as moisture and oxygen diffusion rate. The addition of fly ash,
silica fume, slag and metakaolin augments the concretes resistivity to maritime climate.

Construction practices do as well have a big influence on the resistivity of concrete. For instance, is the porosity of concrete increased due to insufficient curing. Further it was shown
that the surface condition of the reinforcing steel does as well have an effect on the initiation
of corrosion. A rougher surface tends to have more active points than a smooth one.

The chloride ingress depends as shown in Figure 2.6 as well on the environmental conditions. Higher temperature and an optimal humidity favor the ingress of chlorides. For this
reason, some corrosion models differentiate between a macro and micro (air, splash, tidal
and submerged zone) environment. Another important environmental factor is the presence of aggressive pollutants.
Chloride ions can be free or bounded within concrete. Basically, two types of bounding can
be distinguished: physically bound and chemically bound. Physically bounded usually refers
to Van der Waals forces in the pores of C-S-H gel. Chemically bound salts react with tricalcium aluminates to Friedel’s salts. Both types cause a decrease of the porosity and thus diffusion rate. Hydrogen (H+) and chlorides (Cl-) ions form hydrochloric acid which accelerates
the process.
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Figure 2.7: Comparison of the influence of the w/c ratio on the chloride diffusion coefficient suggested in literature
[27]

However, it is widely accepted that diffusion is the dominant mechanism of chloride intrusion into concrete. The diffusion process is driven by the concentration gradient of chloride
and can only occur when a liquid phase is present in the concrete matrix. This movement of
chloride in the pore solution follows Fick’s first law and can be described for the onedimensional case with the following differential formula.
Þ = [•

gx
g½

(2.46)

where Þ is the flux of chloride ions in “ß⁄Xl of concrete, [• is the effective or apparent chloride diffusion coefficient in Xl ⁄nÛ˜, C is the concentration of free chlorides in “ß⁄XY of
pore solution and ½ is the position variable. For not steady conditions the time (h) dependent formula can be written as:
àx
àlx
= [• l
àh
à½

(2.47)

This equation is usually solved under the consideration of three bounding conditions [28]
[29] [30] [31]:
•
•
•

A constant ion concentration on the surface xáÌƒ,eâƒ = xƒ.
The initial ion concentration in the material is zero xáâƒ,eÌƒ = 0.
The concentration of a point far away enough from the surface has always a concentration of zero xáÌã,eâƒ = 0.

x(½. h)
½
= 1 − erf s
t
xƒ
ä4 [• h

(2.48)
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2.2.1.2 Carbonization of concrete

In the carbonation process carbon dioxide from the atmosphere which diffuses into the
hardened concrete paste though air pores, cracks, voids or other defects reacts with calcium
hydroxide (Ca(OH)2, pH=12.6) and turns into calcium carbonate (CaCO3, pH=8.0). The
chemical reaction from calcium hydroxide to calcium carbonite is only possible if water is
available. So the relative humidity has to be Œ30 % [32] [33].
xW(å¿)l → xWlç + 2å¿ ¤

(2.49)

xW(å¿)l + ¿l xåY → xWxåY + 2¿l å

(2.51)

xål + ¿l å → ¿l xåY

(2.50)

The pH value decreases in this process and thus steel in concrete depassivates when the
carbonization front reaches. Since the process does not stop until all the calcium hydroxide
is processed at a certain location, a very clear carbonization front is formed which can be
detected easily with indication liquids such as alcoholic phenolphthalein solution. The speed
of progression of the carbonation front decreases because the availability of water and carbon dioxide diminishes with depth. Additionally, is the diffusion resistance of calcium carbonite higher than of calcium hydroxide. Since the diffusivity of the concrete is of big importance for the process the w/c ratio, admixtures, cracks, environmental conditions etc.
have an effect on its speed.
Damage due to carbonization is only caused by the corroding steel in the concrete. The concrete itself is not damaged since the density and strength of calcium carbonite is even higher
than of calcium hydroxide.
2.2.2

Steel corrosion

As initially mentioned, steel does not corrode in fresh concrete since it develops a protective
passive layer in alkaline ambience. Once the concrete is carbonized or other aggressive substances (e.g. Cl-, SO4) reach the reinforcement layer the steel is depassivated and starts to
corrode.
Corrosion initiation

In literature two definitions of the threshold level of chlorides in the concrete surrounding
the reinforcement exist. The first refers to the free chloride content necessary for the depassivation of steel. The second relates to a chloride level that is associated to a deterioration
level of the structure, so this definition is highly dependent on the propagation of the process [20]. An overview of recommended values for the critical chloride content in literature
is given in Table 5. Additionally, some aggressive substances (e.g. Cl¤ ,CO2, SO4) can favor
the corrosion of steel.
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Table 5: Critical chloride content according to different codes and state of the art researches

Reference

ACI prestressed [34]
ACI reinforced [34]
EN 206 [35]
Alonso & Sanches (overall) [36]
Alonso & Sanches (crack and air) [36]
Alonso & Sanches (crack and immersion) [36]
DuraCrete [37]
Model Code 10 [4] and fib Bulletin 34 [38]

Ccrit in wt. % of binder

0.2
0.4
0.4
mean 0.64; SD 0.61
mean 0.15; SD 0.06
mean 0.79; SD 0.39
mean 0.48; SD 0.15
mean 0.6; s 0.15; a 0.2; b2.0

Distribution

N/A
N/A
N/A
N/A
N/A
N/A
ND
beta

Corrosion process

Since iron and plain carbon steels are thermodynamically unstable materials, nature will
bring them back to the stabile form such as oxides or rust like materials (e.g. Fe(OH)2, Fe3O4,
Fe2O, etc.). Usually the two substances, water (H2O) and oxygen (O2), needed for the corrosion or oxidation of iron are present in concrete (see equation (2.52)).
•Û + ¿l å + ål → •Û(å¿)l , •ÛY å§ , •Ûl åY , …

H2O(Electrolyte)
Fe++

Anode

O2

(2.52)

Surface

Concrete

2(OH)-

Steel

e-

Difference of potential

Cathode

Figure 2.8: Corrosion of steel in concrete [39]

Basically, two reactions occur in the corrosion process called half-cell reactions which are
occurring at the same time (see Figure 2.8). At the anode, the iron in the steel gives up electrons (Equation (2.53))
•Û = •Û lç + 2Û ¤

}ÇëgË˜ qÛW˜hËëÇ

(2.53)
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These electrons are used on the other (cathodic) sites of the steel surface as shown in equation (2.54) and form hydroxide ions there. The cathodic reaction can be described as:
ål + 2¿l å + 2Û ¤ = 4(å¿ ¤ )

(2.54)

•Û lç + å¿ ¤ → Fe(OH)l

(2.55)

4•Û(å¿)l + 2¿l å + ål → 4•Û(å¿)Y.

(2.56)

•Û(å¿)Y → •Ûl åY ¿l å + 2¿l å.

(2.57)

As a result, different oxides are formed. Typically, ferric hydroxide Fe(OH)2 can be formed
by:
and be part of the formation of ferric hydroxide Fe(OH)3
Finally, it can form ferric oxide (red rust) Fe2O3

The damage occurs in several steps. First the loss of cross section of steel weakens the structure. Secondly, when a certain level of corrosion is reached a loss of bond strength is caused.
And last the augmentation of relative volume (Figure 2.9) causes pressure which, when the
concretes tensile strength is exceeded, leads to cracking and, if corrosion continues, spalling.
The volume expansion depends on the oxide formed in the corrosion process, it is about 2 –
6 times the volume of the original steel (Figure 2.9).
Hydrated Ferric Oxide
Ferric Hydroxite
Ferrous Hydroxide
Akaganeite
Lepidocrocite
Goethite
Feroxyhite
Mahemite
Haematite
Magnetite
Wustite
Pure iron

Fe2O3 - H2O
Fe(OH)3
Fe(OH)2
β - FeOOH
γ - FeOOH
α - FeOOH
δ - FeOOH
γ - Fe2O3
α - Fe2O3
Fe3O4
FeO
α - Fe
0

1

2

3

4

5

6

7

Figure 2.9: Relative volume of iron and its oxides [40]

Corrosion types in RC structures

Basically, four types of corrosion are differentiated: uniform (surface) corrosion, pitting
corrosion, fretting corrosion and stress-cracking corrosion. For the uniform corrosion, it is
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of importance that the electrical conductivity of concrete is sufficiently high. For that reason,
it is important that capillary water is available. On the other hand, oxygen is of big importance, so the concrete has to be dry enough for the transportation of air. So, the highest
probability of corrosion is given when the concrete moderately moistened or wet dry cycles
cause the access of oxygen under sufficient conductivity.

Figure 2.10: Uniform and pitting corrosion. d0 is the original diameter, dres is the residual diameter and N is the
multiplication factor for consideration of the pit depth.

Pitting corrosion usually occurs under the presence of chlorides. Chlorides work as chemical
catalysts, so they stimulate the corrosion process without being consumed. Cracks can intensify this type of corrosion, first because ingress of chlorides is facilitated and second because chlorides that enter at cracks enrich at a small and clearly defined anode where the pit
will be located.
Fretting corrosion can occur to concrete in the cracked state when the steel surfaces of prestressing cables or reinforcement bars are fretting. This can occur due to repeated movements of cracks caused by loads or temperature.

Stress corrosion cracking is the growth of a crack in a corrosive environment. In concrete, it
depends mainly on the hydrogen concentration and the tension of the prestressing steel.
Due to the embrittlement of the steel caused by hydrogen the steel fractures.
Loss of bond strength due to corrosion

Corrosion of reinforcement embedded in concrete may affect the residual capacity of reinforced concrete structures. Small amounts of corrosion, up to the level required to induce
longitudinal cracking, do not cause loss of bond capacity and may even augment bond
strength slightly. However, bigger degrees of corrosion cause a rapid loss of bond strength.

Other factors that influence the bond strength under corrosion strongly are the degree of
confinement provided by secondary reinforcement in the form of links and by surrounding
structures.
In case of assessing the serviceability limit state (SLS) or if the anchorages are not affected it
is probable that the influence of bond stiffness on the deflection is smaller than the influence
of the diameter reduction due to corrosion. Usually the crack with of longitudinal cracks due
to corrosion exceeds the crack width of bending cracks at the time a change in flexural crack
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width due to corrosion would be expected. At this stage of decay, the serviceability and the
durability will be in any case the more critical.
2.2.3

Models

In this section, several models for the calculation and prediction of damage due to corrosion
damage are presented. Models for different types of sub-processes related to corrosion of
steel in concrete were collected. The criteria for the selection were the applicability, that
means values for all variables are available and the usability of the model in the calculation
of the corrosion process in discrete time steps.
2.2.3.1 Carbonization

Mathematical models of carbonation are based on the diffusion of aggressive substances and
can be described with Fick’s second law (equation (2.47)). When the value of carbonation
depth in time ½‡ (t) reaches the depth of the concrete cover ½‡…× the steel is depassivated
and corrosion starts.
Most models developed for the estimation of the carbonation front are described by a
square root function of time h:
½‡ = _ ⋅ √h

(2.58)

where _ is the carbonation coefficient which depends on environmental factors [25]. Exemplary the model of DuraCrete [41] and Silva et al. (2013) [42] are presented below.
Model of DuraCrete (2000) [41]

This model is probably frequently used in literature. The approach presented for the calculation of the carbonation depth is:
2 ⋅ “Ÿ ⋅ “‡ ⋅ “e ⋅ x¶
hƒ š
½‡ = í
⋅ √h ⋅ ^ a
î‡•‰v
h
î‡•‰v =

W
[ŸSS

(2.59)
(2.60)

where ½‡ [XX] is the depth of the carbonation front at time h (usually the concrete cover
depth ½‡…× is of interest), “Ÿ , “‡ and “e are constant parameters for the influence of the environment, curing and test method respectively and x¶ is the concentration of the passivator
at the concrete surface. î‡•‰v is the effective carbonization resistance, hƒ is the reference
period, Ç is a constant parameter for the consideration of meso climatic conditions, [ŸSS is
the effective diffusion coefficient for dry carbonated concrete and W is the binding capacity
for carbon dioxide.
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A big advantage of this model is that values for all constants can be obtained for different
environments and exposures in [37]. For CEM I concretes several values for the carbonation
resistances are available, however, for other concrete types no values are available.
Model of DARTS (2004) [43]

In the DARTS project the model of DuraCrete was adopted slightly. This model is as well
presented in the fib Model Code [4] and the fib Model Code for Service Life Design [38]. The
differences are that the exponent in the weather function Ç is assessed differently and that
the consideration of the testing method. The central formula of the approach is:
(•ñò ⋅Ù…ó)ôõ
l

hƒ
¤k
½‡ (h) = ï2 ⋅ “Ÿ ⋅ “‡ ⋅ (“e ⋅ î{\\
+ ‘e ) ⋅ xð ⋅ √h ⋅ ^ a
h

(2.61)

Where î{\\ is the effective carbonation resistance of dry concrete, determined at a certain
time hƒ using the accelerated carbonation test ACC, ‘e is the error term for inaccuracies
which occur conditionally when using the ACC test method, pð] is the probability of deriving
rain, –ë• is the time of wetness and ›Ú is the exponent of regression. All other parameters
are equal to the model in DuraCrete. Values, functions and further information regarding the
parameters are given in [38]. As in the DuraCrete model, input values for the inverse effective carbonation resistance are very limited.
Model of Silva et al. (2013) [42]

Silva et al. (2013) presented a model obtained by multiple linear regression analysis of 964
case studies collected in literature. A mathematical model to estimate the carbonation coefficient (and further depth) as a function of a set of conditioning factors is developed.
Basically, two empirical formulas were presented depending on the environments relative
humidity. For an environment with less than 70 % of relative humidity the following approach is proposed:

“ž = 0.556 ⋅ c – 3.602 ⋅ X – 0.148 ⋅ fö + 18.734

(2.62)

where “ž [XX⁄ÆÛWq ƒ.¥ ] is the carbonation coefficient for î¿ ≤ 70 %, ˜ [%] is the CO2 content, X is the exposure class (XC1=1; XC3=2; XC4=3; exposure class XC2 corresponds to
situations where the relative humidity of the exposure environment is above 70%) and
fö [÷„W] is the 28-day compressive strength.

For an environment with a relative humidity higher than 70 % they suggest:
“Ú = 3.355 ⋅ c − 0.019 ⋅ C − 0.042 ⋅ fö + 10.83

(2.63)

where “Ú [XX⁄ÆÛWq ƒ.¥ ] is the carbonation coefficient for î¿ ≥ 70 %,˜ [%] is the CO2 content, C [“ß⁄XY ] is the clinker content and fö [÷„W] is the 28-day compressive strength.
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Further, for the rather rare cases where no information of the compressive strength is available but the mix proportions are known, a formula for the estimation of the compressive
strength is presented:
d‡ = −104.18 ⋅ U⁄› + 0.652 ⋅ d + 0.115 ⋅ Cø + 76.311

(2.64)

where U⁄› is the water binder ratio, Cø [%] is the clinker ratio in the binder and g [gWÆn] is
the curing time.

Once the carbonation coefficient is known it is possible to calculate the carbonation depth
ℎ [XX] as a function of relative humidity with the following expressions:
ù

ℎ = “ž √h; î¿ < 70%
ℎ = “Ú √h; î¿ Œ 70%

where t [years] is the CO2 exposure.

(2.65)

This model was included since it seems to be more detailed and since a big number of studies were evaluated. However, it might be difficult to use this model for the calculations of
existing structures since the clinker content and the water binder ratio are in the majority of
cases not documented.
Model of Valcuende and Parra (2010) [44]

Valcuende and Parra proposed the following model for self-compacting and normallyvibrated concretes. An expression is proposed to estimate carbonation rate in concrete from
the volume of pores over 0.065 »X and the threshold diameter with a differential intrusion
volume Œ0.001 ˜XY ⁄ß (diameter at which the continuous mercury rapidly intrudes).

½‡ = _ √t

_ = −0.23 + 4.47ge· + 7.92úƒ.ƒ¨¥

(2.66)
(2.67)

where, ½‡ [XX] is carbonation depth, h [XëÇhℎn] is exposure time, _ [XX⁄XëÇhℎn ƒ.¥ ] is
the carbonation coefficient, ge· [»X] threshold diameter (i.e. the smallest pore diameter
with a differential intrusion volume Œ0.001 cm3/g. ) and úƒ.ƒ¨¥ [˜XY ⁄ß] the volume of
pores over 0.065 »X.
Model of Yoon et al. (2007) [45]

The model of Yoon et al. [45] is basically derived from the model proposed by CEB in 1997.

2[\üÏ (î¿, h)
hƒ šý
½‡ = í
x\üÏ (h)h ^ a
h
W¦x\üÏ ©
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where, ½‡ [˜X] is the carbonation depth, [\üÏ (î¿, h)[˜Xl ⁄n] is the relative humidity and
time dependent CO2 diffusion coefficient, W is the amount of CO2 for complete carbonation,
Çr is the age factor of microclimatic conditions, which is associated with the frequency of
wetting–drying cycles and hƒ is the reference period.
Yoon et al. [45] further give recommendations for the calculation of all parameters in the
model.
2.2.3.2 Chloride ingress

Since diffusion is the dominant mechanism of chloride intrusion, models for the prediction
of chloride concentration as a function of depth and time are usually derived from Fick’s
second law. Thus, this models usually only differ in the calculation or value of coefficients in
the calculation of the diffusion coefficient.

The initiation period lasts until a certain critical chloride content is exceeded on the reinforcement level,
xá,e Œ x‡‰

(2.69)

where xá,e is the chloride ion concentration as function of time and depth and x‡‰ is the critical chloride concertation which causes depassivation and onset of corrosion. However, due
to the fact that the corrosion speed is also depended on the chloride concentration, values of
it might be of interest even after corrosion initiation.

Since diffusion is only one of the transport mechanisms involved in chloride penetration, D
is not a "true" diffusion coefficient and should be considered as an "apparent" diffusion coefficient.
Model of Costa and Appleton (1999)[46] [47]

Costa and Appleton were the first who presented a solution for Fick’s 2nd (equation (2.47))
law that was further used in several models [46] calculating the chloride concentration as
function of time and depth x(½, h) as:
½
x(½, h) = xð þ1 − erf ^
a
2√[ ⋅ h

(2.70)

where xð is the surface chloride concentration, ½ is the depth, [ƒ is the diffusion coefficient
and t is the time.
In order to get an applicable model Costa and Appleton [47] calibrated their model with
experimental field data for several environments and exposure conditions. This equation is
a combination of theoretical and empirical approaches.
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x(½, h) = xk h š 1 − erf s

½

2ä[k ⋅ hk¤r

t

(2.71)

xk [% UÛËßℎh ëd ˜ëÇ˜qÛhÛ] is the chloride content after one year, [k [Xl ⁄ÆÛWq] is the diffusion coefficient after one year, h [ÆÛWqn] is the time, Ç and X are empirical coefficients and
½ [X] is the depth. Values for [k, xk , X and Ç for different exposure conditions are available
in [47].
Model of DuraCrete (2000)[37]

The probably most commonly used approach was made in the DuraCrete project[37] [41].
The chloride ingress is basically described with the second law of Fick using the solution of
Costa and Appleton incorporating some factors for the environment and concrete type. Values for all variables are available in [37].
xá,e = xð ⋅ 1 − erf

½

h š
2ï“Ÿ ⋅ “e ⋅ “‡ ⋅ [ƒ ⋅ ² hƒ ³ ⋅ h

(2.72)

where “Ÿ , “e and “‡ are constants that account for the environment, the test method and
time of curing, respectively. Further, h is the exposure period, hƒ is the reference period, ½ is
the depth (usually the concrete cover depth ½‡ ), Ç is the age factor, xð is the surface chloride
concentration and [ƒ is the diffusion coefficient measured at the time hƒ . Disadvantages of
this approach are that the temperature is not considered and that no recommendation for
the change of the diffusion coefficient [ƒ in case of cracking is made. However, it might be
very useful for durability assessment in the planning stage.

The fib Model Code [4] uses basically the model of DuraCrete. However, the initial chloride
content xƒ and the depth of the convection zone Δ½ are considered additionally. The surface
concentration consequently changes to the surface concentration at the depth of the convection zone x¶, á . The curing coefficient is not considered any more. Thus, the approach is:
xá,e = Cƒ + ¦xð,

á

− Cƒ © ⋅ 1 − erf

Model of Kwon et al. [48]

½ − Δ½

h š
2ï“Ÿ ⋅ “e ⋅ [ƒ ⋅ ² hƒ ³ ⋅ h

(2.73)

This model is very often used in recent publications, especially for (re)calculations of existing structures. It is as well based on the model of Costa and Appleton [46]. The biggest problem of this model is that values for the material parameter X are not known exactly. How32
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ever, it this approach is capable to consider changes of the diffusion coefficient due to the
concretes age concrete, the influence of the temperature and the influence of cracks.
xá,e = xð 1 − erf

½

2ä[(h, –) ⋅ d(U) ⋅ h

[r (h, –) = [‰ŸS,Ù‰ŸS ^

h‰ŸS r
1
1
a Û½p s
− t
h
î –‰ŸS –

(2.74)
(2.75)

where [(h, –), the diffusion coefficient, is dependent on the curing time and the temperature. [‰ŸS,Ù‰ŸS is the diffusion coefficient at the reference time h‰ŸS with the reference temperature –‰ŸS , X is a constant dependent on the concrete mixture, is the activation energy
of the diffusion process, î is the gas constant, h is the age of the concrete and – is the temperature. The dependence of the diffusion coefficient on crack width is expressed with the
factor d(U) which is explained below.
Kwon et al (2009) [48] investigated the relationship between crack width and diffusion coefficient under chloride penetration and found the following dependence in a regression
analysis:
[(U) = d(U) ⋅ [(h, –)

d(U) = 31.61U l + 4.73w + 1

(2.76)
(2.77)

where U[XX] is the crack width and [ is the diffusion coefficient. Calculating the corrosion
process in discrete time steps, the dependence of the diffusion coefficient on crack width is
considered with the factor d(U) which is used in formula (2.74). Using the model however it
should be considered that the model is highly simplified and that the data set used for the
regression analysis was rather small.
Values for constants can be obtained from [30].
Model of Zhang et al. (2011)[49]

Similarly to the model of Kwon in the paper of Zhang et al. [49] it is assumed that a certain
relationship could exist between the apparent diffusion coefficient in sound concrete [• and
the equivalent chloride diffusion coefficient in cracked concrete [Ú .
[Ú = Ž ⋅ [•

Ž = 47.18 ⋅ U l − 8.18 ⋅ U + 1

(2.78)
(2.79)
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where Ž is the proportional factor which was obtained from experimental data and U [XX]
is the crack width.

Both models ([48] and [49]) are very similar, however, in the model of Zhang et al.’s values
are usually smaller and thus less conservative. Values for Ž smaller until a crack width of
0.17 XX are smaller than 1, so, at least for this small crack widths, this model seem to be
very unrealistic.
Model of Alipour and Shafei (2014) in [27]

As in all other models, the chloride ingress is described with the second law of Fick (see.
chapter 2.2.1.1 and formulas (2.46), (2.47) and (2.48)). As seen above, many factors have an
influence on the diffusion coefficient. The model presented by Alipour and Shafei (2014)
[27] was chosen because it is a comprehensive model including the most important parameters. Due to a lack of data regarding several input parameters the model could not be used in
the case study presented in chapter 5. Parameters considered in this model are the binding
capacity of concrete •k (xv ), the temperature •l (–), the relative humidity •Y (ℎ), the age of
the concrete •§ (hŸ ) and the free chloride content •¥ ¦xS ©.
Generally, the apparent diffusion coefficient ([• ) is described as:

[• = •k (xv )[\ ,‰ŸS •l (–)•Y (ℎ)•§ (hŸ )•¥ ¦xS ©

(2.80)

where [\ ,‰ŸS is the reference diffusion coefficient which depends only on the w/c ratio. The
absorption phenomena are taken into account with •k (xv ) being:
•k (xv ) =

1
1 àxv
1+U
Ÿ àxS

(2.81)

where UŸ is the evaporable water and àxv ⁄ àxS is the binding capacity. UŸ can be obtained
with the following expressions:
UŸ = U‡ + UØ
U‡ =

UØ =

(U⁄˜ − 0.36Ž)˜
ÃÚ
(0.18Ž)˜
ÃÚ

(2.82)
(2.83)
(2.84)

where U‡ is the capillary pore water, UØ is the gel pore water. ˜ is the cement content, ÃÚ is
the density of water and Ž is the degree of hydration. Ž, the degree of hydration, is calculated with equation (2.85),
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Ž =1−

í1 + ∑šŠÌk 10ª Û

¤

]Ù

1

Ÿ

+Û

¤
Ÿ
]Ù

(hŠ − hŠ¤k )

(2.85)

where ¢ƒ [Þ⁄XëÜ ] is the initial apparent activation energy, î [Þ⁄XëÜ _ ] is the gas constant
and ÃŠ is the coefficient calculated for he curing temperature –Š at the Ë th time step in days.

Chloride can appear free and bounded in concrete. So, when the chloride binding capacity
increases, the ionic transport slows down. The ability of concrete to bind chloride in its matrix can be defined with three isotherms [50].
The Linear isotherm (Ž Šš is a linear isotherm):
àxv
= Ž Šš
àxS

(2.86)

Ž xS
àxv
Ž
→
=
1 + • xS àxS ¦1 + • x ©l
S

(2.87)

xv = Ž Šš xS →

The Langmuir isotherm:
xv =

Where Ž and • are the Langmuir binding constants. Values can be obtained from [27].
The Freundlich isotherm:

xv = Ž xS →
Á

àxv
Á
=Ž • x
àxS

¤k

(2.88)

Where Ž and • are the Freundlich binding constants. Values can be obtained from [27].

Until now the model was dealing mainly with the internal parameters like concrete mixture
proportion, quality of ingredients, casting conditions, curing conditions, and chemical composition of materials. In the next section the influence of external parameters, such as ambient temperature, relative humidity, ageing, and free chloride content, on the diffusion coefficient will be discussed (see equation (2.80) F2 – F5)

The coefficient for the influence of the temperature •l is calculated equally as in equation
(2.75) as:
•l (–) = exp

¢ 1
1
− t
s
î –‰ŸS –

(2.89)
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The coefficient for the influence of the relative humidity ℎ on the diffusion coefficient is calculated with a formula proposed by Bazant and Najjar in 1972 with:
•Y (ℎ) =

1+^

1

1−ℎ §
a
1 − ℎ‡

(2.90)

where ℎ‡ is the critical humidity level. Analog to the equation (2.75) the influence of ageing
of the concrete is expressed with:
h‰ŸS r
•§ (hŸ ) = ^
a
h

(2.91)

However, Alipour and Shafei suggest a value of 0.04 for the empirical age factor X while
Kwon assumes the value to be 0.2. The last parameter considered is the free chloride content •¥ which is expressed as:
š

•¥ ¦xS © = 1 − ¦xS ©

(2.92)

where and Ç are empirical parameters, equal to √70 and 0.5, respectively. Since the value
of free chloride changes in time, it should be updated in defined time-steps.
2.2.3.3 Corrosion of steel under carbonization
Model of Alonso et al. (1988) [51]

This was one of the first models for the estimation of the corrosion rate. It is based on a statistical analysis of resistivity and accelerated carbonation-induced corrosion rate measurement results for different types of concrete. The result of a linear regression analysis of this
experiment was:
Ë‡…‰‰ =

“‡…‰‰
ŸS

(2.93)

where “‡…‰‰ [“Ω ˜X »}⁄˜Xl ] is a constant with a value of 3 ⋅ 10§ (slope of the regression
line) and ρ ø [“Ω ˜X] is the resistivity of the concrete at its actual degree of saturation.

Models in DuraCrete (2000) [37]

In DuraCrete [37] generally two approaches of how to estimate the corrosion rate in carbonated concrete are given.
The first approach estimates the corrosion rate only as a function of exposure class as:
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ú‡…‰‰ = ú‡…‰‰,• ⋅ Ue

(2.94)

where ú‡…‰‰,• is the annual corrosion rate and Ue is a constant parameter for the description
of the wet period. Values for totally carbonated concrete in a sheltered and unsheltered environment are given in [37].

Secondly, the model of Andrade and Arteaga (2000) in [37] can be used in case of carbonation. This approach is an attempt to improve the model of Alonso et al. (1988) [51]. For environments without chlorides the corrosion current Ë‡…‰‰ [»}⁄˜Xl ] can be calculated with:

Ë‡…‰‰ =

133.1

(2.95)

where [Ω X] is the resistivity. Regarding input values, two distributions of the resistivity
of carbonated concrete in sheltered and unsheltered conditions are proposed in [37].
2.2.3.4 Corrosion current or rate under chloride penetration

The corrosion rate or the, through Faraday’s law directly related, corrosion current are of
course one of the most important input parameters in corrosion-induced damage prediction
models for reinforced concrete structures.
Some of the following models have also been summarized and reviewed by Otieno et al.
2011 [52] which is a good overview of most corrosion rate models.
Model of Liu and Weyers (1998) [53]

Once the chloride concentration is high enough, the model assumes that the corrosion of the
steel begins (Formula (2.69)). The most commonly used approach to model the corrosion
current Ë‡…‰‰ [»}⁄˜Xl ] under chloride attack was made by Liu and Weyers (1998) [53].

ln(1.08 Ë‡…‰‰ ) = 7.89 + 0.7771 ln(1.69 xá ) −

3006
− 0.000116 î\ + 2.24 h ¤.lk¥
–

(2.96)

This empirical formulation is the result of a regression analysis based on the data of outdoor
exposed specimens. Where xá [“ß⁄XY ] is the chloride content on rebar level, – [_] is the
temperature, h [Æq] is the time and î\ [ ] is the ohmic resistance.
ln(î\ ) = 8.03 − 0.549 ln(1 + 1.69 xá )

(2.97)

Model of Yu et al. (2014)[54]

A new and quite different empirical approach was made by Yu et al. (2014)[54]. This model
is based on a comprehensive nonlinear regression analysis using the water - cement (W/C)
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ratio, the chloride content, the thickness of concrete cover and the relative humidity as parameters alongside with several constants.
The model is applicable for bar diameters from 30 mm to 60 mm, for chloride contents from
0 % to 2 % and for w/c-ratios from 0.4 % to 0.6 % is presented.
Ër = Wk q· +

Wl q·l

1
+ W§
+ WY q·

(2.98)

Ër [}⁄Xl ] is the corrosion rate, Wk − W§ are parameters that can be obtained from [54] and
q· [%] is the relative humidity.
Models in DuraCrete (2000)[41]

For the estimation of the corrosion current under chloride penetration DuraCrete [37] presents three models. The first model is already presented in the previous chapter, using equation (2.94) with different values. The second model was developed by Andrade and Arteaga
is based on the Alonso’s model and introduces factors considering the influence of the chloride content •\ , galvanic effects • • × , continuous formation and ageing of oxides •…áŠ and
the availability of oxygen •üÏ . The corrosion rate ú‡…‰‰ [XX⁄Æq] is calculated with:
ú‡…‰‰ =

Xƒ

⋅ •\ ⋅ •

•×

⋅ •üÏ ⋅ •…áŠ

(2.99)

where Xƒ [»X ΩX ⁄Æq] is the constant for corrosion rate versus resistivity (Xƒ = 882 for
chloride environments) and [ΩX] is the resistivity.

The third model was developed by Gehlen and Nilsson. This approach is quite similar to the
previous one, however, the evaluation of the resistivity is a function of time and other parameters. The corrosion rate is calculated with:

ú‡…‰‰ =
=

ƒ

Xƒ

h
⋅^

⋅ •\ ⋅ •
¹ž‰

hƒ

š

•×

⋅ •üÏ

a ⋅ “e ⋅ “‡ ⋅ “],Ù ⋅ “],] ⋅ “],\

(2.100)
(2.101)

where ƒ [Ω X] is the potential electrolytical resistivity, h ¹ž‰ [Æq] is the period of hydration,
hƒ [Æq] is the reference age at testing, “e is the test method factor, “‡ is the curing factor, “],Ù
is the temperature factor, “],] is the humidity factor and “],\ is the chloride factor.
Values for all DuraCrete models are available in [37].
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Model of Ghods et al. (2008)[55]

Ghods et al.’s established a prediction model based on electrochemical principles and a macrocell corrosion model. The approach considers the concrete resistivity, equivalent diffusion
coefficient of oxygen, dissolved oxygen content and thickness of concrete cover.
Ë‡…‰‰ = −3.70 ⋅ 10¤Y +

[ü xüð
5.06
0.333
+^
− 3.83 ⋅ 10¤§ a ln s Ï Ï t
q
q

(2.102)

where Ë‡…‰‰ [}⁄Xl ] is the corrosion current, q[Ω X] is the concrete resistivity, [üÏ [Xl ⁄n] is
the equivalent diffusion coefficient of oxygen, [X] is the thickness of concrete cover,
xü¶Ï [“ß⁄XY ] is the oxygen concentration in concrete pore dissolution.
Model of Pour-Ghaz et al. (2009)[56]

Pour-Ghaz et al. proposed a model for the calculation of the average Ë‡…‰‰,•×Ÿ [}⁄Xl ] and the
maximum Ë‡…‰‰,r•á [}⁄Xl ] corrosion rate of steel in concrete considering the influences of
the temperature –[_], relative humidity, thickness of concrete cover g[X], concrete resistivity [Ω X], and limit current density Ë [}⁄Xl ].
1
Ë‡…‰‰,•×Ÿ
&
^
a = ! ¦`–g" Ë # + »–$ Š% + u(–Ë )' + (
Ë‡…‰‰,r•á

!

+ )©

Where , `, ), , µ, Ã, », u, *, (, $ and + are fitting factors (see Table 6).

(2.103)

Table 6: Values of the constants in Pour-Ghaz et al.’s [56] model

Constant
3
Ð
4
5
6
7
8
9
:
;
<
=

,Ó-ÖÖ,./0

Value
1.18E-03
1.41E-05
-0.001211552
0.084769307
0.130025167
0.800505851
1.23E-11
-0.000102886
0.475258097
5.03E-07
90487
0.072160554

Model of Gulikers (2005)[57]

Constant
3
Ð
4
5
6
7
8
9
:
;
<
=

,Ó-Ö,1.2

Value
1
0.32006292
-53.1228606
0.00550264
0.12066361
0.78744993
-3.74E-07
47.2478753
0.00712335
0.00348206
784679.23
0.01026163

Gulikers [57] model combines the equivalent circuit model and the experimental data of the
accelerated corrosion. The rather simple prediction model is defined as:
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Ë‡…‰‰ =

• ¤ƒ.«kl¥ ⋅ 98.696 ⋅ 10¤Y
¤ƒ.«kl¥
‡…š

(2.104)

where Ë‡…‰‰ [}⁄Xl ] is the corrosion current, ‡…š [Ω X] is the concrete resistivity and
• [ú⁄X] is the geometry factor (estimated as • = 0.05783 ú⁄X).
Models in Otieno et al. (2012)[52]

Otieno et al. published a critical review of models for the prediction of the corrosion rate.
Some of the models shown in this publication that have not been shown so far are only mentioned by name and described by its basic principle and can be reviewed in Otieno et al. [52]
or in the original literature.
The model of Yalçyn and Ergun (1996) [58] was developed by studying the effect of chloride
and acetate ions on the corrosion rate of uncracked specimens in accelerated corrosion
tests.

Katwan et al.’s (1996) model [59] is an empirical model based on electrochemical noise
technique measurements of the corrosion rate. Results from short and long-term tests suggested that for a given test condition the corrosion rate can be predicted from the standard
deviation of half-cell potential readings obtained using the electrochemical noise method.
The models of Vu and Steward (2000)[60] and the improvement of Vu et al. (2005)[61] for
prediction of the corrosion rate are based on the assumption that the availability of oxygen
on the steel surface, which depends on numerous factors such as concrete quality, cover
depth, environmental conditions etc., is the governing factor.

The model of Scott (2006)[62] was developed using data from an experimental set-up with
cracked specimens. However, the model does not incorporate crack with as an input parameter.

The model of Martínez and Andrade (2009)[63] is similar to the model of Alonso and can be
used to predict the annual average representative corrosion rate and is also based on the
concrete resistivity.
2.2.3.5 Material loss and crack initiation
Critical tension in the concrete cover

Concrete begins to crack when the pressure „‡…‰‰ caused by the volume expansion of oxidation products of steel (rust) exceeds a critical level „‡‰ :
„‡…‰‰ ≥ „‡‰

(2.105)

Papakonstantinou recommends in [40] to the formula of Timoshenko in [64] for the calculation of the critical tension in the concrete cover.
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„‡‰ =

2 ½‡…× d‡e (h)
gƒ

(2.106)

where ½‡…× is the concrete cover thickness, d‡e is the tensile strength of the concrete and gƒ
is the diameter of the uncorroded reinforcement bar.
Tension in the concrete cover caused by corrosion products

El Maaddawy and Soudki (2007) [65] proposes the following solution for this problem.

„‡…‰‰ =

X ¢ŸS gƒ (Ã×… − 1)
2 ƒ ¢ŸS
−
@[ƒ (1 + A + $)(gƒ + 2 ƒ ) (1 + A + $)(gƒ + 2 ƒ )

(2.107)

where ¢ŸS is the concretes effective elastic modulus (depends on the creep coefficient), Ã×…
is the relative volume ratio of rust and steel, A is a constant dependent on the geometry, $ is
the Poisson’s ratio and ƒ is the thickness of the porous zone between steel and concrete. X
is the percentage of lost steel and defined by
100 ⋅ ∑šŠÌk Δ÷ …¶¶ (h)
X =
÷ðe

(2.108)

Δ÷ …¶¶ (h) = “ ⋅ @ ⋅ g(h) ⋅ Ë‡…‰‰ ⋅ Δh

(2.109)

where ÷ðe is the original mass of the steel. The mass of the corroded steel Δ÷ …¶¶ (h) [ß⁄X]
is calculated in both Maaddawy and Soudki (2007) [65] and Papakonstantinou and Shinozuka (2013) [40] using Faraday’s law
where g(h) is the residual diameter of the corroded bar and “ is the mass transport coefficient (the value in [40] is “ = 2.315 ⋅ 10¤§ ).

In case the loss of rebar diameter ú‡…‰‰ B ¹‰ C was calculated directly the material loss per
time unit can be calculated as well with:

Δ÷ …¶¶ (h) = Δú‡…‰‰ (h) ⋅

¶

rr

(2.110)

where ¶ is the density of steel. Further, the residual bar diameter of the corroded bar can
be determined using the following formulation:
g(h) = íg(h − 1)l − 4

Δ÷ …¶¶ (h)
¶⋅@

(2.111)
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Other models

Other models for the calculation of the crack initiation time were developed by Bazant [66]
and Liu [67]. However, these models are not shown further since some variables or coefficients are not clearly defined and thus these models are not applicable.
2.2.3.6 Pitting and pitting depth

Corrosion of reinforcement bars does usually not occur uniformly. Especially chloride induced corrosion causes a very rough surface of the corroded bars with relatively deep pits.
Maximum depth of these pits is usually taken into account with the pitting factor Ž which is
the ratio between the maximum pit depth and the mean loss of bar diameter.
Even though values for the depth of pits are available, it is difficult to model the effect of
those pits. This is because in literature different shapes of pits and configurations are described. Further unknown effects such as a radial displacement of reinforcing bars are assumed in these studies, hence it seems to be still impossible to model effects like radial
pressure and cracking or the effect on bond accurately.
g•Še = Ž ⋅ g(h)

(2.112)

where g•Še is the residual diameter at the pit, g is the average residual diameter and Ž is the
pitting coefficient. Table 7 shows values from a statistical analyses of laboratory testing results presented in DuraCrete [37] and the values recommended in [40]. For chloride containing concrete the values of [40] are recommended due to the better database for the estimation of the moments.
Table 7: Values for the pitting factor D

Environment
Carbonation
Chloride
Chloride

Distribution

Deterministic
Normal
Lognormal

Model of Val et al. (1998)[68]

Mean

2.00
9.28
5.78

Standard
tion
4.04
1.96

devia-

Source

[37]
[37]
[40]

Generally, the net cross-sectional area of a corroded bar (see area }(h) in Figure 2.11) at
time h (after corrosion initiation) is calculated in this model. Assuming a hemispherical
shape of pits the residual cross-sectional area is calculated as:
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Figure 2.11: Pit configuration in model of Val et al. [68]

@ ⋅ gƒl
√2
− }k − }l , p(h) ≤
g
4
2 ƒ
}‰ (h) =
}k − }l ,
p(h) ≤ gƒ
°
0,
p(h) Œ gƒ
®

(2.113)

p(h) = 0.0116 ⋅ (h − hŠ ) ⋅ Ë‡…‰‰ ⋅ î

(2.114)

±

with

}k =

}l =

1
gƒ l
gƒ p(h)l
uk ⋅ ^ a − W ⋅ E −
E
2
2
2
gƒ
1
p(h)l
ul ⋅ p(h)l − W
2
gƒ

W = 2 ⋅ p(h)í1 − s

p(h)
t
gƒ

2⋅W
uk = 2 ⋅ arcsin ^
a
gƒ
W
ul = 2 ⋅ arcsin ^
a
p(h)

l

(2.115)
(2.116)
(2.117)
(2.118)
(2.119)

where }‰ (h) [XXl ] is the net cross sectional area of a corroded rebar, }k and }l are area
parameters, p(h)[XX] is the radius of the pit as function of time h [ÆÛWq], hŠ [ÆÛWq] is the
time of corrosion initiation, gƒ [XX] is the rebar diameter, Ë‡…‰‰ [»}⁄˜Xl ] is the corrosion
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current density and î is a constant for the maximum pit depth (in this paper a range of 4 to
10 is recommended).
2.2.3.7 Crack width due to corrosion

The crack propagation phenomenon is extremely complicated and not fully understood yet.
The list of factors that interfere in the cracking process is quite long and includes, among
others microstructure parameters, crack interactions, and corrosion product interactions.
The model for the crack width evolution presented here is greatly simplified and depends
only on the steel cross section loss.
Model of Papakonstantinou and Shinozuka (2013) [40]

Papakonstantinou (2013) [40] performed GLIM analysis in his work on experimental data
in order to describe the development of the crack width in the corrosion process and its
scatter. Generally the model is based on the model of Vidal et al. [69].
U~ßWXXW(“, u)

(2.120)

¢[U] = _(ΔAG − ΔAGƒ )
“=

(2.121)

1
Û½p¦Ãk + Ãl (ΔAG − ΔAGƒ )©

(2.122)

where U [XX] is the crack width, Δ }¶ [ XXl ] is the steel loss of the reinforcing bar cross
section and Δ }¶ƒ [ XXl ] is the steel cross section loss necessary for cracking initiation. The
constants and their values are _ = 0.1007, Ãk = -0.4388 and Ãl = -0.0399.
2.2.3.8 Bond strength of corroded steel bars

The degradation of bonding can be an important factor for the assessment of limit states of a
deteriorating structure. Since all the following models for the calculation of the loss of bond
refer to an original undamaged status, first a description of the bond strength is shown. The
definition of the local bond stress-slip model presented in the MC10 is widely accepted an as
well mentioned in several publications of bond decay models thus is was chosen as basis for
the description of bond under corrosion. The MC10 [4] recommends for monotonic loading
the bond stresses v between concrete and reinforcing bars for pull-out and splitting failure
can be calculated as a function of the relative displacement n parallel to the bar axis. The
values of the variables in the equations below are given in Table 8.
v
v
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=

n H
^
a
vr•á
nk
vr•á

for 0 ≤ n ≤ nk

for nk ≤ n ≤ nl

(2.123)
(2.124)
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v
v

=
=

vr•á

−

¦

− vS ©(n − nl )
(nY − nl )

vr•á

vS

for nl ≤ n ≤ nY
for nY < n

(2.125)
(2.126)

Table 8: Definition of the parameters of the mean bond stress-slip relationship of ribbed bars according to [4] for
the equations (2.123) - (2.126)

3L1.2

3LM,JNO,P
JÔ
JÕ
JQ
D
3LR

1
2
Pull-out (PO)
IJ < IJ,K
Good bond
All other
cond.
bond
cond.
2.5äd‡r

1.25äd‡r

1.0 XX
2.0 XX
˜‡ Ÿ•‰
0.4
0.4 r•á

1.8 XX
3.6 XX
˜‡ Ÿ•‰
0.4
0.4 r•á

−

−

3

4

Good bond cond.

Unconfined

2.5äd‡r
d‡r ƒ.l¥
7.0 ⋅ ^ a
25
n¦ v£,¶• Še ©
nk
1.2 nk
0.4
0

Splitting (SP)
IJ < IJ,K

Stirrups

2.5äd‡r
d‡r ƒ.l¥
8.0 ⋅ ^ a
25
n¦ v£,¶• Še ©
nk
0.5 ˜‡ Ÿ•‰
0.4
0.4 v£,¶• Še

5

6

All other bond cond.

Unconfined

1.25äd‡r
d‡r ƒ.l¥
5.0 ⋅ ^ a
25
n¦ v£,¶• Še ©
nk
1.2 nk
0.4
0

Stirrups

1.25äd‡r
d‡r ƒ.l¥
5.5 ⋅ ^ a
25
n¦ v£,¶• Še ©
nk
0.5 ˜‡ Ÿ•‰
0.4
0.4 v£,¶• Še

where ˜‡ Ÿ•‰ [XX] is the clear distance between ribs, d‡r [÷„W] is the mean cylinder concrete compressive strength and ‘¶ is the strain of steel. All other values are illustrated in
Figure 2.12.

Figure 2.12: Analytical bond stress relationship under monotonic loading [4]
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Model Code 2010 (2013)[4]

The FIB Model Code 2010 presents for the consideration of bond loss due to corrosion a
table based on experimental data collected form specimen exposed to accelerated corrosion.
Table 9: The magnitude of the reduction in residual bond strength for corroded reinforcement [4]

Corrosion penetration
[11]
0.05
0.1
0.25
0.05
0.1
0.25

Equivalent surface
crack [11]

0.2-0.4
0.4-0.8
1.0-2.0
0.2-0.4
0.4-0.8
1.0-2.0

Confinement

No links
Links

Residual Capacity [% -R RLS ]

Ribbed
50-70
40-50
25-40
95-100
70-80
60-75

Plain
70-90
50-60
30-40
95-100
95-100
90-100

Model of Bhargava et al. (2007)[70]

The empirical model developed by Bhargava et al. (2007) [70] was developed based on data
from pullout and flexural bond strength tests under corrosion penetration and on data collected in literature.
The normalized bond strength î fitting the pullout tests is described as:
î=
1.0
ˆ
î = 1.192 ⋅ Û ¤ƒ.kkª UV

for T| ≤ 1.5%
for T| Œ 1.5%

(2.127)

î=
1.0
ˆ
î = 1.346 ⋅ Û ¤ƒ.k¬« UV

for T| ≤ 1.5%
for T| Œ 1.5%

(2.128)

For the flexural tests the following equation can be used.

Where T| [%] is the corrosion level which is defined as the ratio of the loss of steel mass
÷ …¶¶ and the original mass of the uncorroded steel ÷ðe .
T| =

÷ …¶¶
⋅ 100
÷ðe

Model of Li and Yuan (2013)[71]

(2.129)

Li and Yuan (2013) made pullout tests of corroded steel bars out of specimens with stirrups.
The corrosion process was accelerated by mixing chlorides into the concrete and pull out
tests were performed for different crack width. On basis of that data a models for the degradation coefficient of the ultimate bond strength as a function of crack width U were developed for strands “¶ , deformed bars “ž and plain bars “• [71].
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“¶ = 1.45 ⋅ ¦Û ¤ƒ.¨k§⋅(Úçƒ.ƒk) − Û ¤kY§⋅(Úçƒ.ƒk) ©

(2.130)

“• = 0.999 − 0.547 ⋅ U

(2.132)

“ž = 1.16 ⋅ ¦Û ¤ƒ.Yªl⋅(Úçƒ.ƒk) − Û ¤k¬¬⋅(Úçƒ.ƒk) ©
Model of Sajedi and Huang (2015)[72]

(2.131)

Generally, Sajedi and Huang developed a probabilistic model of bond strength considering
corrosion using multivariable regression based on a database collected from the literature.
This approach is based the bond-slip model suggested by CEB-FIB in the MC90. The focus
lies on the corrosion effect on the maximum bond strength r•á by developing a probabilistic bond strength model using experimental data of different authors. However, since the
experimental bond strength data reported in literature is usually expressed as the ratio of
the applied force on the rebar divided by the nominal area around the rebar given an embedded length. That means that those results in literature represent the average bond
strength •×Ø and differ from r•á . Thus, r•á in this study is defined as:
r•á

= 1.5 ⋅

•×Ø

Further, in order to normalize the results, the model is expressed as:
Æ = ln s

•×Ø

äd‡W

t

(2.133)

(2.134)

where d’‡ [÷„W] is the concrete compressive strength at 28 days. The formulation of the
model finally is presented as:
ln s

•×Ø

äd‡W

t = uƒ + uk ⋅ exp¦uXk ⋅ Y© ⋅
⋅

x‡ » + î‰
›Ÿ
⋅
⋅ Ã + ul ⋅ exp¦uXl ⋅ Y© ⋅
gvƒ 1 − »î‰
gvƒ

» + î‰
1 }e‰ d¹e
⋅ Ã + uY ⋅
⋅
+ -‘
1 − »î‰
äd‡W ngvƒ

(2.135)

where Y[%] is the corrosion level based on mass loss, x‡ is the concrete clear cover, gvƒ is
the diameter of the intact rebar, î‰ is the relative rebar area of the intact bar, Üž is the development length of the rebar, ›Ÿ is the effective beam width from center to center of the reinforcing bar spacing, » is the friction coefficient, }e‰ is the cross sectional area of stirrups, d¹
is the yield strength of stirrup, n is the spacing between stirrups and -‘ is the model error.
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Further mean values and standard deviations are given for the coefficients uƒ - uY , uXk , uXl and
-.
Model of Wang et al. (2011)[73]

Wang et al. investigated the development of the bond strength of concrete strengthened
with CRFP (carbon fiber reinforced polymer). Data from a pull-out test series in which the
corrosion level, the concrete cover and the time of strengthening (before or after the corrosion damage) was varied, further some specimens without strengthening were tested as
well. To develop a model for the ultimate bond strength of concrete without CFRP strengthening data from literature was used as well in this study. For every test series, a model equation for the ultimate bond strength is presented (eight equations). Some of these models
have the parameters mass loss due to corrosion, diameter of corroded bar and concrete
cover. Most of these formulas use the mass loss due to corrosion as unique parameter
though. However, no general approach was made which considers the type and amount of
strengthening.

2.3 Discussion on degradation modeling

The modeling of the effect of freezing and thawing on the strength of concrete is much more
imprecise then the modeling of the process of reinforcement corrosion. It seems that this is
on one hand because the damaging process very complex. Highly depended on the pore
structure of the concrete, the type of concrete, the moisture conditions and of course as well
the temperature profile of the FT cycle. Secondly, the amount of investigation done on this
topic is much less then for reinforced concrete corrosion and its effects. Anyway, even
though several models are available it is very hard to obtain precise predictions. The reason
for this lies in the fact that there is no formula or routine to compare a FT-cycle in nature
(i.e. varying temperature and humidity) to a standardized FT-cycle of a laboratory test.
However, in order to get a rather rough prediction the recommendations of Fagerlund
(Chapter 2.1.3.1) can be followed. These models are simplifying highly and the predicted
damage is usually overestimated. Additionally, for applying these models usually two measurements at different times must be made.

Other models which usually cannot be used due to the problem with the interpretation of a
FT cycle in nature can be used for a wide range of concrete types of concretes (e.g. the model
of Penttala). The first model of An Duan may be used for internal damage of different types
of confinements. The second model of An Duan may be very interesting for finite element
simulations since the damage, which is defined as loss strength, can be calculated for every
element as function of depth below the concretes surface. Furthermore, rather simple models exist like the models of Vesikaris, Lowke and Brandes. The application of those is however very difficult since the coefficients are unknown.

In case of reinforcement corrosion, a rather big number of models exist for the calculation of
the different processes. Almost all models are empirical. However, the modeling of the mass
and volume loss as function of time and the ingress of chlorides do have a physical/ mathematical background. As abstract and overview of the chapter above Table 10 was created,
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where, besides the name of the authors, the publication year and a short description, the
central or most important formula is shown. This table should serve as general overview
including its most obvious pros and cons.
Unfortunately, it is not always clear which model to use. Generally it is advisable to use the
models recommended by FIB in [4] and [38] in the design stage or in situations where no
detailed information regarding the microclimate, diffusion of the concrete etc. are available.
However, the formula for the consideration of the micro climate, called weather function, is
not quite clear since the value for carbonation rate gets the highest when no direct water
exposure is expected at all which seems not very realistic.

In case of recalculation it is rather difficult to give clear recommendations since no studies
of the accuracy were executed in the course of this thesis. For the calculation of the carbonation depth the models of Silva et al. (2013) [42] and Valcuende and Parra (2010) [44] are
maybe not usable in many cases due to the needed input parameters.

All models for the calculation of the chloride content are based on Fick’s 2nd law. They differ
only in the way the chloride diffusion coefficient is influenced by material parameters,
cracks, environment, curing, etc. Which model to use best is neither clear in this case. Of
course needed input parameters may be an obstacle in case of the model of Alipour and
Shafei (2014) in [27]. In case of recalculation constants for the environment, microclimate
or curing are usually not of interest any more if measurements under given conditions of the
chloride content and the diffusion coefficient were executed, thus models for the design are
maybe not the best choice. Further in such cases it may be very difficult to estimate the reference diffusion coefficient since the concrete mixture is frequently not documented. Thus, a
simplified form of the usually used solution of Fick’s 2nd law may be used. If the crack with,
which by the way has a huge influence on the chloride diffusion, is considered additionally
the model of Kwon et al. (2009) [48] is recommended since the output of the model of
Zhang et al. (2011) [49] has, besides being very similar to the model of Kwon et al., negative
values for small crack with, which is not realistic.
In this thesis, it is unfortunately not possible to give a recommendation for which model to
use for the calculation of the corrosion speed under both chloride and carbonization penetration since no testing regarding the accuracy was executed. Of course, the choice may be
driven by the availability of input parameters.

For the estimation of the pit depth of chloride containing concrete the model of Val et al.
(1998) [68] or the values of [40] in Table 7 are recommended since the values proposed in
[37] are based on a very limited data set.

The model of Papakonstantinou and Shinozuka (2013) [40] for the estimation of the crack
width is highly simplified and not considering a wide range of influencing parameters. However, since the crack with is a very important input parameter in the estimation of the corrosion speed and since no other model is known to the author this model may be an important contribution to the estimation of future corrosion activity.
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Regarding the models for the calculation of the residual bond strength a comparison of the
different approaches was executed. The result showed that the values recommended in the
MC10 [4] for both plain and ribbed reinforcement bars with links are similar to the results
of the models of Bhargava et al. (2013)[70] and Li and Yuan (2013)[71]. The values of reinforcement without links recommended in MC10 are however much lower. The model of
Sajedi and Huang (2015)[72] is probably the most sophisticated, however some input values have a pretty wide range and it is not completely clear which value to pick.
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Table 10: List of applicable formulas and models for the modeling of the corrosion of reinforced concrete

Authors and year Formula
of publication
Progress of carbonation front
DuraCrete (2000)
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For “ empirical equations for wet and dry
environment are proposed. However, the
clinker content is needed for the calculation
of “. This can be complicated in practical
applications of existing structures. Further
inputs are the compressive strength and the
exposure class.
The variables in this empirical expression
can only be obtained by analyzing the pore
structure of a certain concrete. Valid for selfcompacting and normally-vibrated concrete.
Empirical expression that considers several
material and environmental variables. Recommendations for the calculation of all parameters are part of the model.

Empirical model based on Fick’s 2nd law.
Input parameters of this model were calibrated for several environments.

x(½, h) = xk h š þ1 −
erf ^

An empirical formula based on Fick’s first
law including a relatively wide range of
material and environmental variables is
proposed. Values for all variables are available.
Adaption of the model of DuraCrete. This
model is used the fib Model Code [4] and the
fib Model Code for Service Life Design [38].
Values for all variables are available.

g

½
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Basically, the same approach as developed
in DuraCrete project. However, a convection
zone is included in this formula.

Empirical model considering the influence
of both the crack width and the temperature
on the chloride concentration. However, it is
not completely clear how to obtain the input
parameter m.
Empirical model for the consideration of the
effect of the crack width on the diffusion
coefficient. Basically same approach with
slightly different values than the one of
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Kwon et al. [48].
Comprehensive model including the most
important parameters and their calculations. However, the quantification of some
input parameters is rather complicated.
Linear empirical model obtained in a regression analysis on data from accelerated
carbonation-induced corrosion rate measurements. The resistivity of the concrete at
its actual degree of saturation is needed.
Very simple empirical model using only the
parameter Ue for the consideration of the
wet period.
Very simple empirical model for environments without chlorides.
Empirical formulation based on a regression
analysis on data of specimens corroded
under outdoor exposure conditions.

Empirical model based on a comprehensive
nonlinear regression analysis. Parameters
are the water - cement ratio, the chloride
content, the thickness of concrete cover and
the relative humidity. However, it can only
be used for certain chloride concentrations,
bar diameters and w/c ratios.
Empirical model by Andrade and Arteaga
(1999). Beside the factors for the chloride
corrosion rate, the galvanic effect, the oxygen availability and the oxide factor the
formula for the resistivity includes factors
considering evolution in time, environmental influences and the differences between
laboratory and write measurements. Values
for all parameters are available.
Empirical model by Gehlen and Nilsson
(1998). Beside the factors for the chloride
corrosion rate, the galvanic effect and the
oxygen availability. The calculation of the
electrolytical resistivity includes factors for
test method, age, curing and environmental
conditions. Values for all parameters are
available.
Empirical prediction model based on electrochemical principles and a macrocell corrosion model. The approach considers the
concrete resistivity, equivalent diffusion
coefficient of oxygen, dissolved oxygen content and thickness of concrete cover. However, some input parameters such as the
oxygen concentration in concrete pore dis-
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Model for the calculation of the amount of
steel oxidation per time is derived from
Faraday’s law.
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Model using empirical factors to calculate
the loss of cross-section at a pit with and
hemispherical shape.
Highly simplified empirical model for the
estimation of the crack with on the concretes surface due to corrosion of reinforcing steel including its scatter.

Loss of bond due to corrosion
Model Code 2010
(2013)[4]
Bhargava et
(2013)[70]

Model for the prediction of the time from
corrosion initiation to corrosion cracking.

These authors presented an empirical factor
(Ž) for the estimation of the depth of pits for
different environments.
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solution are rather complicated to obtain.
Empirical model including the temperature,
the relative humidity, the thickness of the
concrete cover, the concrete resistivity and
the limit current density as input. Values for
all fitting factors (Greek letters) are available.
Empirical model combining the equivalent
circuit model and experimental data of accelerated corrosion tests. Exclusive input is
the concrete resistivity.

+

Here a table (Table 9) showing the percentage decrease as function of corrosion penetration is proposed.
Empirical formula for cases where pullout
failure is expected. Further, a formula for
flexural failure is proposed too.
Empirical formula for the estimation of the
loss of bond in case of pullout failure for
strands, deformed bars and plain bars.
Empirical model for the calculation of the
normalized decrease of bond strength. Values for mean levels and standard deviation
of the coefficients are listed in the publication.
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3 Framework for condition control of deteriorating RC structures

In this chapter, a general procedure of a condition survey for deteriorating constructions of
structural concrete is proposed. This procedure is based on current standards and regulations and can be seen as part of the conservation management shown in the Model Code
2010.

3.1 Condition survey and assessment in Austria

In Austria the condition control of bridges is regulated in the RVS 13.03.11 [74] “Quality
Assurance for Structural Maintenance – Surveillance, Checking and Assessment of Bridges
and Tunnels – Road Bridges”. Basically, three types of inspections are listed in this document: Surveillance (laufende Überwachung), Checking (Kontrolle) and Assessment
(Prüfung).
The Surveillance has to be executed at least once every four months. It includes checking of
deck, bridge equipment and other, from the deck visible, parts of the structure. Documentation is only necessary if damages or unusual changes of the structure were detected.

In the Checking, general changes of condition in comparison to the last Checking or Assessment recorded, documented and assessed. Basically, it is a visual inspection executed by a
qualified person. It should be executed at least once every two years or after unusual events
such as inundations, earthquakes, avalanches, accidents, etc. Further, instructions on what
to focus on inspecting the bridge are given for all parts each. The documentation has to include a comparison of the actual results with previous ones, new damages and their extent,
usability of the bridge, notes for the next Checking /Assessment and, if necessary, the arrangement of an assessment if the extent of damages or the condition are not clear.

In the Assessment, the condition is recorded, documented and assessed. It is executed by a
qualified person that is able to assess the basic structural behavior, and the influence of
damages on bearing capacity, serviceability and durability. The Assessment has to be executed at least once every 6 years. However, if the condition requires it, shorter periods are
possible also. Further detailed instructions are given of how the different parts must be
checked and what to focus on. The last step of the assessment is the documentation as a
report. This report includes a rating of all elements of the structure following a given rating
schema and the computation of a total score. However, the overall rating is not calculated
from the ratings of the individual parts, but rather general definitions on how to rate the
entire are given. Changes of damages in comparison to the last control or assessment have
to be recorded. The report has to include information regarding the usability of the structure. If necessary, repair or maintenance measures are proposed and the requirement of a
detailed investigation or a structural calculation must be mentioned.
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Additionally a technical rule for the “Evaluation of load capacity of existing railway and
highway bridges” [75] is available. This standard regulates the assessment of the bearing
capacity of bridges in case of damages, modifications and reinforcements.
Generally, this technical rule should help to detect deficits of the reliability of bridges in time
and avoid unnecessary efforts in case of bridges that cannot be verified with current standards. The evaluation of the bearing capacity is divided in four stages:
•
•

•

•

Stage 1: Validation with the latest valid generation of standards (i.e. today the standards Eurocodes EN 199x)
Stage 2: Validation with the latest valid generation of standards. Here partial safety
factors can be lowered under certain circumstances. It has to be assured that the
prerequisites for the diminution of the partial safety factors are not violated within
the residual lifetime.
Stage 3: Probabilistic recalculation using the distribution of all input variables. The
aim is to obtain a reliability index • bigger or equal the value demanded target reliability defined in EN 1990.
Stage 4: If verification was not possible until now in special cases there is the possibility to accept a lowered reliability. However, this always needs a detailed explanation and compensating measures.

3.2 Condition survey and assessment in Germany

In Germany the inspection and assessment of existing structures is regulated in the standard
“DIN 1076 - Engineering structures in connection with roads- inspection and test” [76]. In
this document three types of inspection and assessment are the defined: the major inspection or “Hauptprüfung” (H), the ordinary inspection or “Einfache Prüfung” (E) and an inspection due to a special cause “Sonderprüfung” (S).
The first major inspection (H0) is executed after construction works are finished and the
second one is done right before the period of warranty expires. After that, major inspections
are executed periodically every 6 years. In this type of inspection all parts of a bridge are
checked to guarantee structural safety, transportation safety and durability. All inspections
have to be executed directly at the observed part, so in case of higher bridges or inaccessible
parts an appropriate vehicle has to be used for the inspection. Between the major inspections, after a period of three years, an ordinary inspection (E) has to be executed. This type
of inspection does not necessarily require the use of vehicles, because it is possible to observe parts as well from bigger distance. However, the results of the inspection H have to be
considered. So, if worsening of damage or new damage of a certain extent is detected, this
type of inspection can also be enlarged to the extent of a major inspection. If there is the
necessity for an additional inspection, for instance in case of an accident on or under the
bridge, an inspection S can be executed. The extent of this type of inspection is adapted and
defined in each case, however this type of inspection can never replace an inspection H or E
[77].
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For the structural recalculation the technical rule „Richtlinie zur Nachrechnung von
Straßenbrücken im Bestand (Nachrechnungsrichtlinie)“ [78] exists for the recalculation of
existing structures. Aim of this rule is, similar to the technical rule in Austria, to provide additional possibilities in for the validation of existing structures staying within the target reliability thresholds of the Eurocode 0 [35]. The validation is divided in four stages:
•
•
•
•

Validation with Eurocodes EN 1992 to EN 1994 and EN 1996. In the past validation
was also possible with DIN-Fachbericht 102 to 104 and DIN 1053 – 100
Additional rules for the validations of Stage 1
Validation considering measurements on the structure
Validation under consideration of scientific methods

3.3 Conservation management of the FIB Model Code 2010

The conservation management presented in the FIB Model Code for Concrete Structure
2010 (MC10) [4] in general focuses on life cycle management. That means that trough life
conservation planning, condition control and the recording of information are central in this
approach (see Figure 3.1).

The MC10 defines a condition survey as “activities performed to gather information regarding the form and nature of the structure, current of potential deterioration mechanisms
and/or change in performance of the structure or service conditions which are needed to
evaluate conformity with the design for actions and/or material and/or product properties”.
Further parts of condition control are the condition assessment which is basically defined as
the identification of the deterioration mechanism and the prediction of damage and the
condition evaluation, meaning an overall evaluation based on the design file or as built documentation, the results of an inspection and/or monitoring and the results of the condition
evaluation.
The conservation strategy and tactic is not predefined and has to be defined during the design stage. For existing structures, a preliminary strategy should be defined during the redesign stage. The three types of conservation strategies and respective tactics are the proactive conservation measures, the reactive conservation measures and the situations where
conservation activities are not feasible. Proactive means that deterioration is avoided or
minimized and damage is treated before becoming visible. Condition based conservation
implies the regular determination and evaluation of the structure and its components. If
there are parts on a structure where condition control, inspection and the application of
conservation measures is very difficult the third strategy can be chosen. However, before
this is defined a detailed judgement should be made regarding the consequences of failure
and the feasibility of condition control.
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Figure 3.1: Conservation Management: trough-life conservation process and recording of information [4]

The MC10 gives very clear instructions regarding the work flow of a condition survey, including the decision-making process. However, there are no recommendations for feasible
measurement methods and when to execute them. For the condition assessment, rather
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general expressions are made regarding the identification and prediction of the deterioration process.

The documentation of all activities set on a structure is recorded in the so-called “Service
Life File”. This file includes the “Birth Certificate” which is created after construction or, in
case of existing structures the “Re-Birth Certificate” which is made after a condition survey
and assessment. Further the conservation strategy, the tactic and the regime for condition
control, the results of inspection or monitoring actions and all intervention data are collected in the Service Life File.

3.4 Comparison of different approaches

In order to develop a procedure including the conservation, recalculation and evaluation of
the bearing capacity of existing structures a comparison of the different approaches shown
above was executed. In this section the abbreviations RVS for RVS 13.03.11, ONR for ONR
24008, DIN for DIN 1076, NRR for “Nachrechungsrichtlinie” and MC10 for the FIB Model
Code for Concrete Structures are used.
Strategy

In the RVS and DIN predetermined intervals are given. Intervals for different types of routine inspections are defined too. The intervals may be shortened in case of poor condition.

In the MC10 a strategy is not predetermined. However, at the beginning of the condition
control a strategy is chosen (proactive, reactive or no maintenance). This includes the definition of type and frequency of conservation activity.
Visual inspection

In the RVS for every component a description on what to focus on is given.
The DIN mentions that all parts have to be inspected.

The MC10 only mentions that a visual inspection is typically part of a condition survey.
Preliminary calculations of deterioration

This is only part of the MC10. National regulations do not mention predictive calculations at
all.
Preparation

The RVS demands a study of the results of prior inspections and of construction plans. The
accessibility of all parts has to be provided (including an appropriate vehicle if necessary).
Additionally, sufficient light and cleanness have to be ensured.
Similarly, the DIN demands a study of inspection results and construction plans and the accessibility of all parts has to be provided too (including an appropriate vehicle if necessary).
58

Framework for condition control of deteriorating RC structures

For a recalculation, the ONR requires the availability of the real dimensions, materials and
damages of the structure. Instructions on how to measure or obtain input variables are given.
The NRR mentions that all type of relevant data of the construction, of inspections and possible prior recalculations has to be studied and used in the investigation.
Inspection Tools and Measurement Procedures

The RVS includes a list of tools that may be used in a Checking (Kontrolle) or Assessment
(Prüfung). This includes tools for the determination of crack width, measurement tools for
the determination of dimensions, markers, a camera, hammers in order to check the concrete surface acoustically. Additional to those “traditional” tools as well rebound hammers,
surface thermometers and rebar detection systems may be used. For the case of a detail
investigation a list of rather common measurement methods is given, however, of course as
well other methods may be used.
For visual inspection type routine controls and detail investigation the DIN shows similar
lists of tools and measurement techniques than the RVS.
The MC10 provides only general information in this respect, mentioning that the tools have
to be chosen in accordance to the environment, the likelihood of certain damage and the
importance of the structure.

Semi probabilistic recalculation

The RVS recommends a semi probabilistic recalculation at Stage 1 which is based on current
standards, at Stage 2 the same recalculation may be executed under defined circumstances
with lowered partial safety factors.

Similarly, the NRR recommends at Stage 1 a recalculation based on current standards, at
Stage 2 a semi probabilistic recalculation with additional regulations is possible.
As mentioned before the MC10 does not include any recommendation for structural recalculation.
Proof loading

The ONR mentions proof loading as feasible method in cases where a computational evaluation of the bearing capacity was not possible, a reasonable suspicion for a positive result of
an experimental evaluation of the bearing capacity is however expected.
In the NRR a proof loading may be executed in the course of Stage 3.
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Probabilistic recalculation

In the ONR Stage 3 is a probabilistic recalculation. However, only a short and rather general
description is given mentioning that input parameters of both the resistance and stress side
may be extracted from the JCSS Model code or assessed by measurements
In contrast the NRR mentions only that under certain circumstances scientific methods (including probabilistic methods) may be used.
Monitoring

The RVS explains that monitoring may be used for the determination of the reliability of a
structure. No monitoring methods or details on how to reach this goal are mentioned however.

In the ONR monitoring may be used during Stage 4 in combination with an alarm system in
case of exceedance of certain thresholds.
The DIN and NRR mention only that monitoring may be used under certain circumstances
and as compensating method.

In the MC10 monitoring may be used in the course of a condition survey. No details or
methods are listed, however it is mentioned that any kind of surveys, inspections, testing or
condition monitoring have to be carried out from an early stage in the service life of a structure.
Documentation

In the RVS the report consists of a rating for each component based on a list of descriptions
of damages is given. The rating on structural level is assigned in the same way, however this
rating is not calculated on basis of the component ratings. Additionally, the report has to
include possible traffic restrictions a list of damages and its causes, the change of damages
since last inspection, if emergency measures are required, the requirement of maintenance
measures including a date of the start of execution, special instructions and information for
future inspections, the need of a detailed investigation, the need of structural recalculation
and the year of the next inspection.

The documentation procedure for structures within the network of federal and state roads
in Germany is quite different. The evaluation is executed with the help of the program “SIBBauwerke”. This program is fed with all information including photos etc. gained in the inspection. Based on this information a rating is calculated. For structures within other networks an inspection report with similar requirements than in Austria has to be generated.
In case of recalculation the ONR only mentions that the documentation has to show clearly
in a comparison the resistance side including modeling, the stress side and the safety concept.
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In contrast the NRR gives very clear and detailed instructions on how a recalculation has to
be documented. This includes reports of on-site visits, all type of documentation regarding
the current condition, structural verifications (including material properties, the structural
system and load cases). It is also defined how and where the documentation has to be archived.

Documentation is very important in the MC10. At the beginning of the conservation management (for both new and existing structures) a service life file has to be established. This
document includes all relevant construction, survey and assessment data. To allow effective
and efficient life cycle management, the conservation records must be kept and preserved
for future reference in the service-life as long as the structure is in service.

3.5 General procedure

The presented procedure is an attempt to combine the approach presented in the FIB Model
Code for Concrete Structures 2010 (MC10) [4] with the current standards for bridge
maintenance and recalculation in of Austria and Germany. The basic procedure is strongly
connected to the general flow of a condition survey presented by the MC10. However, it is
attempted to include the requirements of currently valid national codes. In addition, this
procedure should include a procedure for probabilistic assessment too since this is frequently necessary in recalculation but no such procedures are included in current codes so
far.
In general, the procedure (Figure 3.2) is divided in three phases or stages. In the first phase
(see Figure 3.3) a general overview of the structure including its general condition and
problems should be gained. For this purpose, a visual inspection has to be executed. If in this
initial process problems were detected Phase II, a detailed condition survey and assessment
has to be executed in order to gain knowledge regarding the deterioration process and the
structural safety. This information is then used in the intervention planning in Phase III.
3.5.1

Phase I

Generally, Phase I is executed by personnel qualified doing visual inspection (PVI). If a person has the ability to inspect a certain a building with a given span and complexity depends
on the level of training and education the person has. In Austria for instance bridges of
spans bigger 20 m require good knowledge in structural analysis.
Before Phase I can start PVI has to assure: (a) That plans are prepared in a way that allows
the notation of all damages including type of damage, its extent and the name or number of
the corresponding photo at the place the damage occurs, deviations of the geometry to the
specification in the plan. (b) That all the equipment, vehicles and permissions needed for
proper inspection are available. (c) That the structure is sufficiently clean, free of vegetation
and that all covers are removed in order to allow a proper inspection of all parts. (d)That
documents that give information regarding existing damages, its extent and development
and possibly existing monitoring data are available.
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Figure 3.2: General procedure of the condition survey and assessment including intervention procedure

Generally, Phase I can refer to an initial and a routine survey and assessment. In both cases
concrete and reinforced concrete structures should be examined for cracks, imperfections,
voids, spalled concrete, leached areas, rust strains and wet areas. Further it should be
checked if there are signs that indicate an insufficient protection against reinforcement corrosion or if there are signs that show that the corrosion process has already started. Additionally, in case of a prestressed concrete, the structure has to be checked on cracks parallel
to tendons [74]. In terms of deterioration due to FT and reinforcement corrosion it is very
important to focus on the impermeability of expansion joints, edge beams, the sealing of the
pavement and drainages since decay of reinforced concrete very often starts with the availability of water. However, in case of an initial inspection it is important to use appropriate
tools and techniques to specify whether the structure is adequately constructed and a documentation of the as-built or repaired status has to be made. In case of a routine inspection
or survey it is important to focus additionally on changes of damages, the documentation of
the first appearance and indications of deterioration.
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Figure 3.3: Procedure in Phase I

Tools for the execution of the visual inspection consist basically of tools for the determination of crack width, measurement tools for the determination of dimensions, markers, a
camera, hammers to check the concrete surface acoustically. Additional to those “traditional” tools as well a rebound hammer, a surface thermometer and a rebar detection system
may be used. Of very high importance is the usage of the priory prepared plans for the documentation of all damages including their type, extent and location. In case of an initial survey equipment for measurements regarding dimensions, the determination of the concrete
cover thickness or other tools to detect workmanship issues are very important.
If until now big damages or damages of unknown extent that could have influence on the
structural safety were found, emergency measures have to be undertaken.

In order to get a feeling of the risk and initiation time of deterioration it is recommended to
execute a rather general calculation of the future deterioration already in this early state of
the survey (e.g. corrosion initiation due to carbonization, etc.). In case of expected corrosion
due to chlorides or carbonation the usage widely accepted approaches such as the equations
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of DuraCrete or the MC10 shown in chapter 2.2.3.1 and 2.2.3.2 respectively are recommended. If damages due to FT action were detected the models of Fagerlund shown in chapter
2.1.3.1 can be used, however the prediction of damage due to FT action is rather problematic because the instructions for the usage of the existing models are sometimes imprecise.
This measure should help to get a better understanding of possible future problems and
should provide the possibility to maintain concrete before damage that weakens the structure occurs. If the estimation of deterioration was done already during a previous investigation, the calculation including its input parameters should be updated. At this stage the subjectivity of the PVI may be considered using the approach of Braml [1]. Based on the results
of two studies that compared the ratings assigned by different experienced PVIs for the
same structures Braml introduces factors for the consideration of such uncertainties.
Phase I is carried out regularly as long as no major damage is detected, however the first
time a bridge is inspected using this procedure the inspection regime should be finalized as
well.

The last step in Phase I is of course the documentation of all information gained in this process in the “Service Life File” or in case of an initial inspection/survey in the “As-Built Documentation”.
3.5.2

Phase II

If the damage detected exceeds an acceptable level or if deterioration of unknown extent is
suspected a detailed investigation as shown in Figure 3.4 (Phase II) has to be conducted.
Phase II is carried out as well in cases where the Phase I could not provide the information
required in order to assure safety. Phase two can be divided in two parts: (a) the detailed
condition survey and (b) the condition assessment. However, at the beginning of the verification in Phase II the reliability level has to be determined by the owner of the structure.
3.5.2.1 Condition survey in Phase II

In order to collect all the needed data a certain workflow of 4 steps is recommended. The
sequence of the steps is of big importance because later steps presuppose information from
the first steps.
First encounter at structure

The operator, PVI and personnel qualified for detailed investigation (PDI) meet at the structure. A discussion on problems, singularities and general structural problems that are
known so far should be held in a rather free form.
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Figure 3.4: Procedure in Phase II
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Review of archived documents and in-situ verification of the most important geometries

PDI browse the archived documents for important information such as (a) planning or constructional plans for the understanding of the structural system and geometry (b) general
information like the age of the structure, material properties (cement type, water/binder
ratio, additives, compressive strength, concrete cover thickness, type of steel, etc.) and environmental information (exposure class, exposure to water, exposure to chlorides, relative
humidity and temperature) (c) structural calculations (d) information regarding past
maintenance or repair measures (properties of the repair material, surface area of repair,
microclimate, local hot-spots due to bad workmanship, concrete cover of the repaired areas,
nature and extent of damage, cause of damage, etc.) and (e) information of previous inspections and measurements (Information regarding the development of damages and preparation of a chronology of those (e.g. since when does the damage of a draining part cause wetting of a structural part), results of measurements that can be used in a new assessment
again or that can be used in an Bayesian updating). Additionally, the most important distances of the geometry should be verified on the structure.
Encounter in order to determine the measurement procedure

Before this meetup can start PDI have to study the preliminary results of Phase I and Phase
II and define (a) which deterioration models could be used for the analysis and what input
parameters have to be measured for their application, (b) what are possible measurement
procedures and where should these measurements be executed and (c) what would be the
effect of the choice of the Level on the scatter and accuracy of the result?
In chapter 2.1.3 and 2.2.3 empirical deterioration models for reinforcement corrosion and
FT action are listed.
In Annex A short descriptions for the most common detail investigation methods are given.
At the end of the chapter recommendations for the order of the execution of measurements
are given. Not included are measurement methods for permanent monitoring.

After all these preparations are done a meeting of the Operator, PVI and PDI can take place
in order to determine the measurement procedure.
Execution of all measurements and illustration of the results

PDI have to make the last detail planning regarding the measurements, execute the measurements and illustrate them in an easily understandable way. Important points that should
be considered are:
•
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The order of measurements can be of importance (see chapter A.12)(e.g. potential
mapping results can be of big importance for the determination of the spots for the
extraction of drilling dust for the determination of the chloride content in different
depth or for the location of the carbonation front)
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•

Illustrations should be made as clear as possible (e.g. spatial measurements should
be displayed on a plan to get a clear view were the measurements were made, material properties should be summed up in histograms etc.).

3.5.2.2 Condition assessment and evaluation in Phase II

Amongst others, detected damage such as cracks, deformations, corrosion etc. can raise the
necessity to test the load bearing capacity of an existing structure with the help of numerical
methods.

In difference to the structural calculations executed in the planning stage of a structure the
recalculation of an existing structure requires a much more realistic modeling of the bearing
behavior, better accuracy and higher demands of the standards. Generally, all verifications
regarding loads, resistances and safety concepts have to be made in accordance to the valid
standard or regulation catalogue. Deviations must be justified, however, this raises the possibility as well to activate load reserves not present in the original structural calculations.
For the assessment the following steps in this chapter should be executed in the proposed
order.
Evaluation and prediction of deterioration process (Durability)

In order to assess the current or the future deterioration and structural reliability state the
deterioration calculation may be executed with the updated input data of the condition survey. Probabilistic calculations of the deterioration status and prediction may be executed
different ways. Generally, since the number of input parameters in many deterioration models is quite high a probabilistic assessment is recommended. This probabilistic assessment
can be done for a certain point or for a certain area or space. If the future deterioration is
assessed for a specific point on the structure usually it has to be assumed that deterioration
will be the same for the entire structure or at least an entire part. However, in many cases
the severity of deterioration is distributed very inhomogeneous so the effect of this inhomogeneity may be of interest. Modeling the spatial variability of model parameters gives one
the ability not only to quantify the probability of degradation but the extent of damage as
well. Thus, the second way of sampling is recommended in cases of using measurement data
that was obtained spatially. Apart of getting a better picture of the current and future deterioration status by observing it considering its spatial variations, using this information may
be helpful as well in the FE simulation since many hard to answer questions regarding the
use of values may be avoided.
Multilevel approach – Recalculation of the residual bearing capacity with semiprobabilistic safety concept (SLS, ULS)

In general, a multi-level approach for the assessment of the load-bearing capacity, as shown
in second half of Figure 3.4, is recommended. Recalculation with semi-probabilistic safety
concept serves as classification per the current standards. In case of the EN19xx series, that
means that the verification of the semi-probabilistic safety concept with unchanged partial
safety factors has to be met.
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According to the Austrian standard ONR 24008 [75] it is even possible to execute a semiprobabilistic recalculation according to the current standard with lowered partial safety
factors if the prerequisites for the remaining lifetime (i.e. the true dimensions of the structure have to be used) are met.
The MC10 provides three different methods for the determination of the design resistance:
(a) The global resistance factor method, (b) the partial resistance factor method and (c) the
estimate of the coefficient of variation.
If the verifications could not be met until now a probabilistic assessment should be executed.
Verification of critical limit state and target reliability

Before the assessment procedure can commence the critical limit states for the load-bearing
capacity assessment have to be defined in a deterministic analysis for the definition of the
critical limit state [79]. Then, the target reliability level •e for the probabilistic analysis is
defined. This has to be done in accordance to relevant standards. Indications for how to select the target reliability level •e and limit state verifications are shown in chapter 5.5.1 and
5.5.2 respectively.

Stochastic modelling of basic variables and repeated deterministic analysis

In the next step of the probabilistic assessment a stochastic modelling of all input variables
(see chapter 5.3.4) is executed. If there is a need for the consideration of spatial variability
or if spatial variant measurement data is available, the analysis should be executed considering this information using concepts of spatial correlation. This recommendation is given
because it is usually not clear which values to take of a spatial invariant measurement in
case of a uniform model. In such a case, it would not be clear if using the worst measured
value (or a certain quantile value) for the entire structure would provide realistic results, or
how big an area of “bad” measurement values would have to be to show an effect on the
entire structure. Statistical parameters of the distributions can be obtained from the JCSSModel Code [80], construction documents, structural calculations and measurement data
[75]. After all input data sets are created a repeated deterministic analysis for all generated
models is executed.
Calculation of the probability of failure NR and the reliability index Ò

The results the repeated deterministic calculation can then be used to assess different types
of probability of failure for different types of limit states. Possible probabilities of interest
might be the probability of reaching the serviceability limit state or the probability of reaching the ultimate limit state. Limits and definitions of ULS and SLS as well as thresholds of the
probability of failure pS and the reliability index • are available in section 5.5.1 and 5.5.2.
If the result of this analysis is that the probability of failure is smaller than the target level a
judgement regarding the necessity of a change of the future observation routine or possibly
necessary intervention has to be rendered. If the result of the investigation in Phase II is that

68

Framework for condition control of deteriorating RC structures

no risk is suspected due to the damage or the detected and predicted deterioration, routine
periodic inspections can be executed in the prior defined time steps. However, even if the
target reliability is not exceeded, it might be necessary to perform an intervention to restore
an initial condition, stop a deterioration process, etc. In other situations, a change the observation routine or the installation a permanent monitoring might be interesting in order to
maintain a structure in service for a certain period of time in order to coordinate maintenance measures on the examined route. In either case, all gained information and taken decisions have to be documented in the Service Life File.
Proof loading

In some cases, it can be helpful to execute a proof loading in order to verify the executed
calculations. This is as well thinkable after a semi-probabilistic recalculation. Second, proof
loading may be executed in exceptional cases where reasons to suspect that verification may
be reached with the help of such measure are given, even though calculative verification was
not possible.

Generally, proof loading may not harm the structure, thus loads are within the SLS. For details regarding the execution the regarding technical rule of the DAfStb [81] can be consulted.
Documentation in Service Life File

Generally, all relevant information of every step of the procedure should be documented in
the Service Life File. Thus, it should include:
•
•
•
•
•
•

A summary of relevant information from the review of documents
The types of deterioration mechanisms and its causes
All measurement results of the condition survey
Deterioration calculations
Recalculation with semi-probabilistic approach
Documentation of nonlinear probabilistic analysis
o Specification of the objective of the analysis, the type of the analysis and the
used software (incl. version)
o Illustration of the model preparation including the consistency of units, the
material models and parameters, the type and number of elements and a description and plot of boundary conditions and loading. If there is any other
important information or data for reanalyzing this has to be documented as
well.
o Log files created by the program in the analysis should be saved as well.

3.5.3

Phase III

If the result of the reliability analysis is that the requested safety level, which was defined
and verified in Phase II, is not achieved any more, a decision regarding the consequence of
failure and the type of intervention has to be made. Possible interventions reach from
changing the inspection interval to demolition and reconstruction. Possible reasons for not
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doing any maintenance works or reconstruction might be that a structure is expected to
have failure with notice and the structure did not show so far, any irregularities in its load
bearing behavior. In such a case the reduction of the reliability level can be compensated by
a permanent monitoring or routine inspections in short intervals. In Cases where the reliability index is below the target level only by little, a similar decision might be taken if there
is the risk that repair works harm the structure (e.g. due to vibrations or diminution of the
cross section)[75].
However, maintenance measures are not within the scope of this thesis. Information regarding this topic can be found in [33], [82], [83], [84], etc.

3.6 Discussion

This chapter tries to draw a general image of the conservation of concrete structures. For
reaching this goal existing technical rules and standards were studied and compared. On
basis of these documents it was intended to develop a framework that explains the conservation management step by step ranging from the documentation of the “as-built” status to
possible actions in cases where the required reliability of the structure cannot be validated
any more, including procedures for inspection and recalculation.

At the beginning of the framework issues that are not part of national standards and technical rules but that are very important in the conservation management of the MC10 are
considered. This is the documentation of the is-built status of the structure in order to be
able to observe changes in a traceable way. The second issue of this kind is the calculation of
the future deterioration of the structure. This is recommended to act in a timely and costeffective manner. Additionally, this may be important information in the process of determination of inspection intervals. This is as well important for the determination of a
maintenance strategy. Due to this approach the proposed intervals of both Austria and Germany are not used. Further issues that are not included in the MC10 like details regarding
inspections or recalculations are included in the framework too. Regarding inspections, it
was intended to mention important and established measurement methods and tools.

If there are uncertainties regarding the bearing capacity due to the current condition of the
structure a detailed inspection or in some cases even a recalculation must be performed. In
the framework recommendations on measurement methods and the order of execution of
measurement methods are made (see Annex A). Additionally, procedures for the execution
of recalculations are presented. These recommendations basically are geared to the national
technical rules for recalculations. However, they include at some points as well additional
literature. A major difference between the Austrian and the German recommendations is
here that in Germany proof loadings are recommended during the so-called “Stage 3” while
in Austria no recommendation on when to execute a proof loading is given. In the course of
this framework recalculations are only recommended when reasons to suspect that verification may be reached with the help of such measure is given. On the other hand, a clear procedure on how to perform a probabilistic assessment is proposed which is currently not the
case neither in national technical rules for recalculation nor in the MC10.
70

Framework for performance indicator based bridge assessment based on literature review

4 Framework for performance indicator based bridge assessment
based on literature review

In recent years, the concept of performance indicators emerged. The main reason for such
type of analysis is the simplification of communication between consultants, operators and
owners. Though, large deviations continue to exist on how these indicators are obtained,
thus effort is needed in order to get standardized procedures. Quality Control (QC) plans
should always address the assessed performance indicators (PI) and pre-specified goals.
However, these latter values are even more difficult to obtain as they are highly subjective
[85].
An overview of the current measuring approaches and methods along with the most critical
aspects of bridge performance is given in the report by [86]. In addition, an overview of
bridge performance measures in relation to the goals of bridge projects is available in [87].
In chapter B.1 a list of definitions of terms of interest for this chapter and definitions of PIs
is given. Some of these PIs are currently fully operational used by operators, while others
are still in progress to be adopted. In chapter 4.1 an overview of the COST Action TU1406 is
given since the database of this approach served in the development of the approach developed in chapter 4.3. Due to the same reason an existing rating system used in Austria is presented in chapter 4.2.

4.1 Background

In order to develop a guideline for the establishment of QC plans in roadway bridges COST
Action TU1406 was established. A guideline on how to assess PIs and Performance goals is
developed by integrating the most recent knowledge on performance assessment procedures with the adoption of specific goals [88] [89]. The assessment of PIs will take into account the list (chapter 4.1) mainly developed in the US. The aim is however to update and
adopt the list to the current state of the art on bridge PIs available and used in Europe.
4.1.1

Objectives

On basis of the issues above, the objectives of the COST Action TU1406 were defined as:

1. The main objective is to develop, for the first time in Europe, a guideline for the establishment of QC plans for roadway bridges at a European level. European economic and societal needs should be met by standardizing the condition assessment and
maintenance level of roadway bridges.
2. The possibility of including new indicators related to sustainable performance of
roadway bridges as well as research performance indicators which are still in the
process of definition, analysis and checking is analyzed. Further, recommendations
for the assessment of PIs and performance goals are given in a similar way as for the
other indicators. Finally, this information should be used in the development of a
guideline.
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For the future implementation in European countries a performance indicator data base for
Europe with flexibility to accommodate country-specific requirements is developed. This
goal is reached by execution of the following partial objectives [88] [89]:
1. Systematization of existing QC of bridges on a European level. This should be part of
a state-of-art report which includes performance indicators and goals.
2. Collection and contribution of up-to-date knowledge on technical, environmental,
economic and social performance indicators.
3. Establishment of quality specifications by defining performance goals in order to assure performance levels.
4. Development of examples for practicing engineers on the assessment of performance indicators and the establishment of performance goals.
5. Creation of a database of PI values and their respective goals for the COST countries.

4.1.2

Screening process

On basis of the main objectives a technical survey focusing on the current practice in quality
specifications of roadway bridges and the enhancement of them. In the next step, PIs in use
by highway agencies and PIs in development were reviewed.

Further, for the establishment of a standardized procedure for the assessment of PIs and
performance goals a network of experts was formed. This network included persons from
stakeholders (e.g. universities, institutes, operators, consultants and owners) and from various scientific disciplines (e.g. on-site testing, visual inspection, structural engineering, sustainability, etc.). This network decided to start a survey taking a closer look on available
guidelines and documents currently used by roadway bridge owners and operators in Europe.
4.1.3

First survey phase

For the first survey phase a questionnaire with predefined PIs was arranged. The following
widely agreed performance goals served for the definition. That means that any bridge
should be safe, functional (serviceable), available (to the user), cheap (looking at the total
life-cycle cost) and environmentally friendly. These goals lead to the following possible PIs
[1].
•
•
•

•

•
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Regarding the safety goal: the load factor, the safety factor, and the reliability index
to ULS;
Regarding the serviceability goal: the condition index, and the reliability index to
SLS;
Regarding the availability goal: robustness (the bridge should be minimally affected
by external conditions not specifically foreseen during design), and resilience (the
bridge should be quickly recovered from any undesired disruption);
Regarding the goal of being cheap: the total life-cycle cost, and the durability aspects
values (a more durable bridge will be a cheaper bridge to maintain), such as the diffusivity coefficient of chlorides in concrete, and the permeability of concrete cover;
Regarding the goal of being environmentally friendly: CO2 foot-print.
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Findings and important aspects connected to this first PI survey process [90] [91] can be
summed up as:
•

•

Questions in the questionnaire as well as relevant parts of documents should be
transferred in both the original language and in English. This is important since the
different interpretation or wording in a translation could lead to different results
and because of avoiding subjectivity in some way.
To propose enhancements to the existing practice of assessment two types of documents are asked for: operator documents (currently in use by the different Agencies
in the form of guidelines or recommendations); and research documents.

4.1.4

Second survey phase

On basis of the findings of the first survey stage it was decided to carry out a systematic
screening on practical national inspection and evaluation documents, and on research documents to discover in a comprehensive way the use of PI, performance goals and performance thresholds.
The development of a performance indicators database has been defined as an essential
component of COST TU1406. The core information asked in the survey process for obtaining
performance indicators and corresponding key performance indicators (KPI) is given in
Figure 4.1. Countries involved in this process should choose in advance the relevant documents (e.g. inspection, evaluation, research etc.) from which the PIs, and related information, are going to be extracted.

Figure 4.1: Information asked in the second survey phase

4.1.5

Homogenization process

After the described collecting process, it was concluded that results are partly heterogeneous with numerous overlaps. This mainly results from a free interpretation leeway and different know-how of experts in visual inspections, performance evaluation, performance
assessment and decision making. So, a critical overview of the country specific contributions, regarding the content and definitions, was necessary. Accordingly, the nominated per73
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sons from each country, were asked again to verify their performance and damage specific
inputs, by comparing them with the homogenized and categorized terms of the document
“Indicators & Goals” [85].
4.1.6

Results of the first investigation stage

The survey and collecting of terms related with PIs from aforementioned documents of different countries resulted in a list of more than 700 terms. Clustering and homogenization
lead to a shorter list of 385 terms, grouped in 11 clusters (see Annex B.2).

Assuming not all the 385 terms can be considered as PIs a new categorization of the terms
was developed, resulting in 8 categories. Performance Indicators, Damage Processes, Observations, Other Data, Non-Interceptable Processes, Combined Performance Indicator, Performance Indicators-Redundant and Damage Processes-Redundant. The distribution of the
385 PI related terms through the 8 categories defined is shown in Table 2 [92].
Table 11: Categorization of PI related terms [92]

Categories
Performance Indicator
Performance Indicator - Redundant
Damage Process
Damage Process - Redundant
Observation
Other Data
Non-Interceptable Processes
Combined PI

4.1.7

Number of PI related Terms
17
7
27
13
245
33
16
27

From performance indicator to key performance indicator

The TU1406 community agreed, that PI is a measurable and quantifiable parameter related
to the bridge performance. A PI must be comparable with a target values of a performance
goal. This further may be used for ranking purposes or in lifecycle management. In the evaluation of PIs, performance thresholds or criteria are needed. Such limits may represent a
boundary in the course of monitoring (e.g. an effect is observed or not), assessing (e.g. an
effect is low of high) or in decision-making (e.g. an effect is critical or not).
Further reduction of the number of PIs was done by expert groups. After detecting PIs in the
homogenized list they had to answer if the selected terms are: Measurable?; Quantifiable?;
Target value available?; Valid for ranking?; Allow decision with economic implications?.
Next, these terms had to be assigned to their corresponding Key Performance Indicators
(KPI). KPIs are: Reliability (R), Availability (A), Maintainability (M), Safety (S), Security (Se),
Environment (E), Costs (C), Health (H), Politics (P), Rating/Inspection (I). Further the process required the categorization of PIs in relation to PG and Performance Thresholds (PT) at
different levels: component (CL), system (SL), network (NL); taking into account different
aspects: technical, sustainability and socio-economic [85].
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4.2 Description of a rating system

For the development of the performance indicator based assessment framework a functioning and in various occasions used rating framework developed by Wenzel et al. presented in
[93] as part of the IRIS project is used as basis for the development of the new PI based system.
In general, there are several advantages and disadvantages regarding the usage of a rating
system where the calculation structure of a rating is clearly defined in comparison to the
relatively fee way of rating where indications and recommendations lead to a rating like in
the proposed by the RVS 13.03.11 [74] which is commonly used in Austria. The most important advantage is of course the regularized and standardized calculation of a rating. This
allows a much better comparison of ratings of both each part and the entire structure (overall rating). Additionally, such a rating system may give very clear indications on which parts
and damages to focus on, so this in combination with a good and comprehensive documentation the risk of poor inspection is minimized. Critical voices however do always pronounce
that the usage of such rating systems may probably not account on problems that are not
foreseen in the rating system, further usually it is mentioned that such rating systems take
away some responsibility of the inspecting engineer. So, the fear is that such standardized
rating systems may lead to a decrease of safety. Furthermore, conflicts may rise since personal experience of the inspecting engineers cannot be considered.
Regarding the rating system of Wenzel et al. presented in [93] (see Figure 4.2)a number of
specific problems were detected. These problems will be shown in the following explication
of the functionality of the rating system.
4.2.1

Functionality of the rating system

Generally, the system is applicable for different types of bridges including concrete, reinforced concrete, posttensioned concrete, steel, composite and masonry constructions. In the
rating system, each damage type has a defined weighting G (for the German term “Gewicht”)
with values from 1 for minor importance to 5 for very high importance.
The severity of each damage is assessed by evaluating values for the variable W (for the
German term “Ausmaß”) for the extent or area and values for the variable Ë for the intensity.
For each point in the schema definitions on how to assign a and i are given. In Table 12 values and definitions for W and Ë in case of cracks due to strain are exemplarily shown. The
value „ which is later used for the calculation of the rating of a single part is calculated with:
„ =É⋅W⋅Ë

(4.1)

75

Framework for performance indicator based bridge assessment based on literature review
Table 12: Values for . and , in case of cracks due to strain Wenzel et al. in [93]

Value

Definition

.

Value

Definition

,

0.50

if cracks are infrequent

0.50

for small crack width (< 0,4 mm)
and no humidity

1.00

if cracks are very common and crack
pattern is fully formed

0.85

for crack width <0.6 mm, rust strains,
efflorescence along the cracks

0.80

if cracks are common

0.70
1.00

for crack width between 0.4 mm and
0,6 mm and no humidity

for crack width Œ 0.6 mm, or rusts
trains that recently appeared, efflorescence or water flow out of cracks

So, the value of „ is not a grade or ranking of a single damage but only a value corresponding to the severity and importance of a damage. To calculate the ranking of a structural part
first the sum of „ has to be calculated. This value is than compared to empirical values for
the change of a certain rating (see Table 13). Equally to the standard RVS 13.03.11 [74], a
rating of 1 is given if no or minimal damages are detected and no influence on serviceability
or durability are expected. 2 is assigned for small damages that are not getting worse, in the
course of maintenance, repair of these damages is however recommended. Damages of medium severity and damages that are showing signs of progression are rated with 3. These
damages should be repaired in the medium term. The rating of 4 stands for severe damage
that has to be repaired short term. If damages are detected that cause a limitation of the
bearing capacity and need to be repaired or renewed immediately the rating 5 is assigned.
Table 13: Empirical values for the assignment of a rating to a calculated value • in Wenzel et al.’s rating system.

Substructure
Superstructure
Bearings
Expansion joints
Pavement
Waterproofing
Sidebars
Other parts
Overall condition

1 if ≤
0
0
0
0
0
0
0
0
3

2 if <
2.5
3.5
2.5
2.5
0.9
0.4
0.5
0.9
8

3 if <
5.5
7.5
5
3.8
1.3
0.7
1.5
1.3
15

4 if <
10
20
10
4.8
1.8
0.9
3
1.8
25

For the calculation of the overall rating an additional weighting, called “Factor” (see Table
14 and Figure 4.2), for each part Ë is introduced. The value „ for the entire structure „e…e is
calculated with:
„e…e = Ê(•W˜hëqŠ ⋅ „Š )
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The rating is then assigned in the same way as for each part Ë, using the values for the overall condition of a structure in Table 13.
4.2.2

Problems and behavior

Besides the general pros and cons mentioned initially, some more specific problems were
detected checking the functionality of the rating system. For instance, is the effect on the
rating of many relatively small damages in many cases bigger than the effect one severe
damage would have. Taking a closer look on the weights and empirical values for the assignment of a ranking of the side bars, it becomes obvious that in case of having the worst
possible damage, the ranking for side bars would still not be 5.
The fact that the overall rating depends on both the •W˜hëq and the value „, which is a system of double weighing, leads to several problems. Checking Table 13 and Table 14 shows
that a structure that gets grades of 2 for all parts will have an overall rating of 3 and a structure that gets ratings of 3 for all parts could even get a 5 as overall rating. Realistically, it is
possible for instance to get a rating of 3 for sub- and superstructure and ratings of 1 and 2
for all other parts but the overall rating is 4. This is illogical and should be impossible.
Table 14: Influence of the condition of a part on the overall rating at the change of a rating in [%] and of the multiplying variable •.ÓP-Ö in Wenzel et al.’s rating system.

Change of Rating
Substructure
Superstructure
Bearings
Expansion joints
Pavement
Waterproofing
Sidebars
Other parts

2-3

25.0
56.9
40.6
31.3
11.3
5.0
3.1
3.4

3-4

29.3
65.0
43.3
25.3
8.7
4.7
5.0
2.6

4-5

32.0
104.0
52.0
19.2
7.2
3.6
6.0
2.2

•.ÓP-Ö
0.8
1.3
1.3
1
1
1
0.5
0.3

Problems may arise as well due to the fact that the rating system is applicable for such a
high number of different types of structures. A highly corroded reinforced concrete superstructure without steel parts for example, which has already visible cracks from strain are
the ranking still would be 4 (with a value of 13.64 which is still far from getting a rating of 5
at a value of 20).
Another problem gets obvious taking a closer look on Table 14. This table shows the influence that the rating of a part has on the overall ranking, taking the multiplying variable
•W˜hëq into account. It shows that the influence the superstructure is bigger 100% (104 %).
Or in other words, if the rating of the superstructure is a 4 due to a value „ = 19.5, the overall rating of the structure without any damage on any other part would be 5.
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Figure 4.2: Rating system developed by Wenzel et. al. and Vienna Consulting Engineers (VCE)
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4.3 Performance indicator based approach for bridges

In this chapter the development of a performance indicator based rating system is explained. In contrast to existing rating systems, the diverse manners a bridge effects its users
and its environment should be considered too in this approach. So, the idea is to get KPIs
that give information regarding safety, reliability, security, availability, maintainability,
costs, impact on environment, health and politics. Additionally, the system should work on
the CL, SL and NL.

Another very important objective is that the system works for all types of bridges and its
possible problems and forms of decay. To accomplish this goal, the catalogue of performance indicator related terms by COST Action TU1406 project is used (Chapter 4.1). The
idea is to merge this list, the rating system described above and the basic ideas for an PI
based assessment. It can occur of course that some PI related terms may not relate to any
point in the structure of the rating system, thus completely new sections may be created.
This is of special importance for the SL and NL since the existing rating system is basically
works on CL.
The third goal is avoiding the problems of the rating system described in section 4.2.2. So,
the type of bridge should not influence the rating. It should not be possible that rather small
damages with an average rating cause a worse overall rating. Problems like the impossibility
of getting a rating of 5 even if the part is completely damaged should not be possible either.
So, ratings will be always made on basis of equation (4.3).
The system should be capable of including information of different depth of investigation.
That means that information obtained in a visual inspection may be used as well as information from a detailed measurement or the result of a calculation.
4.3.1

Assignment of PI related terms to the rating system

In order to understand how the assignment is done it is important to understand which
types of terms do appear in the list “PI related terms” and what they are referring to. So first
all PI related terms were assigned to one of the following categories:
•

•
•

•

Processes
o Damage process (e.g. corrosion, erosion, acid attack, etc.)
o Other time depended processes (e.g. ageing of material, settlement, etc.)
Performance indicating observations. That means secondary effects like damages
due to a damaging process or exterior impact (e.g. cracks, spalling, etc.).
General condition observations. This category relates to terms characterizing nonchanging conditions that are somehow limiting or connoted negatively (transversal
inclination, inadequate clearance, etc.).
General terms related to performance. This category includes terms that refer to the
planning stage, dimensions or other unbiased expressions (e.g. concrete cover, material characteristics, etc.)
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•
•
•

Intensities, magnitudes, extents (e.g. erosion magnitude, crack width, damage degree, Accessibility to damage, etc.)
Terms related to weighting (e.g. importance of bridge element or importance of
bridge, etc.)
Terms related to assessment. This category should include terms that are related to
rating, detail analysis, modelling (e.g. rating, reliability, vulnerability, probability of
failure, etc.)

Table 15: Result of the categorization of PI related terms

Damage process
Other time depended process
Performance indicating observation
General condition observation
General term related to performance
Intensities, magnitudes, extents
Related to weighting
Related to assessment

DP
OP
PI
GO
RP
IE
WE
AS

57
11
178
23
28
29
5
22

The result of this categorization is shown in Table 15. However not all expressions could be
included. For instance, the complete list of terms related to sudden events was not included
since this has to be part of the load model. Thus, these expressions may be included in the PI
based assessment indirectly if the results of a risk analysis, vulnerability analysis or reliability analysis are considered. Some other expressions were not categorized due to the fact
that their meaning was not clear or since the term did not fit to any category.

As mentioned initially the new rating system should be able to capture the condition of a
bridge on the CL, SL and NL. Most of the items in the list “PI related terms” fitted in the CL.
This is due to the fact that most damages and damage processes affect the component directly. The condition of the component is then expressed in a rating which in turn has of
course an influence on the rating of the SL. The structure has further an influence on the NL.
So, the list of terms referring to SL is relatively short (e.g. condition note of the structure,
resilience, vulnerability, etc.). For the network level the rating of each included structure
and terms like “importance of the bridge in the network” (for the weighting) or expressions
that affect an entire area like climate change are considered.

For the CL the first step in the process of merging the rating system and the PI related terms
aims at including all processes (both DP and OP) in the rating system. For doing so redundant terms had to be identified.
After that all other terms were assigned to the schema. Terms identified as weights (WE)
will be considered in the process of weighting. Terms that express an intensity a magnitude
or an extent (IE) will be reflected in the definition of the assignment of a value to W and Ë.
Most other terms are either in the column of “Possibly involved processes” or “Corresponding performance indicators”.
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Basically, the PI based assessment works in the following way. The first goal or task at the
component level is to assess the damage. This goal informs of course as well about the functionality of the assessed part. At the system level, the element functionality as an indicator,
together with the importance of a bridge element as weighting parameter are used for the
calculation of the goal bridge condition assessment. Rising to the network level makes
bridge condition assessment an indicator which together with the bridge importance in the
network as a weighting parameter will influence the next goal – priority repair ranking (see
Figure 4.3).

Figure 4.3: Interaction of indicators PI, goals (tasks) G and weighting parameters W within bridge management

The assessment of the PIs for the calculation of the KPIs might be done, depending on the PI,
on component, system and network level. Every KPI can consist of a variety of PIs (sometimes low-level PIs) and can be calculated with:
_„‘ =

∑(î|’ ⋅ •|’ )
∑ •|’

(4.3)

where î|’ is the rating of a PI assessed in a bridge inspection and •|’ is the weighting of the
corresponding PI.
4.3.2

Development and functionality of KPI rating system

The second mayor novelty of the new rating system is that it calculates ratings for the different spheres of action of a bridge as KPIs. So, for the KPI “Safety, Reliability and Security”
and “Availability and Maintainability” basically the same schema is used, however the re81
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sulting ratings are not equal since the calculation procedure differs. All other KPIs are assessed with a simpler routine including a rather small number of PI related terms.
4.3.2.1 KPI “Safety, Reliability and Security”

The general structure of the schema and the usage of PI related terms in the schema are
described in chapter 4.3.1. The result is shown in annex B. This section deals with the calculation of the rating of a part, the calculation of an overall rating and it is shown which performance indicators are used in the SL and NL.

Assignment of . and ,

Generally, the extent W and the intensity Ë of each type of damage are assessed. Values of W
and Ë can vary from 0.5 (little damage) to 1 (severe damage). Since it is very difficult to
gather data for the assignment of a rating or a weighting, and due to the fact that the system
of VCE is approved and includes expert knowledge the definitions and values of VCE (e.g. see
Table 12) were used. The product of these values (see Table 24) is then assigned to a rating
from 1 (very good condition) to 5 (very bad condition). A rating of 1 is never assigned since
only damages or defects should be documented. However, the rating of a part or the structure may be one anyways, as explained below.
Table 16: Corresponding rating to the product of . and ,

.⋅ ,

≤ 0.25
≤ 0.5
≤ 0.8
≤1

Rating
2
3
4
5

Assignment of weightings

A very important aim of this rating system is that it should be possible to include results of
different levels of knowledge (LoK) like visual inspections, detailed measurements and recalculations. The basic idea is to use, if possible, the weights É of VCE as weights U in the
new system for the visual inspection. If a detailed measurement of a damage was executed
this would be considered by using a higher weighting. The same applies in case results of a
recalculation are available. This new rating system considers the results of deterministic
and probabilistic structural assessment as well. Since the assessment of the probability of
failure would consider damages, realistic material models, etc. the weighting of the input of
a probability of failure would be so high that the results of a visual inspection play only a
minor role in the assessment of a rating.
Calculation of the rating of a part or component

In any case, the rating of a part is always calculated with:
î••‰e =
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where î is a rating, U is a weight, Ë is a type of damage and m is the number of parts considered. Further, in the rating system of VCE the influence of the number of types of damages
was considered by using the sum of the values P to get a rating. To conserve this concept,
maintaining a similar behavior, without getting the same problems described above, a multiplying factor for the consideration of the number of damage types encountered on a structural part is introduced. For all parts that do not appear in Table 17 the multiplying factor is
always equal to 1.
Table 17: Multiplying factors for the consideration of the number of damage types.

For substructure and superstructure
Number of
types at part

1
2
≥3

damages

Multiplying
factor
0.5
0.8
1

For bearings, expansion joints, pavements, waterproofing/dewatering, side
bars and other elements
Number of damages Multiplying
types at part
factor
1
≥2

0.8
1

In order to avoid overall ratings to get better by assessing damage types with little severity
even though damage types with extensive damage are detected only the 4 worst ratings are
considered. For example, if a superstructure shows extensive damage due to corrosion and
cracks due to load were detected etc. the rating should not get better because of little dirt
accumulations with a rating of 2. However, if detailed recalculations that do considered
these damages are available, they should always be considered, even if the corresponding
rating is better than the worst 4. Furthermore, if two or more defects have the same rating
the one with the higher weighting is always considered first.
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Figure 4.4: Functionality of the assessment of component ratings and overall ratings

Calculation of overall component level rating

As described above, the system of double weighing in the calculation of the overall rating
using both the variable •W˜hëq and the value „ used by VCE causes several problems. To
avoid these problems one weighting factor for the calculation of the overall rating on basis
of the change of a rating and the weights G used by VCE shown in Table 14 was derived. The
new values are shown in Table 18 and represent the mean value of the changes of ratings
(from 2-3 to 4-5). This was done because it is in general very difficult to quantify weights,
the values of VCE are used thus since they represent expert knowledge and experience.
Table 18: Influence of the condition of a part on the overall rating at the change of a rating has, the value of the
•.ÓP-Ö and the new weights of each part.

Change of Rating
Substructure
Superstructure
Bearings
Expansion joints
Pavement
Waterproofing
Sidebars
Other parts
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New factors for weighing
of components
29
75
45
25
9
4
5
3
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Changes in the schema

Further, due to the fact of being very rare, some deterioration processes were united to one
item of the schema (e.g. chemical attack). For the corrosion process caused by carbonization
and chloride ions the structure of the schema was changed, since the original seemed to be
rather far of the underlying process. In other cases, for example for wooden elements, the
complete subschema had to be created. After resolving these problems, the PI related terms
were assigned to the corresponding items of the schema. In addition to all processes that
were added in the column “Possibly involved processes or underlying causes” the terms
“Load” and “Sudden event” were added if corresponding to the item. These terms refer to
the lists of PI related terms of the same name in Table 39.
New items and substructures in the schema are:
•

•
•

•

•
•

•

•

Deterministic and probabilistic FE analysis is now considered on CL for the sub- and
superstructure. The weighting of these elements should be comparatively high. Especially in cases where measured inputs and deterioration processes are considered,
the weight should be so high that other damages and defects play only a minor role
in the assessment of a rating. Rating should be assigned directly for these items since
no extents or intensities are observed or measured. Thus, values of a probability of
failure corresponding to a certain rating have to be defined.
The dynamic behavior can be evaluated with a rating.
For several parts the item Loads was created. The idea behind this is that it should
be possible to consider the results of an evaluation of real loads (e.g. with weigh in
motion systems). By comparing these loads with the loads considered in the design
phase a rating might be assigned. However, the weighting and the definition of the
assignment of a certain load level to a rating are not clear until now.
Cracks due to curing or the concrete mix may be considered for all concrete parts.
This item was added since several PI related terms corresponded. Additionally, it
seemed to be very important since it may influence the future deterioration strongly.
Open construction joints may be considered separately for the sub- and superstructure. This was added due to the same reasons as cracks due to curing.
Several items for the consideration of timber superstructures are introduced. This
was necessary since wooden structures are very common and several PI related
terms corresponded.
A new subschema for pull tie rods, ropes and anchored is introduced. These parts
were not considered. However, there is still no weighting, whether for the entire
part nor for its items.
The assessment of the pavement was subdivided in several items. This was made
since several very different types of damages have to be considered.

System level

In the SL, of course the overall rating of the CL plays an important role. However, there are
other PI related terms that do only effect or describe a property on SL. Until now whether
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definitions for the assignment of a rating nor weightings are available. To every item at least
one PI related term was assigned:
•
•
•
•
•
•
•
•
•

Condition rating from component assessment
General structural assessment
Service life
Resilience
Robustness
Vulnerability
Risk
Exposure
Dynamic behavior

Figure 4.5: Functionality of the assessment of SL and NL ratings

Network level

For the NL, it was comparatively hard to introduce a schema for the assessment. However,
the first point that seemed to be obvious was that every structure within the network has to
be included. Every structure within such a network gets a weighting. How to assign the
weighting is not clear until now.
Apart of the structures in the system defects of the maintenance equipment, climate change,
the redundancy of the network and the priority repair ranking were deemed important additional PIs for the assessment of the “Safety, Reliability and Security” of the network.
The entire scheme is shown in annex B.
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4.3.2.2 KPI “Availability and Maintainability”

Defects, damages and other issues of bridges do usually influence both KPIs the “Safety, Reliability and Security” and “Availability and Maintainability”. Due to this correlation, the
schema used for the CL is the same for both KPIs.

Since intensity and extent of certain damage in the rating evaluation for the KPI on component level in “Availability and Maintainability” is the same than for “Safety, Reliability and
Security” the ratings were used the same way.

Assignment of weightings

However, the effort needed to maintain or repair a certain structure and the limitation of
availability due to these works or damage is not necessary related to the effect of certain
damage on safety, reliability and security. Thus, the calculation of the KPI in “Availability
and Maintainability” uses its own weightings.

Assignment of the factor J

Further, special local circumstances may as well cause a differentiation in effort for maintenance or the effect on availability. It is possible for instance that the change of bearings was
not considered in the design and thus no pedestals for lifting of the structure exist. This may
cause a high amount of additional effort if the bearings have to be changed. Other examples
are the renovation of the concrete cover or coatings. If these works have to be done on the
substructure or below a bridge the effect on the traffic flow could be non, but if these works
have to be done on parts close to the traffic, a closure of some lanes or the complete closure
are thinkable. Therefore, the factor s (for special or local condition), which is a multiplication factor of the weighting, was introduced.

System level

For the SL, the basic schema is the same for “Safety, Reliability and Security” and “Availability and Maintainability” due to the same reason as at the CL. However, some items were
added here to the schema since some PI related terms seem to have only an influence here.
To each of the following items at least one PI related term could be assigned:
•
•
•
•

Availability
Accessibility
Priority ranking for repair
Maintenance

On the network level the schema is here is equal to the schema of the KPI “Safety, Reliability
and Security”. However, alternative routes, the possibility of installing an auxiliary bridge,
etc. should be of course considered. Further many interesting approaches considering the
formation of the structures within the network might be thinkable for the calculation of a
KPI.
87

Framework for performance indicator based bridge assessment based on literature review

4.3.2.3 KPI “Costs”

The assessment of life cycle costs is a big field in life cycle assessment of engineering structures. This field is however not within the scope of this thesis. Thus, to make an assessment
for this KPI too, PI related terms recommended by Prof. Strauss and Prof. Amado are included in this schema. The schema here is completely distinct to the one above. On the CL, the
only PI related term that was assigned to every component is “price of the new element”.
The rating may be assigned function of the estimated maintenance costs (e.g. a rating of 2 is
assigned if the maintenance costs are less than 10 % of the cost of a new element, etc.).
Something similar is thinkable for the assignment of ratings (e.g. weights may be assigned
as percentage of the approximate cost of this part of the total costs of a new structure). Ratings for the SL may be assessed to the PI related terms:
•
•
•
•
•
•
•
•

Bridge importance (size)
Element functionality level
Importance of bridge element
Price of the new element
Sum of costs for repair of individual damages
Traffic restrictions
Traffic volume
Priority repair ranking

The NL is then assessed with the ratings of all structures in the network. As above each
structure may have a different weighting. The overall rating for both the SL and NL are calculated with equation (4.3).

4.3.2.4 KPI “Environment”

The KPI Environment can be understood as influence the structure or network has on the
environment. Thus, only the SL and NL is assessed. This topic is as well out of the scope of
this thesis the recommendations of Prof. Armado are used for the assessment. Similarly, to
the KPI “Cost” the overall ratings are calculated by using equation (4.3). The SL consists of
the items:
•
•
•
•
•
•

Contamination
Noise
Traffic volume
Erosion
Rock fall
Scour

As above, the NL is the weighted mean of each Structure.
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4.3.2.5 KPI “Health and Politics”

The list for the evaluation of the KPI “Health and Politics” is based on an expert list suggested by Amando in [88]. Additionally, visual defects are considered. This was added because it
was considered that damages that are visible form easily accessible areas may cause a certain public mood regarding the condition of the observed structure which may affect politics. So, on the SL the following schema is proposed:
•
•
•
•
•
•
•

Visual defects regarding safety and security
Other visual defects
Overall condition of the structure
Noise
Traffic volume
Traffic restrictions
Design

•
•
•
•
•

Overall condition of the Network (from KPI “Safety, Reliability and Security”)
Overall condition of the Network (from KPI “Availability and Maintainability”)
Traffic volume
Traffic restrictions
Detour

On the NL, of course the rating of each structure is considered. However, additionally the
following PI related terms seemed to influence the KPI “Health and Politics”:

Overall ratings are calculated by using equation (4.3)

4.4 Discussion

To simplify the communication between consultants, operators and owners the need of a
performance indicator (PI) based bridge evaluation method emerged. In general, this type of
assessment is a comprehensive approach with the aim to calculate key performance indicators (KPIs) that inform about the overall condition of components, structures or a road network. It is intended to include information of any type in the analysis in order to obtain KPI
ratings for different spheres of action of an RC structure.
As basis of the development of this rating schema an existing rating system used in Austria
developed by Wenzel et al. in [93] was used. Errors or illogical issues of this rating system
where corrected as well as possible in the development of the new rating calculation routine. Another very important objective is that the system works for all types of bridges and
its possible problems and forms of decay. In order to accomplish this goal, the catalogue of
performance indicator related terms made by WG1 of the COST Action TU1406 project is
used.
A very important novelty of this approach is that different levels of knowledge can be considered. That means that for instance information obtained by measurement are weighted
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higher than information from visual inspection. Further, information of detailed investigations such as recalculation results or information on vulnerability or redundancy may be
considered too.

Weightings for may components, damage types and other items of the scheme as well as for
extents of damage (a) and intensities (i) are presented.

However, a big problem that could not be solved for all damage types and some other performance indicator based items of the rating system is the definition of values for weightings, intensities and extents.
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5 Case study on a corroding RC bridge

In this case study the procedures described above are used for the assessment of the retention wall and bridge B1955 in Vienna. The assessment consists of a description of the structure, the condition survey, calculations regarding the deterioration process, the FE modelling and the assessment of the capacity. At the end, all gained information is used in the PI
based assessment.
An innovation is the calculation of the corrosion process based on half –cell potential measurements for getting a close to nature damage scenarios for the FE model. In this procedure
routines for spatial correlations in combination with Latin Hypercube sampling were applied. The calculations of the corrosion process reach from the ingress of chlorides to cracking and crack growth.
The calculations for the assessment of the load bearing capacity and the serviceability limit
state were executed with results of the current deterioration status and with the predicted
status in ten years. Therefore, a close to nature FE simulation considering the loss of cross
section for the entire reinforcement and the loss of bond for the principal reinforcement
was executed. This was made for getting an idea of the reduction of the capacity which may
be essential information for the planning of maintenance measures.

5.1 Description of the structure

The structure, called Heiligenstädter Hangbrücke B1955 is part of the state road B14 in the
north of Vienna and was built in 1973. It is located in the north of Vienna between the
mountain Leopoldsberg and the river Danube. Due to the steep terrain and limited space
one half of the two lanes going into the city were constructed with a box-cut. The other half
was built on an earth deposit behind a retaining wall. Right next to the retaining wall a
bridge carrying the two outbound lanes is located.

Figure 5.1: View of (a) one span of the bridge and retaining wall and (b) a detail of the retaining wall and the bearing.
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Figure 5.2: The static system of (a) the bridge consists of 11 four-span beams. The static system of (b) the retention wall consists of 44 single-span beams.

Figure 5.3: Photo of the Heiligenstädter Hangbrücke B1955.

The retaining wall is a modular structure having 44 equal spans of approx. 20 meters each,
making a total length of the structure of approximately 880 m. As mentioned, it is located
between the outbound lanes and the lanes into town, thus it has to resist not only earth
pressure but also traffic load of traffic going into town. Each retaining wall is supported at
its ends at pillars that are connected to the rock in place of the Leopoldsberg (see Figure
5.1b). Since most of the reaction forces are transferred into the pillars, the reinforcement
design in horizontal direction of the of the retaining wall’s footing is executed like in a bending beam.

Both outbound lanes are located on the bridge which has a width of 7.35 m (see Figure
5.1a). The bridge consists of 11 four-span beams where every span has an approximate
width of approx. 20 m. All bearings of the bridge are located above the pillars that support
the retaining wall as well.

5.2 Condition survey
5.2.1

Visual inspection

The first step was the preparation of planes by PVI for the documentation of the visual inspection. On site, all damages that are detectable visually and with the rock hammer were
documented on the prepared plans including their extent and if the damage was visible a
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photo. Further a written description of all detected damages was made. An example of the
documentation is shown in Figure 5.4 and Figure 5.5.
The most important findings of the visual inspection can be summarized as:
•

•
•

A very regular crack pattern with crack width between 0.1 mm and 0.2 mm. The biggest crack width discovered was 0.4 mm located relatively close to the middle at approx. 7 – 8 m from the bearing.
On the retention wall cracks were detected rarely.
Spalling due to corrosion was detected on several sites on the bridge, mostly however on the beam underside. Voids, partly caused by corrosion, were detected in similar areas with the rock hammer.

Figure 5.4: Documentation of damages detected in the visual inspection on prepared plans including information of
regarding the type of damage and the extent. Further the number of the corresponding photo and the direction it
was taken from are noted.
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Figure 5.5: Example of the short description of encountered damages including photo.

•
•
•

Cracks and spalling due to corrosion was found in many locations of the retaining
wall. Commonly affected are the tip of the base and areas close to the bearings.
The side bars show reinforcement corrosion on its entire length.
Generally, the state of the retention wall, especially due to the reinforcement corrosion seems to be worse than the bridge.

5.2.2

First encounter at structure

A rather big number of persons encountered at the observed bridge including several persons from the operator’s side, PVI and PDI. General problems such as corrosion of the reinforcement were discussed. Further it was discussed which elements seem to suffer most
under corrosion and were the biggest loss of structural reliability is most probably expected.
Other discussion points were the causes of the encountered damage. The leakage of the longitudinal and in some cases as well the transversal, expansion joints was identified as being
a big problem of the structure, since all the discovered corrosion damage (besides the corroding side bars) seems to be a result of this damage.
Questions that could not be answered at that time were the extent of the actively corroding
area, if there are other sources of water or leaking parts and if the corrosion is caused by
chlorides or carbonation. Regarding the leakage of other parts, the joints of the retention
wall were suspected of not being intact anymore.
5.2.3

Review of archived documents

PDI browsed all relevant documents in the operators archive in order to gather input data
for the FE model, and the deterioration calculation. So, important information that was encountered were historical records regarding inspections, maintenance measures, plans including reinforcement drawings and all structural calculations.

Much of the records of past inspections and maintenance works could not be used in the
analysis since the documentation was rather poor. For instance, measurements of the chloride content of concrete were encountered but could not be used because neither the exact
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location nor the depth of the probe was documented. On the other hand, the time of leakage
of the longitudinal expansion joint could be reconstructed well (see section 5.2.6.4).
5.2.4

Encounter of all involved persons to determine the measurement procedure

In this meeting of all involved parties the result of the visual inspection was discussed. The
measurement methods chosen for the detailed investigation were:
•
•
•

Potential mapping of defined areas on the corroding beam of the bridge, the cassette
elements of the slab of the bridge and wall the base of the retention wall.
Measurement of the concrete cover thickness of the same areas.
The extraction of drilling cores and drilling dust for the determination of the chloride content, the carbonation front, compression strength of concrete, tensile
strength of concrete, e-modulus of concrete and the condition of the reinforcement.

The exact location for the extraction of the cores was still not defined since the results of the
potential mapping should be used for the definition of them. In an additional encounter,
after the potential mapping results were executed and the results were displayed on the
plans used in the visual inspection, the spots of the core and dust extraction were defined.
Here it was important to capture as much different characteristics as possible (e.g. dry, wet,
spalled spots at every structural part analyzed in the detailed investigation).

In this meeting the retention wall was identified as being probably the most critical part.
Due to the big computational effort of non-linear probabilistic FE calculations it was decided
to execute the modelling only for this part. However, measurements should be executed as
well on the corroding areas of the bridge. It was decided as well that if the results of the detailed measurements give reason to believe that another part is in a worse condition the
decision of FE modeling might me changed.
5.2.5

Execution of measurements

5.2.5.1 Potential mapping

Potential mapping is a non-destructive method for the determination of the location of actively corroding reinforcement in concrete. The big advantage of these potential measurements is that they are performable comparatively fast and are therefore feasible on big areas. These measurements are usually used to detect actively corroding areas. The results
should be used in the process of determining the location for the extraction of drilling dust
and drilling cores. Additionally, these measurements may be used to define locations for the
measurement of the corrosion speed (methods are listed in chapter A.4).

In case of the Heiligenstädter Hangbrücke measurements were executed on the air side of
the uphill side beam, on the underside of the cassette elements of the deck slabs and on the
air side and the fundament of the retention wall. In horizontal direction, the measurement
distance was 15 cm while vertically a distance of 30 cm was chosen. In case of the retention
wall measurements with a horizontal distance of 15 cm were executed on the wall (approx95
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imately 20 cm above the foot) and partly (due to deposits of dirt) in the middle of the fundament. At the tip of the fundament, close to the main reinforcement, only punctual measurements could be made to the high amount of dirt and spalling of the concrete cover (see
Figure 5.6). All measurements were executed with the corrosion analysis equipment “Canin
+” by “Proceq”.

(a)

(b)

Figure 5.6: Areas (in blue) where a potential mapping was executed (a) on the air side of the uphill side beam and
(b) on the retention wall

5.2.5.2 Concrete cover thickness

Construction plans from the year 1972 show a recommendation of the concrete cover of
2 cm which is of course much less than a new structure designed with current standard
would have. In case of the pre-cast cassettes of the slab no recommendation of the concrete
cover was found in the archive documents. Since the thickness of the concrete cover is of big
importance for the calculation of the corrosion process (i.e. corrosion initiation, chloride
content at rebar depth and the time until cracking), and since the concrete cover is as well
an indicator for the vulnerability of a structure it was measured on all areas that are included in the detailed analysis (see Figure 5.6). The vertical distance of these measurements is
the same as for the potential measurements, in horizontal direction the location of all vertical reinforcement bars was determined. All measurements were executed with the reinforcement detection system “Ferroscan PS 200” by “Hilti”.
5.2.5.3 Extraction of drilling cores and dust

The visual inspection and the potential mapping measurements showed a high-risk potential of damages caused by chloride induced corrosion. The evaluation of the beginning of the
corrosion process and the calculation of its development is of big importance for the estimation of the residual lifetime of the structure. To get more information regarding the chloride
transportation process in the structure, which is very important for the prediction of the
corrosion process, the chloride content in different depth below the concretes surface had to
be measured. The extraction of drilling cores and dust had the following goals:
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•
•
•
•
•

Determination of the chloride content in different depth to evaluate the start and
development of the corrosion process.
Determination of the carbonization front to find out if carbonization has an influence
on the corrosion process as well.
Determination of the material loss due to corrosion of the reinforcement bars extracted in the cores.
Determination of a correlation between the chloride content, the state of corrosion
and the result of the potential mapping measurements.
Determination of mechanical properties of the concrete for the finite element analysis and the calculation of the crack development due to corrosion.

On every spot that was chosen for the extraction of cores two cores were taken in order to
measure all the needed quantities in a spatial clear defined area.

Figure 5.7: Profile view or the location cores and drillings.

The first idea was to take cores in a clear defined pattern on every field that was chosen for
the detailed analysis. Since this was not possible due to its high costs the result of the potential measurement and the results of the visual inspection where the main inputs for the selection of extraction spots. In general, the idea was to take cores on locations with different
characteristics. That means on a dry and on a wet spot, on a cracked or spalled spot and on
an intact spot and on an actively corroding area and a not corroding area.
All cores were extracted by firms with experience in taking drilling cores according to [94]
on inaccessible locations.
One core was always used to measure the chloride content in different depth of the beam
(see Table 19). If the drilling dust necessary for the measurement of the chloride content
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would have been taken directly on site, the measurement would have gotten much more
inaccurate. That is because the width of the beam is approximately 60 cm and the drilling
dust taken of probes in bigger depth would have been mixed inevitably with dust of concrete closer to the surface (see Figure 5.8). The second core was used to measure the other
parameters of interest. The determination of the compressive and tensile strength is shown
in chapter 5.2.6.8.
Table 19: List of characteristics of location and executed analysis

Characteristics
of location
Wet
location
slab
Reference

170-180

C1

Slab

Spalled

300-310
170-180

C3

Slab

Spalled

Dry repaired

Active corrosion
close to bearing
Active corrosion
close to bearing
Dry

Wet
Dry

Reference
Reference

Corroding,
damaged
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Field

190-200

170-180
190-200
190-200
270-280
270-280
270-280
300-310
300-310
380-390

Number

C2
BK2-1
BK2-2
C4
BK1-1
BK1-2
BK3-1
BK3-2
C5
BK4-1
BK4-2
BK5-1
BK5-2
C6
BK7-1
BK7-2
C7
BK6-1
BK6-2
BK8-1
BK8-2
C8
BK9-1
BK9-2

BK10-1
BK10-2

Element

Slab
Beam

Retaining
wall
Beam

Retaining
wall
Beam
Beam

Retaining
wall
Beam

Retaining
wall
Retaining
wall

Analysis

Chloride content and carbonization front
Chloride content and carbonization front
Chloride content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
Mechanical properties, reinforcement condition, chloride
content and carbonization front
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Figure 5.8: Extraction points of cores (BK) and drilling dust (C) on the fields of the detailed investigation.
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Table 20: Increments of chloride measurements below concrete surface [cm]

Cores retention wall
Cores beam
Drillings
beam

0.5 - 3.0
0.5 - 3.0
0.5 - 3.0

3.0 - 5.5
3.0 - 5.5
3.0 - 5.5

5.5 - 10.5
5.5 - 10.5
5.5 - 10.5

10.5 - 25.5
10.5 - 25.5
10.5 - 20.5

25.5 - 45.5
25.5 - 45.5
20.5 - 30.5

45.5 - 48

48 - 50.5

5.2.5.4 Determination of concrete parameters

The tensile splitting strength test and the compressive strength test were determined with
measurement equipment provided by the Christian Doppler Laboratory for Life-Cycle Robustness in Fastening Technology at the University of Life Natural Resources and Life Sciences in Vienna according to the standards [94], [95] and [96]. Specimens for both tests
were prepared form the core that was not used for the determination of the chloride content.

Figure 5.9: Specimens (a) after the compressive strength test according to [95] and (b) after the tensile splitting
strength test according to [96].

The concretes compressive strength and the tensile strength were measured on ten cores,
five extracted from the beam and the retention wall each. The compressive strength was
measured following the instruction in EN 12390-3 [95]. For the both tests the cores had to
be cut to a length of 20 cm. The cutting had to be done very carefully especially for the specimen used for the measurements of the compressive strength since the results of the test is
highly depending on the planeness of the cylinder.

The concretes tensile strength was measured with the tensile splitting strength test described EN 12390-6 [96]. In this test the planeness of the cylinders’ limits does not influence
the result significantly. The results are shown in chapter 5.2.6.8.
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5.2.5.5 Carbonation depth

The carbonation depth was determined on recently fractured surfaces of extracted drilling
cores that were not used for the determination of the chloride profile by spraying 1 % Phenolphthalein solution on that surfaces (see Figure 5.10).

Figure 5.10: Determination of the carbonization front. Carbonized area stays transparent after spraying phenolphtalein solution while not carbonized areas change its color to pink.

5.2.5.6 Chloride content

The chloride content was measured in different depth in order to obtain a profile of the concentration inside the beam and the retention wall. The exact locations of the determination
of the chloride content are shown in Figure 5.7.
The analysis of the extracted cores and the drilling dust was executed by the company OFI
Technologie & Innovation GmbH in Vienna. The results are illustrated in Figure 5.15, Figure
5.16 and Figure 5.17.
5.2.6

Analysis of collected Data

5.2.6.1 Potential mapping

Acively corroding areas, as suggested in ASTM C876 [97], with a corrosion probability
Œ95 % have potentials smaller -350 mV are painted in a tonality of red while areas with a
corrosion probability of <5 % with potentials bigger -150 mV are shown in tonalities of blue
(Figure 5.11 and Figure 5.12). Many locations with a high probability of corrosion were detected. Several times the location of these areas was known anyways since rust strains were
visible or a change of the sound was detectable when knocking with the rock hammer.
However, the resulting plots gave a very good picture regarding the extent of corrosion
damage. To sum up the half-cell potential measurements and in order to show the corrosion
problem of the observed structure Table 26 was created. Potentials smaller -350 mV were
assumed to be actively corroding here. Now it is getting obvious that the underside of the
beam is corroding on big areas. However, the retention wall seems to be affected even
severer.
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Figure 5.11: Legend of the color map used in the plots of the open circuit potential measurements.

Figure 5.12: Example of a plot of the of open circuit potential measurement between the axis 170 and 180. (a) air
side of the uphill side beam, (b) underside of the uphill side beam and (c) underside of the cassette elements of the
deck slabs.

Table 21: Percentage of actively corroding areas

Field

Beam air side
Beam underside
Cassette elements underside
Retention wall

170-180

2.9%
12.5%
4.5%
79.7%

5.2.6.2 Concrete cover thickness

190-200

18.8%
46.3%
4.6%
95.4%

270-280

21.0%
45.9%
92.4%

300-310

19.8%
53.8%
0.0%
90.9%

320-330

3.5%
29.5%
1.7%
-

In general, the concrete cover of the retention wall is much thicker than the one of the beam.
The concrete cover of the retention wall was only on the tip of the base smaller than 2 cm
while many areas of the beam did not satisfy the requested 2 cm. Since the measured cover
was very low and due to the fact that measurements on the backside of the beam were impossible to execute, it was checked on several spots if the reinforcement cage was placed
central in the beam. Apparently not much care on the thickness of the concrete cover was
taken since the reinforcement cage seems to be placed centrally in the beam.
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Figure 5.13: Legend of the color map used in the plots of the concrete cover measurements [mm].

Figure 5.14: Example of a plot of the concrete cover measurement between the axis 170 and 180. (a) Air side of the
uphill side beam, (b) underside of the uphill side beam and (c) underside of the cassette elements of the deck slabs.

5.2.6.3 Chloride content

The measurements closest to the surface were obtained in an approximate depth of 1.75 cm.
these measurements show big fluctuations not only between the different measurement
spots but also in comparison to the measurements in bigger depth. Explanations for this are
given in chapter 5.3.1.1.

Following the recommendations of DuraCrete [37] the critical chloride content level at
which reinforcement corrosion starts is approximately 1.7 “ß⁄XY . Since this value is exceeded by many measurements made in the depths where the reinforcement is located, a
rather progressed corrosion was expected.
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Figure 5.15: Measured chloride content in the beam (horizontal drillings)

Figure 5.16: Measured chloride content in the beam (vertical drillings)
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Figure 5.17: Measured chloride content in Retaining wall (horizontal drillings)

5.2.6.4 Exposure time of concrete to chloride containing water

The service log file or “Objektbuch” is a continuous documentation of inspections and
maintenance measures. Even though the documentation is usually not very detailed, it allows a reconstruction of damage specific impacts and exposure times (e.g. exposure time to
chloride containing liquids).

Since it effects not only the corrosion calculation itself but also the calculation of the diffusion coefficient the knowledge of the exposure time is a very important input parameter for
the corrosion calculation. The service life log served primarily for the determination of leakage times of the longitudinal dilatation joint. Leakage was further interpreted as exposure of
chloride containing waters to the beam and retaining wall below the joint.
Most of the time only general statements regarding the leakage of these joints were made
without mentioning the exact number of the field or place of leakage in the service life log. In
such a case, it is assumed that the dilatation joint was leaking on its entire length. Important
additional information that was obtained from the archived documents was that the entire
longitudinal dilatation joint was replaced 1987 due to big problems with leakage for at least
10 years. Furthermore, the visual inspection showed leakage on the entire length of the
structure. An overview of the leakage periods for all spans or fields is given in Figure 5.18.
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Figure 5.18: Documented exposure periods to chloride containing water to the retaining wall and the beam for
every field or span (red: leakage was documented explicitly for this field; orange: leakage was only mentioned
generally without mentioning the field number)

5.2.6.5 Diffusion coefficient

Since the budget did not allow the determination of the diffusion coefficient in a separate
test (e.g. AASHTO 259, the Bulk Diffusion Test, RCPT (T277), etc.) it was determined using
the estimation of the exposure time and the results of the chloride content measurements in
an ordinary least square fitting (OLS). The procedure chosen for this is basically described
in [98].
The OLS fitting for the parameters x¶ and [(h) in Formula (5.1) was executed using the
module SciPy in Python.
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x(½, h) = x¶ s1 − erf s

½

2 ä[(h) ⋅ h

tt

(5.1)

where x(½, h) is the chloride ion concentration as function of depth below concrete surface
and time, x¶ is chloride ion concentration at the surface, ½ is the depth below concrete surface and [(h) is the chloride ion diffusion coefficient as function of time.

However, to get a reasonable result of the OLS fit some points have to be checked on the
measurement data (Figure 5.15 - Figure 5.17).
•
•

•

The first measurement (closest to the surface) are not part of the fitting since it
shows high fluctuations due to reasons explained in chapter 5.3.1.1 and in [98].
Measurements executed in a depth of more than 25 cm where not included in the
OLS fit. In case of the measurements shown in Figure 5.15 and Figure 5.16 this is due
to the fact that the beam is approximately 50 cm wide at the core extraction location,
thus measurements of bigger depth would be even closer to at least one other surface. In case of the measurements in Figure 5.17 the exclusion of the measurement in
a depth of 35 cm was not necessary but for the sake of consistency and since it
would not have made a difference, it was not considered either.
Measurement spots with chloride ion concentrations of the measurement in 4.3 cm
depth of a value lower than 1.0 kg/m3 where not considered in this analysis. These
measurements, which were by the way all on the beam, where taken out of the analysis because the probability of having chloride ingress from another than the analyzed direction (form the face on the other side or the bottom view face) is getting
big. Further measurement errors in cases of low concentration and a possible initial
chloride level would have a big influence on the regression analysis as well.

The result of the OLS fit is shown in Figure 5.19 and Figure 5.20. The histogram of the results for the diffusion coefficient is shown in Figure 5.20. The best fit distribution of the program FReET is shown in Figure 5.21. Values of the moments for the choses lognormal distribution can be obtained from Table 22.

107

Case study on a corroding RC bridge

Figure 5.19: Fitting for second, third and fourth measurement point

5
4
3
2
1
0

Figure 5.20: Histogram of the “.N for the fitting of the second, third and fourth measurement point

108

Case study on a corroding RC bridge

Figure 5.21: Distribution fit of the “.N for the second, third and fourth measurement point

Table 22: Distribution of the apparent diffusion coefficient “.N

Name

Fit 3 Measurements

Distribution

Lognormal
(2 par)

Descriptors

Moments

Mean

4.7087e-12

SD

3.1878e-12

5.2.6.6 Residual diameter

The residual diameter of the extracted reinforcement bars was measured with a Vernier
caliper on the entire cleaned bar and averaged. This procedure was made for 21 bars. The
mean value of the reduction of the diameter was 1.03 mm with a standard deviation of
1.7 mm. However, the reduction of the diameter correlated strongly with the measured surface potential at the same spot (see Figure 5.41).
5.2.6.7 Carbonation depth

The analysis of the carbonation depth showed a mean value of 21.6 cm and a standard deviation of 6.4 cm. This means that the possibility of corrosion due to carbonation, at least in
some areas, exists. However, since corrosion due to chlorides causes much higher corrosion
rates and because the chloride concentrations seem to be very high carbonation was not
considered being the dominant deterioration mechanism. Thus, the corrosion calculation
was made with models for chloride induced corrosion.
5.2.6.8 Determination of material strength

Concrete parameters are direct inputs for both the spatial corrosion calculation and the FE
Model. In order to get a distribution of the concretes compressive strength curve fitting was
executed. Since the amount of measurements was very small it was not possible to determine the distribution only on basis of the data, thus a normal distribution was supposed.
The results show a higher strength of the concrete used for the beam then for the retention
wall. However, the results for the beam showed a very big scatter while the variation of d‡
was very small for the retention wall (see Figure 5.22 and Table 23).
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Figure 5.22: Result of the curve fitting for measured compressive strength in FREET

Table 23: Values of the distribution of compressive strength fc

Name

Beam RÓ (n=5)
Retention wall RÓ (n=5)

Distribution

Normal
Normal

Mean
[N/mm2]
38.617
29.107

SD
[N/mm2]
8.7853
1.6375

For the tensile strength, the distribution was determined in the same way as for the compressive strength. Here the results of the measurements on cores from the beam and the
retention wall did not differ significantly. The results are presented in Figure 5.23 and Table
24.

Since there is no recommendation for the determination of the fracture energy, which is
needed in the not linear finite element calculations, form drilling cores in the EN12390 it
was estimated with the equation recommended by the FIB Model Code 2010 [4]
ƒ.k«
É = 73 ⋅ d‡r
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Figure 5.23: Result of the curve fitting for measured tensile strength in FREET

Table 24: Values of the distribution of tensile strength fct

Name

Beam RÓP (n=5)
Retention wall RÓP (n=5)
Overall RÓP (n=5)

Distribution

Normal
Normal
Normal

Mean
[N/mm2]
3.9767
3.9429
3.9598

SD
[N/mm2]
0.60675
0.53572
0.5399

The strength of the reinforcement bars was not measured. However, referring to the construction documentation, the type of reinforcement steel used is “Baustahl IV” with yield
strength of 500 N/mm2 for both the retention wall and the beams of the bridge. For the
probabilistic analysis a normal distribution with the moments shown in Table 25, as recommended in the JCSS Probabilistic Model Code [80], were chosen.
Table 25: Strength values used for the reinforcement steel

Type of steel
Baustahl IV

Nominal yield strength
[N/mm²]
500

Mean
[N/mm²]
560

SD
[N/mm²]
30

5.2.6.9 Temperature

The Temperature is an important input parameter in the calculation of the chloride ingress.
Since the temperature was not measured directly at the bridge, the average annual tempera111
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ture from the closest meteorological observatory, the Hohe Warte observatory, was used for
the analysis. In order to generate LHS samples for the prediction of the effect of corrosion an
OLS for regression analysis was performed. The results are shown in the following equation
and in Figure 5.24.
–•× = 0.0359 ⋅ ÆÛWq − 61.0908

where –•× [°x] is the average annual temperature and h is the year.

(5.3)

Figure 5.24: Regression analysis of the measured annual average temperature at Hohe Warte observatory with
confidence intervals, Vienna [99]

5.2.6.10 Correlation between chloride content and potential mapping results

If no detailed additional information of the corrosion state of the reinforcement is available,
open circuit potential measurements cannot be interpreted as measurements of the corrosion speed. However, Elsener and Andrade explain in [100] that if enough information regarding the corrosion state of the reinforcement in combination with half-cell potential
measurements exist, a rough correlation between these values can be obtained which is
valid for that specific structure. This relation is not universal and changes from one structure to another.

So, dependencies of the potential mapping data to other measurement results were investigated and a correlation to the content at reinforcement depth was found.

The chloride content used in Figure 5.25 was linearly interpolated for the depth of the reinforcement steel. This value for the chloride content is compared with the surface potential,
so effects like the resistivity of the concrete are not considered. The best fit, with a coefficient of determination î l = 0.9532 was obtained using an exponential regression analysis.
The result of this analysis is:
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xÜ ¤ = 1.9361 ⋅ Û ¤ƒ.ƒƒ«k⋅•cñ–

where xÜ ¤ [“ß⁄XY ] is the chloride content and
tential measured on the concretes surface.

\ð

(5.4)

[Xú] is the copper/copper sulfate po-

However, although the fit of the curve is quite good, the error for low potential values can be
quite high due to the exponential shape.
Table 26: Input data for the calculation of correlation between chloride content and potential

Concrete
cover

Beam
front
side
2-1
7-1
3-2
5-1
8-1
Retaining
Wall
1-1
4-1
6-2
9-1

[mm]

Chloride
Content at
0.5 cm
3.0 cm
(1.75 cm)
[kg/m³]

Chloride
Content at
3.0 cm 5.5 cm
(4.25 cm)
[kg/m³]

Chloride
Content at
5.5 cm
10.5 cm
(8.0 cm)
[kg/m³]

Chloride
Content at
Rebar
depth (calculated)
[kg/m³]

Measurement
08.02.2016

31
28
22
20
15

0.624
6.096
9.048
0.216
0.216

1.68
2.856
1.464
0.432
0.432

0.432
2.016
0.216
0.24
0.216

1.19424
4.7352
7.68288
0.2376
0.216

-230
-480
-530
-140
-70

53
33
50
95

6.576
13.368
6.144
9.768

8.952
12.768
6.792
10.68

4.224
6.72
4.2
3.384

7.95912
12.996
6.4032
3.384

Potential

[mV]

-470
-500
-480
-390

A similar correlation was found for instance in the TRIMM project [101] in a laboratory test
on different specimens with embedded ÷Çål half-cell sensors. Figure 5.26 (a) shows a
comparison of the correlation of potential measurement to the measurement of the corrosion rate. This specimen was exposed to similar wetness and a constant temperature. Figure
5.26 (b) shows the same correlation but in this diagram the values for the corrosion rate are
calculated. In case of the measurements made on the Bridge B1955 the variation of temperature while measuring was very low. The wetness of the concrete was not measured, however most fields had a similar appearance in terms of wetness only some measurements on
the beam of Field 270 where taken on visually identifiable wetter spots. However, measurements on these spots fit worse because of showing a lower potential.

113

Case study on a corroding RC bridge

Figure 5.25: Correlation between chloride content at rebar depth and potential

Figure 5.26: Potentials measured with embedded ˜™šÕ half-cell sensors in the TRIMM project [101], b) calculated
corrosion rate in dependence of the copper/copper sulfate potential used (the difference is 70 mV to 140 mV)

The differences of 70 mV to 140 mV in between the two diagrams in Figure 5.26 can be partly explained by the different half-cell (potential difference of ÷Çål − x›/x›Rå§ = 49Xú
[102]). Other reasons for the difference in measurement values might be the fact that the
concrete is partly carbonated. Further it is assumed that the humidity of differs as well
[100].
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5.3 Analytical deterioration calculation
5.3.1

Chosen procedure for chloride induced corrosion

As chloride induced corrosion was detected as the principle deterioration mechanism an
appropriate model had to be chosen. The basic procedure chosen was developed by Papakonstantinou and Shiozuka [40] was chosen (see Figure 5.27). The following effects are considered:
•
•
•
•
•

Duration of the initial phase
Corrosion speed (as function of chloride content, temperature and time)
Crack initiation and development
Influence of crack width on diffusion coefficient
The influence of the loss of steel cross section on the residual bond

Figure 5.27: Procedure for the evaluation and prediction of damage extent due to chloride induced corrosion.

For the calculation of the chloride content next to the reinforcement bars equation (2.74)
and (2.75) were used. Once the chloride concentration surpasses the critical threshold corrosion (equation (2.69)) initiates. The corrosion rate was calculated with the empirical formula (equations (2.96) and (2.97)) developed by Liu and Weyers [53]. Once the corrosion
speed is known the tension caused by the product of oxidation surrounding the reinforcement bar can be calculated. This and the calculation of the critical pressure are described in
chapter 2.2.3.5. Once cracks occur, they keep growing. Calculation of crack width was done
with equations (2.120) to (2.122). As described, cracks do have a significant influence on
the diffusion coefficient. Equations (2.77) and (2.78) were used for accounting on that. Last
and additionally to the procedure described by Papakonstantinou and Shiozuka the residual
bond due to corrosion was calculated. Generally, bond behavior is described with the equa115
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tions (2.123) to (2.126) as recommended in MC10 [4]. In order to account on the reduction
equation (2.127) developed by Bhargava et al. [70] was used.
5.3.1.1 Calculation of surface chloride level

To calculate the chloride content at a function of depth and time x(h, ½) the value chloride
surface concentration x¶ is needed (see Equation (5.4)). This formula requires a constant
chloride surface concentration which would lead to a concentration distribution as shown in
Figure 5.28.

Figure 5.28: Chloride content depending on depth in case of a constant surface chloride level

However concrete exposed to deicing salts does not fulfill this requirement since salts are
not applied all around the year. Comparing the shape of the calculated curve in Figure 5.28
to the shape of the measured curves in Figure 5.15, Figure 5.16 and Figure 5.17 it is getting
obvious that especially the measurements close to the surface behave differently (since the
horizontal drillings were made through the entire beam in Figure 5.15 both ends of the
graph reach a surface). This is because the measurements were taken in December 2015.
Until the middle of December there had been only a view occasions on which deicing salt
was spread. So even though the dilatation joint was damaged almost on the entire length of
the bridge, salt water did not flow over the entire beam and retention wall. So, spots that
were exposed to saltwater show a very high value close to the surface (e.g. BK 9-2 in Figure
5.17). Spots that were not exposed to saltwater yet are showing, as for autumn typical, a low
value at the surface because salt was washed out in the warmer seasons (e.g. BK 1-2 and BK
6-1 in Figure 5.17). Other reasons for the appearance of a maximum beyond the concrete
surface are still not well identified. Andrade lists in [98] three circumstances that can be
related:
•

116

Absorption–desorption/evaporation of water in the “convective zone”. There, chlorides in the pores are moving in- and outwards by the convection of the pore water.

Case study on a corroding RC bridge

•

•

Precipitation of neo-formed compounds which behave as barrier for the penetration
of chlorides but also which bind less chloride. One particular case is the carbonation
due to the reaction with the cement phases of the bicarbonates of the sea water or
the reaction with the carbon dioxide which causes the precipitation of calcium carbonates. The carbonation decomposes the chloroaluminate phases and then, bound
chlorides are released to the pore water which produces an increase of the watersoluble chloride concentration.
Neutralization of pore water due to leaching which also decomposes the chloroaluminates and releases bound chlorides into the pore solution.

So, seasonal fluctuations of the surface (or close to the surface) concentration reach from
values several times higher than the expected (calculated) value down to values several
times lower than that expected value. Since the time step for the corrosion calculation was
chosen to be one year the function for the chloride concentration was changed. Now concentrations until a depth of 43 mm are assumed to be constant over the period of a year (see
Figure 5.29).

a

Figure 5.29: Used chloride content profile with a plateau for the first 43 mm to consider annul fluctuations

5.3.1.2 Past and Future annual average Temperature

For the recalculation of the corrosion process until now, the measured annual values are
used. For the prediction, a sample for every realization of the probabilistic modeling is generated. In section 5.2.6.9 the regression line with determined with OLS is shown. However,
in order to show the scatter a regression analysis that assumes the annual fluctuation to
follow a normal distribution. The standard deviation - in a regression analysis is not constant, so the standard deviation for a certain year nÙ]‚ (h) has to be calculated for every year
of the prediction with:
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1 (h − h̅)l
nÙ]‚ (h) = nÙ]‚ .e ⋅ í +
Ç
Ye
where

nÙ]‚ .e =

YÙl]‚ e
Ye
Ç−2

•YÙ]‚ −

with

(5.5)

(5.6)

(∑h)l
Ye = ∑h −
Ç

(5.7)

–•× = 0.0359 ⋅ ÆÛWq − 61.0908 + m(0, -)

(5.9)

l

YÙ]‚ = ∑–•× l −
- = nÙ]‚ (ÆÛWq)

(∑–•× )l
Ç

(5.8)

(5.10)

Figure 5.30: Past annual average temperature and an exemplary LHS sample for the prediction of the corrosion
process

So, after the LHS samples with values for every year from 0 to 1 are generated, the corresponding fluctuation is assigned by using the inverse CDF of the observed year (which dif118
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fers for every year). After that the temperature for every year can be calculated using equation (5.9). The result of one realization is shown in Figure 5.30.
5.3.1.3 Overview of input data

For getting an overview of the parameters used in the corrosion calculation all values
showed initially in this chapter are summed up in Table 27.
Table 27: Overview of input values including distribution and parameters

Variable
ž
Ÿ

Ñ

¡JP00O
<
RÓ

RÓP

¢ÓÖ

“.N

£(2)
¤

£ÓÖ,P
1

P02N
¥Ó

7/-O
§

Description

Distribution

35000

Source/
Reference
[60]

Deterministic

5.00¢ − 06

[40]

Deterministic
Normal

0.20
»: 29.107

Activation energy
of the diffusion
process [Þ⁄XëÜ ]
Gas
constant
[Þ⁄_XëÜ ]
Porous layer surrounding
rebars
[X]
Steel's mass density [ß⁄XY ]
Poisson's ratio
Compressive
strength [÷„W]

Deterministic

Concretes
creep
coefficient
Actual
Diffusion
coefficient [Xl ⁄n]

Deterministic

Concrete's tensile
strength [÷„W]

Chloride content at
rebar depth at
measurement
Average
annual
temperature

Critical
chloride
value [“ß⁄XY ]
Constant
(mix
proportions)
Exposure
time
[ÆÛWqn]

Concrete's elastic
modulus [÷„W]
Volume ratio steel
- rust
Pitting coefficient

Deterministic
Deterministic

Normal

Lognormal

Parameters

8.314

7.85¢ + 06

»: 3.9429
2.00

»: 0.036 ⋅ ÆÛWq
− 61.09 + -

- = nÙ]‚ (ÆÛWq)

»: 0.2

-: 0.04

Normal

»: 1.68

Normal
Normal

Generalized
Beta
Lognormal

-: 0.5357
-: 3.878¢ − 12

»: exp(−1.93
− 0.081 ⋅ pëh + -)

Normal

-: 1.6375

»: 4.708¢ − 12

Normal
Normal

[60]

»: 23

»: 4733 ∗ äd‡

Ž: 1.6 •: 4.0

»: 5.78

- = n\

-: 0.525
-: 3

Ü. ›: 1.695 ›. ›: 6.3
-: 1.96

[103]

[4]
Measured
(Chapter
5.2.6.8
Measured
(Chapter
5.2.6.8
[104]
Measured
(Chapter
5.2.6.5)
Measured
(Chapter
5.2.6.10)
[99]
(Chapter
5.2.6.9)
[41]
[105]

Estimated
(Chapter
5.2.6.4)
[106]
[40]
[40]

» mean, - standard deviation, Ž and • parameters of the beta distribution, Ü. ›. and ›. ›. upper and lower bound of
the beta distribution.
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5.3.2

Damage scenario

As shown in previous sections of this work, the deterioration process of reinforced concrete
structures due to chloride ingress depends on a large number of parameters and influencing
variables. This includes concrete properties with their corresponding degree of uncertainty,
(i.e. concrete’s mix proportions, tensile strength, elastic modulus and concrete’s cover
depth) further corrosion and ion transport related variables, that have an even bigger degree of uncertainty (i.e. half-cell potential measurements and critical chloride value for corrosion onset) and last, microstructure variables, like porous zone thickness and relative
volume ratio of rust/ iron including their very high level of uncertainty. The diffusion coefficient depends on both concrete properties (e.g. porosity, water/cement ratio) and environmental conditions and it is a highly variable parameter with big influence on the result.
The reasons for using probabilistic models in in the calculation of the corrosion process of
reinforced concrete structures seem to be obvious. Additionally, deterioration processes are
highly variable in space as well. Modelling the spatial variability of input parameters enables
the analysis of the distribution, the extent and intensity of damage zones. This may be of
importance specially if measurements are available with their spatial distribution. Results
including spatial variability can be used now for maintenance planning, finite element calculations, etc.
Anyway, using a pattern for the generation of spatial or 2-dimenional variant samples has
the advantage that no damage scenarios based on additional assumptions have to be developed. Further, it would not be clear for those scenarios which measurement value to take in
case spatially invariant measurements are available.

In case of the observed retention wall, at some spots measurements of very high corrosion
activity were made. It would not be representative to use these values for the entire structure and vis-versa for very low measurements. So, when developing damage scenarios (e.g.
uniform corrosion of the entire structure, corrosion of the bending area, etc.) it is not clear
which values to use for the calculation of the intensity of corrosion. Further, for FE analysis
the question of load redistribution would raise as well, or in other words how big does the
extent of certain damage at a certain section of the structure have to be in order to affect the
bearing capacity. So, additional to the big scatters of input parameters mentioned initially
these factors can cause very big uncertainties too.

Due to these problems in this work the two-dimensional surface measurements including
their uncertainties were used directly instead of creating damage scenarios. For all the input
variables that could not be measured spatially 2-dimensional variable samples were generated by using the correlation control method of Iman and Conover [107] shown in chapter
5.3.4.2.
For the choice of the number of samples several points were considered. The higher the
number of executions the better the fit gets for the calculation of the probability of failure.
On the other hand, the lowest number of executions is defined by the number of elements of
the pattern when using correlation control of Iman and Conover [107] is used. This has to be
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considered as well when defining the pattern. In literature commonly values between 60
and 120 are used .100000 realizations with Monte Carlo sampling correspond to approximately 120 LHS realizations. So, by knowing this, after some calculation tests on the model
and due to the limited time for the calculations of two-time steps it was chosen to use 80
samples.
5.3.2.1 Selection of section for detailed analysis

As shown above measurements were executed on several elements of the retention wall and
the beam. Since the retention wall seemed to be in a worse condition it was chosen for detailed analysis. Next, a section for the detailed analysis had to be chosen due to the high calculation effort of non-linear probabilistic FE analysis.

Figure 5.31: Mean residual diameter of shear reinforcement without (up) and with (bottom) pits after 43 years for
all measured fields (170, 190, 270 and 300). Vertical black lines indicate the start and end of an element.
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Modelling only the half of the span in worse condition is enough since the element is symmetrical. This symmetry is thus used to halve the calculation effort. It seemed obvious to do
the detailed analysis with the half of the beam with the highest damage. For this reason, the
corrosion calculation was executed for all sections were detailed measurements were executed with mean values of all model input variables. Looking on the results (Figure 5.31) it
is getting relatively clear that the left half of field 270 is the most effected by corrosion.
However, even field 190 shows big damage on its right side as well, not the entire half is
affected, and especially the area close to the middle of the beam could play an important
role if the retaining wall collapses due to bending failure.
5.3.2.2 Spatial Correlation

Basically, the sample generation for the spatial invariant assessment can be described in
three steps:
•
•
•

The generation of uncorrelated Latin Hypercube samples.
The rearrangement of these samples following the procedure proposed by Iman and
Conover explained in section 5.3.4.2 for a certain distance matrix.
Assigning of the correlated values to the corresponding values of the parameter by
using the inverse CDF.

For the preparation of the distance correlation matrix the knowledge of the correlation
length in needed. The correlation length is a measure of the distance over which the field
is significantly correlated [108]. The correlation length is defined as the centroid of the surface under the covariance function €(n).
=

¨ƒ n €(n)gn
ã

¨ƒ €(n)gn
ã

(5.11)

where n is the distance between two observed locations. So, a large correlation length indicates slow change and a small correlation length rapid change of the parameter in the observed field. However, the definitions of scale of fluctuation or correlation length are sometimes contradictory in the existing literature [105].

The information regarding the correlation length of concrete parameters in literature is very
limited. However, current data suggests that a scale of fluctuation in the x and y directions
for concrete compressive strength, cover and surface chloride concentration is approximately 3.5 m [109]. Further no clear definitions of the shape of the covariance function are
made. Thinkable shapes of the covariance function are a triangular, exponential, squared
exponential or Matérn [110].

Considering the shapes of the covariance function €(½) presented in [110] and measured in
[111] an exponential curve was chosen in order to model the special variability of different
concrete properties.
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To get spatial correlated values for all variables and elements of the pattern which are following their corresponding scatter, first spatial correlated Latin Hypercube samples (see
chapters 5.3.4) between 0 and 1 are generated (see Figure 5.32).

Figure 5.32: Generated spatial correlated LHS samples with values between 0 (white) and 1 (dark-red)

Next, for assigning values of the variables to the previously generated samples the inverse
cumulative distribution function or also called percent-point function (ppf) was used. For all
concrete related variables, the same spatial correlated LHS samples were used. For all other
distributed inputs (e.g. surface chloride content, relative volume ratio, etc.) separate values
were generated.
5.3.3

Results of corrosion analysis

Generally, it can be said that the corrosion analysis provides a very big amount of important
information on both a local (i.e. measurement point or single area of the pattern) and a spa123
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tial (or 2-dimensional field) level. While the local level can give interesting information regarding the development of a value in time or depth under the concretes surface, the field
level can give useful output regarding the extent of damage and its spatial distribution in
time. For the 80 models, each consisting of 40 spatial realizations, calculations for 100 years
in discrete time steps of 1 year were executed. In the following pages, a few representative
results are shown. For comparison of the development in time of certain values six measurement points (MP) where chosen (these are: the measurement points MP7 and MP19 (at
the wall) and the corresponding measurement points below on the baseplate (foot) and the
tip of the baseplate (toe)). The corrosion activity at MP7 and the corresponding MPs below
between high and medium, the velocity at MP19 and below is medium to slow. Spots without or only very low corrosion activity, are not shown.
Looking on the development of the diffusion coefficient (Figure 5.34) it is getting obvious
that its value is varying strongly with time. For getting a feeling of the influence of the model
chosen for the diffusion coefficient and the influence of cracks on it the plot of Figure 5.33
was generated. Right after construction diffusion is relatively high and it decreases significantly within the first 10 years. However, the biggest change occurs due to the appearance
of cracks causing extreme diminution. Besides, changes in temperature do also cause a visible effect. Results for the diffusion coefficients of the observed measurement points are
shown in Figure 5.34.

Figure 5.33: Comparison of diffusion coefficients calculated over time
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Figure 5.34: Development of the diffusion coefficients calculated with time

The chloride concentration in rebar depth depends on the surface concentration, the thickness of the concrete cover and the diffusion coefficient. A comparison of the results of the
chloride content (Figure 5.35) and the residual diameter (Figure 5.36) shows the time between the start of chloride penetration on the surface until the start of corrosion varies
strongly. In case of fast corrosion with very high levels of surface concentration corrosion
starts the first year after penetration initiation, while in case of lower surface concentrations
decades until corrosion initiation may pass.

Figure 5.35: Development of chloride content in reinforcement bar depth with time
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Figure 5.36: Development of the reinforcement bar diameter with time

Figure 5.37: Development of the reinforcement bar diameter at pits with time

When taking a look on Figure 5.36 and Figure 5.37 shows that the average diminution of the
residual diameter is still relatively small. Pits however can cause a reduction of the bar diameter to its half. The residual bond (Figure 5.40) on the other hand is much smaller already. A residual bond of less than 50% seems to be normal for the current condition of the
structure. However, the effect is not expected to be that big since anchorage areas of the
longitudinal reinforcement do not seem to be affected by corrosion.
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Figure 5.38: Development of the residual bond with time

Figure 5.39: Development of the crack width with time

Comparing the results of the visual inspection to the results of the crack width calculation
some differences could be observed. On the real structure, longitudinal relatively wide
cracks around the tip of the baseplate, close to the main reinforcement, could be observed.
These cracks seem to be bigger than the predicted calculated crack width. This might be
since these cracks occur close to the corner of the tip of the basement plate. This however is
not considered by the model for the calculation of the crack width. On the other hand, comparing the results of the calculation of crack width to the corrosion induced crack width on
site on plane areas, the calculation results seem to be conservative.
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Figure 5.40: Mean diameter reduction after 43 years depending on the surface potential without (up) and with
(bottom) pit

To validate the results of the corrosion calculation the surface potential as function of the
residual diameter can be compared. Unfortunately, the extraction of reinforcement bars was
only possible on a very limited number of spaces. However, comparing Figure 5.39 and Figure 5.40 to Figure 5.42 a good correlation of calculated to measured results can be observed.
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Figure 5.41: Measured average diameter reduction

Figure 5.42: Measured average diameter reduction at pits

5.3.4

Latin hypercube sampling

Since this Latin hypercube sampling (LHS) and correlation control are used several times in
this chapter a short theoretical description of the used techniques and procedures is given.
5.3.4.1 General

The development of LHS was motivated by the need of getting an acceptable level of accuracy in statistical and reliability analysis by needing only a relatively small number of simulations. LHS is a special kind of Monte Carlo numerical simulation which uses the stratification
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of theoretical probability distribution functions of input random variables. It has been used
in many different fields of engineering and was applied in versatile ways.
LHS selects Ç different values from each “ variables Tk , … T’ in the following manner [112]:
•

•
•

The range of each variable is divided into m¶Šr non-overlapping intervals based on
equal probability.
One value from each interval is selected at random with respect to the probability
density in the interval.
The m¶Šr values thus obtained for Tk are paired in a random manner (equally likely
combinations) with the m¶Šr values of Tl . These m¶Šr pairs are combined in a random manner with the m¶Šr values of TY to form m¶Šr triplets, and so on, until m¶Šr “tuplets are formed; these m¶Šr k-tuplets are the same as the m¶Šr “-dimensional input vectors.

Three types of Latin Hypercube samples are commonly used (see Figure 5.43). The fist is
called centered or LHS median sampling since the value picked in interval represents the
median and can be described with:
½Š,Î = •Š¤k s

@Š (ª) − 0.5
t
m¶Šr

(5.12)

Where @Š (1), … , @Š (m¶Šr ) is a random permutation of 1, … , m¶Šr , •Š¤k is the inverse of the
cumulative distribution function (CDF) of the random variable and m¶Šr is the number of
realizations. The second frequently used type of LHS sampling is called LHS random since
the picked value ÎŠ in the interval ª is a generated sample of a uniformly distributed random
variable.

½Š,Î = •Š¤k s

@Š (ª) −

m¶Šr

Š
Î

t

(5.13)

Since both methods do have problems in representing the tail of the given probability density function (PDF) well, a sample method using the mean values is rather common. In order
to influence the sample variance, skewness and kurtosis of this area less the following expression can be used:
½Š,Î =

¨«

« ,¬
½dŠ (½)g½
,¬ ¤k

¨«

« ,¬
dŠ (½)g½
,¬ ¤k

« ,¬

= m¶Šr ¼

½dŠ (½)g½

« ,¬ ¤k

(5.14)

So, samples produced with the median and the mean methods are very similar, except for
the values in the tail of the PDF. However, all three types assure good sampling and estimation of statistical parameters for the small number of simulations[79].
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Figure 5.43: Types of LHS: (a)-median, (b)-random and (c)-mean scheme

5.3.4.2 Correlation control

Generally, correlation can be defined as the degree to which two or more attributes or
measurements on the same group of elements show a tendency to vary together.

To quantify the degree of correlation two widely recognized methods exist: The Pearson
correlation coefficient and the Spearman rank correlation coefficient. For samples in the
form of 2, = [½Šk , ½Šl , … , ½Š,šU ] with Ë = 1,2, … , m¶Šr the Spearman rank for the variables ½Š
and ½Î is defined as:
qá á- =
where

\ý
∑‹
ŠÌk ¦½ŠÎ − ½̅Î © (½Š’ − ½̅’ )

‹\ ý
B∑ŠÌk
¦½ŠÎ

‹\ ý

½ŠÎ
½̅Î = Ê
,
m¶Šr
ŠÌk

k
l l

k

\ý
(½Š’ − ½̅’ )l ¯l
− ½̅Î © C ®∑ŠÌk

‹\ ý

½̅’ = Ê
ŠÌk

‹

½Š’
m¶Šr

(5.15)

(5.16)

The Pearson correlation provides a measure of the strength of linear relationship between
two variables. It is +1 in the case of a perfect direct (increasing) linear relationship (correlation), -1 in the case of a perfect decreasing (inverse) linear relationship. The closer the values go towards 0 the less the relationship between the observed variables is.

The Spearman rank is a very similar measure but it uses rank transformed data. That means
the smallest value of a variable is given a rank of, the next largest is given rank 2 and so on
until the rank is equal to m¶Šr . It results can take equally to Pearson correlation coefficient
values from -1 to +1 but it is a measure of strength of a monotonic but not necessarily linear
relationship. The Spearman rank is defined by:
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îá á- =
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Where î¦½ŠÎ © and î(½Š’ ) are the rank transformed values of ½ŠÎ and ½Š’ respectively [113].
Desired rank correlation on LHS

This chapter provides an overview of the procedure proposed by Iman and Conover [107]
for introducing a desired rank correlation structure to a LHS. Important characteristics of
this technique are that it can be applied to all type of distributions, that it is rather simple
using only usual mathematical techniques, that the stratification of the LHS is preserved,
that the marginal distributions for the individual sample variables are preserved and last
that the complex correlation structures involving many variables can be imposed [113]. The
following expiations are strongly connected to the explanations of the process given in [113]
and [107].
The basis of this procedure is a sample ² of the size X from Ç input variables expressed in a
X × Ç matrix:
½kk
½lk
²= ⋮
½rk

½kl
½ll
⋮
½rl

… ½kš
… ½lš
⋮
… ½rš

(5.18)

The rows of the matrix ² represent sample elements while the columns contain the sampled
values for each variable. Aim of the procedure is the rearrangement of the columns this matrix in a way the results follow a desired rank correlation. The desired correlation is expressed the positive defined and symmetric correlation matrix µ:

˜kk
˜lk
µ= ⋮
˜šk

˜kl
˜ll
⋮
˜šl

nkk
nlk
¶= ⋮
nrk

nkl
nll
⋮
nrl

… ˜kš
… ˜lš
⋮
… ˜šš

(5.19)

Here ˜’ is the desired rank correlation between ½’ and ½ . It is not possible to work directly
with ², in order to get a new matrix ² ∗ that has a rank correlation structure µ ∗ which is almost equal to the µ. Before this rearrangement can be done a new matrix
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has to be defined. ¶ is independent to ² but it has the same dimensions and contains random
permutations of X van der Waerden scores Φ¤k (Ë ⁄X + 1), Ë = 1,2, … , X, where Φ¤k is the
inverse normal distribution.

The next step is the rearrangement of ¶ in a way it fulfills the correlation structure defined
by µ. This is accomplished using the Cholesky decomposition of µ
µ = ¸¸ Ù

(5.21)

¶ ∗ = ¶¸ Ù

(5.22)

which is only possible if this matrix is symmetric and positive-definite. Further it is necessary that the correlation matrix of ¶ is an identity matrix (or at least close to it) and has a
size of Ç × Ç. If this is the case the correlation matrix of
is µ. A second condition for the success of this step is that the correlation matrix and the
rank correlation matrix of ¶ ∗ have to be almost equal.

Now ² ∗, which is the wanted rearranged matrix of ², can be constructed by rearranging the
values in the individual columns of ² in the same rank order as the values of the individual
columns of ¶ ∗.

If the condition that the correlation matrix of ¶ is close to the identity matrix is not fulfilled a
rearrangement of the matrix ¶ has to be done first. The procedure for this is proposed in
[113] and [107].

5.4 Finite Element Analysis
5.4.1

General geometry

In generall all calculations are made with the FE Software ANSYS 16.1. Since the retention
wall is a symetrical structure, only one half of it is modeled in order to save elements and
thus calculation effort. As mentioned already in chapter 5.3.2.1 the left side of element 270
was chosen for simulation. Thus only results of the corrosion calculation for this part were
used in the FE-modelation.
The modeled part of the retention wall has a length of 10 m. All other mearurements and the
distribution of the longitudinal reinforcement is shown in Figure 5.46 . The einire
reinforcement was modelled with discrete bars.The conection beween steel and concrete is
established at the nodes of the mesh. The reinforcement configuration is shown in Figure
5.46. Bond characteristics were only considered for the main reinforcement with a diameter
of 26 mm in the simulation. As mentioned initally, the configuration of the reinforcement is
simmilar to the configuration usually used in a beam. Thus the main reinfocement is
anchored in the backside of the fundament.
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Figure 5.44: Sectional drawing showing dimensions and longitudinal reinforcement of the retention wall (all bars
without dimensioning are Ø8 mm)

Figure 5.45: Top view of the configuration of the main reinforcement in the base of the retention wall.
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Figure 5.46: Configuration of the reinforcement.

5.4.2

Mesh

The shape of the elements is mostly quadratic with a side length of 5 cm. On one hand this
minimizes errors in the solution process. On the other hand, it was necessary to have a
clearly defined mesh in order to connect the discrete reinforcement to the concrete elements. In case of the main reinforcement additionally COMBIN39 elements for the simulation of bond behavior were added. However, in some sections in the back side of the retention wall a quadratic mesh was not possible (see Figure 5.47). The element length in longitudinal direction is always 5 cm.
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Figure 5.47: Configuration of mesh

5.4.3

Boundary conditions

As mentioned, the retention wall functions more like a bending beam than a retention wall.
This gets obvious by looking at the reinforcement but also by looking on the site. In reality
the wall is connected to the piles at its ends, which themselves are founded on the rock below, in the horizontal direction. Taking a look on site several locations where no or very
loose soil is located under some parts of the base. As it was not possible to execute geotechnical measurements of the local soil, it was decided to fix the base of the retention wall only
in y-direction. Movements in x-direction are only impeded at the location of the piles. At the
symmetry cut in the middle of the retention wall a fixing in z-direction is the third boundary.
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Figure 5.48: Bedding schematic

Figure 5.49: Overview of bedding in ANSYS
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Figure 5.50: Detail of bedding in ANSYS showing the fixation in z-direction of the vertical cut in the middle of the
retention wall and the fixing in y-direction at the bottom side of the base.

Figure 5.51: Bedding in ANSYS, showing the fixing in x-direction at the console where the retention wall is connected to the piles and, as above, the fixing in y-direction at the bottom side of the base.
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Loads

A comparison of load models used in the original structural calculations and the LM1 of the
Eurocode 1991-2 [114] showed that the LM1 has the highest loads and was thus used in the
analysis (see Figure 5.52). Traffic loads however do not affect the structure directly but indirectly by earth pressure. All geotechnical calculations for the determination of earth pressure are executed following the instructions in [115] which is based on Eurocode 1997 and
DIN 4085. Unfortunately, no geotechnical measurements could be executed. The planning
documents mention that while construction the soil behind the retention wall should not be
disturbed since a street has been at this location for centuries and thus consolidation is very
good. Hence, the shearing angle º is assumed to be 30 °. The slip surface angle *] is 60 °.

For the common cases where the terrain is horizontal, the wall is vertical and the wall friction angle is either 0 or 2⁄3 º′ earth pressure coefficients may be used. Values chosen for
this section are _•Ø· = 0.33, _ƒØ· = 0.33 and *• = 60°. For the part where the wall is not
vertical was calculated as _•Ø· = 0.084 and *• = 45°. The specific weight is Ã = 18 “m⁄XY .
The earth pressure at rest and the earth pressure due to vertical loads on the surface may be
evaluated then with:
eƒ¼p = Ã ⋅ ½ ⋅ _ƒØ·
eq¼p = p× ⋅ _•Ø·

(5.23)
(5.24)

where ½ is the vertical distance to the surface and p× is vertical pressure on the surface. The
vertical and horizontal distribution was determined using a graphical method following DIN
4085 and is shown in Figure 5.54 to Figure 5.57.

Figure 5.52: Soil behind and under the retention wall and the distribution of loads under LM1
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Figure 5.53: Resulting horizontal loads from earth pressure at rest

Figure 5.54: Resulting horizontal loads from UDL under LM1

Figure 5.55: Resulting horizontal loads from TS under LM1
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Figure 5.56: Top view of the distribution of TS load under LM1

Figure 5.57: Applied loads in ANSYS
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5.4.4

Materials

5.4.4.1 Concrete

The non-linear behavior of the concrete was simulated in ANSYS with a model of the multiPlas library by dynardo. Specifically, a two-surface plasticity model, which combines Rankine and Drucker-Prager model (called material law 15) is used. The qualitative shape of the
stress-strain diagram is shown in Figure 5.58, here the softening law mlaw=6 is used. Fixed
parameters used for concrete are summarized in Table 28. The spatial variable LHS samples
were generated using the distribution shown in Table 23. The pattern used for the consideration of the spatial variably is shown in Figure 5.59. Each element has a width of 50 cm and
the values in the base and the wall are not the same.
Table 28: Parameters used in the concrete model

Variable

EX
NUXY
DENS
Ÿ¾
ŸS
ŸM
¿¾

¿S

5Ó1
ÀÓ,
ÀÓÖ
ÁR
ÀPÖ

Description

Young’s modulus
Poisson ratio
Density
Uniaxial tensile strength
Uniaxial compressive strength
Biaxial compressive strength
Dilatancy factor tension
Dilatancy factor compression
Rd dependent on ratio of confinement
Relative stress level at start of nonlinear hardening in
compression
Residual relative stress level in compression
Fracture energy
Residual relative stress level in tension

Value

3.80E+10
0.2
2400
Table 23
Table 23
1.2 ⋅ îg
0.25
1
0.0025 − îg ⁄¢T
0.33

0.01
73 ⋅ 10¨ ⋅ îg ¤ƒ.k«
0.01

Figure 5.58: Qualitative shape of the stress-strain behavior of the concrete (by multiPlas)
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Figure 5.59: Pattern used for the variation of the concrete strength.

5.4.4.2 Steel

The reinforcement steel is modeled with a bilinear behaviour model of ANSYS. The strenght
parameters of the reinforcement were not modeled with a spatial variablity. However, LHS
samples were generated using the distribution shown in Table 25.

Figure 5.60: Qualitative behavior of the reinforcement steel.
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5.4.5

Reduction of diameter and bond

Basically, the reduction of the reinforcement diameter was modelled for the air face of the
wall, the air faces of the fundament and the main reinforcement. The reduction was simulated in the pattern described in chapter 5.3.2 and Figure 5.59.

The reduction of bond due to corrosion was simulated for the main reinforcement. The slip
curve shown in the MC10 (see Figure 2.12) was simulated with a non-linear spring called
COMBIN39. However, the ascending branch was assumed to be linear, further the reduction
of bond is considered with a factor (see Figure 5.61).

Figure 5.61: Reduction of bond force

Figure 5.62: Loss of bond under corrosion
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The reduction of bond due to corrosion occurs very fast (see Figure 5.62). However, the
effect in case of this retention wall is probably not as big since the main reinforcement is
never harmed at its anchors because the bars are deep inside the fundament of the retention
wall at its ends. Thus, the critical chloride level is never reached in this area and corrosion is
only an issue in the middle of the bars.
5.4.6

Convergence criteria

In general, all samples were loaded until certain convergence criteria could not be fulfilled
any longer. In Table 29 the time steps (describing the load steps) are shown where time = 1
in this case means full load due to LM1.
Table 29: Values for the solution

Variable

Description

CNVTOL
DELTIM
NLGEOM
AUTOTS
LNSRCH

Accuracy
Time steps (first, minimum, maximum)
Nonlinear geometry
Auto time-search
Line search

Values

f,,0.1
0.01,0.0001,0.1
Off
On
On

5.5 Capacity

This chapter gives an overview of the results of the probabilistic non-linear FE calculations.
Calculations using a semi-probabilistic safety concept have not been executed since the
owners wanted to have only a probabilistic assessment. Anyways, the valuation of the deterioration status for a semi-probabilistic calculation would have been very difficult anyways.
In order to explain the values calculated and for giving an overview of threshold in literature
a theoretical summary is given first in this chapter.
5.5.1

Critical limit states

The aim of a reliability analysis by a probabilistic approach is a probabilistic assessment of
the safety of a structure by estimating the probability of failure „S .
This probability of failure „S is conventionally defined by the reliability index • which is
related to the „S by:
„S = Φ(−•)

(5.25)

where Φ is the cumulative distribution function of the standardized normal distribution.

Table 30 shows the values recommended in the EN-1990 [35] where CC stands for the consequence class. CC1 can be for small or negligible, CC2 for considerable and CC3 for very
great “consequence of loss of human life, or economic, social or environmental consequences” respectively. These values are valid for both new and existing structures. However, a
decision to choose a different target reliability lever for existing structures might be taken
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on basis of well-founded analysis of consequences of failure and the cost of safety measures
for any specific case.

Additionally, target reliability levels for durability are shown in Table 30. Depending on the
used standard • values reach from 1.0 to 1.8. However, Gehlen showed in fib-Bulletin 76
[116] that reliabilities for exposure classes used for sites with chloride penetration (i.e. XS1
- XS3 and XD1 - XD3) provided by deemed-to-satisfy rules for a design life of 50 years for
different western countries may be much lower. The lowest values he found for XD1 and
XS1 are • = 1.4 and • = 0.7 respectively, for XD2 and XD3 the lowest value obtained is • =
−0.9 and for the exposure classes XS2 and XS3 values go down to • = −1.5 and • = −1.3
respectively. For exposure classes where carbonization is expected (i.e. XC2 – XC4) a similar
investigation was made by Greve-Dierfeld and Gehlen [117]. It was shown that the deemedto-satisfy rules for a design life of 50 years for XC2 and XC4 are on the safe side. While for
XC3 the calculated reliabilities scatter around the target reliability.
Table 30: Target values for reliability index ÒP and the probability of failure NR for a reference period of 50 years
and 1 year

Limit State
ULS
CC1 [35]
CC2 [35]
CC3 [35]

SLS
Reversible [35]
Irreversible Effects [35]
Irreversible Effects [35]
Durability
Depassivation of reinforcement [38]
Depassivation of reinforcement [118]
Depassivation of reinforcement [119]

ÒP

3.3
4.2
3.8
4.7
4.3
5.2
0.0
1.5
3.0

1.0 - 1.5
1.8
1.3

NR

Reference period

4.8 ⋅ 10¤§
4.1 ⋅ 10¤¥
7.2 ⋅ 10¤¥
1.3 ⋅ 10¤¨
8.5 ⋅ 10¤¨
1.7 ⋅ 10¤ª

50 years
1 year
50 years
1 year
50 years
1 year

1.6 ⋅ 10¤k
− 6.7 ⋅ 10¤l
3.6 ⋅ 10¤l

50 years

5.0 ⋅ 10¤k
6.7 ⋅ 10¤l
1.35 ⋅ 10¤Y

9.7 ⋅ 10¤l

Service life
50 years
1 year
50 years
50 years

The verification of a structure with respect to a particular limit state is carried out via estimation of the probability of failure in a specified reference period and its verification against
reliability requirements. The probability of failure can be expressed in following way [4] if
the parameters characterizing actions, environmental influences, material and geometry are
represented by the random variables Â and Ã. If time dependent processes are considered
the following elementary reliability problem may be formulated as:
„S (h) = „që›ÄÃ(h) ≤ ¶(h)Å = „që›°ß¦²(h)© ≤ 0±
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Where R = n(¶) and î = q(Ã) are the basic random variables associated with loading and
resistance, respectively. The variables S and R are often referred to as "basic random variables" and may be collectively represented by a random vector X.

Both, the Probabilistic Model Code [120] and the Eurocode series define three types of limit
states. The ultimate limit state (ULS) concerning the maximum load carrying capacity as
well as the maximum deformability, the serviceability limit state (SLS) which concerns the
normal use and the durability limit state (DLS) concerning limit states caused by different
types of deterioration. ULS is usually irreversible and causes failure when its reached, it
includes:
•
•
•
•

The loss of equilibrium of the entire or a part of the structure.
The attainment of a maximum resistance capacity of sections, members or connections by rupture or excessive deformations.
Rupture of members and connections due to fatigue or other time depended effects.
The sudden change of an assumed structural system to a new system [120].

The SLS is defined as:
•
•
•
•

Local damage which may reduce the durability of the structure or affect the efficiency or appearance of structural or non-structural elements.
Observable damage caused by fatigue or other time dependent effects
Unacceptable deformations which affect the efficient use or appearance of structural
or non-structural elements or the functioning of equipment.
Excessive vibrations which cause discomfort to people or affect non-structural elements or the functioning of equipment [120].

The Model Code 2010 [4] defines a rather long list of limit states for durability including the
limit state of depassivation due to carbonation and chloride attack. The limit states for
cracking due to reinforcement corrosion, for scaling due to FT and damage due to FT.
5.5.2

Definition of failure in nonlinear analysis

In the course of probabilistic nonlinear analysis failure has to be defined. According to the
Eurocode 2 [121] (EC2) the following checks for the SLS under corresponding load level
have to be verified: (a) The maximum compression of concrete, (b) the tension of steel, (c)
the deflection and (d) the crack width. The values for the verifications a, b and c can be obtained directly from the FE calculation. Relevant limits defined in the EN 1992-1-1 [121] for
the SLS are:
•
•

Compressive strength of concrete under quasi permanent loads has to be less than
“l d‡’ in order to assume linear creep. It is recommended to set “l = 0.45.
Under the characteristic combination of loads, the tensile stress in the reinforcement
does not exceed “Y d¹’ . It is recommended to set “Y = 0.8.
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•

•

Deflections that could damage adjacent parts of the structure should be limited. For
the deflection after construction, span/500 is normally an appropriate limit for quasi-permanent loads.
The crack width U’ can be calculated. with formula (5.27), the maximum value is
U’,r•á = 0.3 XX.

U’ = n‰,r•á (‘¶r − ‘‡r )

(5.27)

where ‘¶r is the strain of steel in an element, ‘‡r is the strain of concrete in the same element and n‰,r•á is the distance between two cracks. n‰,r•á = 0.3956 in this case, which is
the size of the element.

In case of the ULS the EC2 [121] defines the following verifications where a design resistance is compared to a design load: (a) Bending with or without axial force, (b) shear, (c)
torsion, (d) punching, (e) anchorages and laps, (f) partially loaded areas and (g) fatigue.
However, verifications based on loads cannot be used in a probabilistic assessment based on
FE calculations. Relevant limits for the ULS defined in the EN 1992-1-1 [121] may be thus:
•
•

The compressive strain in the concrete has to be limited to ‘‡£l = 3.5‰.
The tensile strain in the steel has to be limited to ‘£ž = 2.25‰.

However, these values are very high and the calculation efforts in order to reach values that
high usually gets extremely big. Thus, commonly the FE calculation is stopped when a defined convergence criterion doesn’t lead to a result of any more. This convergence criterion
however has to be adjusted before the calculations for the probabilistic assessment can
start. One method in order to obtain the probability of failure is to calculate all specimen
until this criterion (defined as failure) is reached. Once the FE calculations are finished, the
values of the force when reaching the failure criteria can be fitted to a distribution function.
This distribution function of the resistance can then be compared to the pdf of the force in
order to obtain pS .

Another method for assessing the probability of failure is to create sample values for the
force as well. FE calculations are executed then until the force is reached. The probability of
failure can be obtained by comparing the number of failures with the total number of failures. The advantage of this method is that the calculation of specimen without failure is
much faster than in the first approach since the calculation speed slows down when elements start to plasticize. Though, the number of specimen for the calculation has to be much
higher since the probability of failure is usually a very small value.
5.5.3

Failure mechanism

The study of the failure mechanism rises from the fact that for the calculation of the load
several assumptions regarding the soil had to be made. The same is valid for the bedding
below the retention wall. So, knowing the failure mechanism and the most probable crack
pattern may be very valuable information. One fear at the beginning of the analysis was that
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at the edge of the console right next to the bearing a gaping crack may open and cause relatively fast failure. However, results showed that this failure is very unrealistic due to the fact
that the amount of reinforcement in this edge is relatively high. Additionally, the cover of the
main reinforcement in this edge is relatively high and thus corrosion will not occur for a
long time.
Most probably bending failure will occur. This failure mode was observed for all samples.
Depending on the concrete strength and corrosion damage of the sample the area of crack
occurrence may vary. Some specimen showed load redistribution at a comparatively early
stage of loading thus the increase of loading slowed down at this stage and the deformation
increased faster. The crack pattern and the load - displacement plot of a specimen with early
redistribution and bending failure is shown in Figure 5.70 and Figure 5.71.
5.5.4

SLS

Since the different diameters of the corroding reinforcement have a differing stiffness an
analysis of the SLS can be executed, even though the elastic modulus is assumed to be constant. The criteria of the analysis are shown in chapter 5.5.2. However, the fist limit reached
was in all cases the compressive strength of concrete. The limit of steel tension is only
reached for very few cases with the used convergence criteria. The deflection limit was exceeded in most cases. However, the analysis could only be executed for the limit of compression of concrete which was exceeded for all samples.
Since the load level is very at quasi permanent loads is very low (total load 159 kN) • values
are between 6.2 and 7.2.

Figure 5.63: Histogram and distribution of force at SLS (compression of concrete) failure 2016 in comparison to
stress
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Figure 5.64: Histogram and distribution of force at SLS (compression of concrete) failure 2016 in comparison to
stress

Figure 5.65: Evolution of Ò(left) and NR (right) for SLS (compression of concrete) (for tree coefficients of variation
(CV))

5.5.5

ULS and Bearing capacity

As mentioned, due to the computation effort it is almost impossible to calculate all samples
until a limit stress or strain is reached. Thus, the calculation for the probabilistic assessment
was undertaken with the results of the calculation under the convergence criteria shown in
chapter 5.4.6.

Comparing the results of the FE calculation of the year 2016 with the ones for 2026 showed
that all generated models lose between 0.11 % and 22 % of capacity. Thus, the mean value
decreases about 3 % while the 5 % percentile stays almost the same. This is due to the fact
that the standard deviation decreases approximately 5 % because generated models of high
capacity 2016 loose more than the models with low capacity in average. This behavior is
caused by the variation of concrete strength which, when varying strongly including very
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small values, causes cracking at a very early stage. Thus, the load steps are getting very
small at a very early stage. The influence of the loss of stiffness due to corrosion for these
models is relatively low.

Thus, when fitting distributions to the resulting forces the left branch gets relatively steep
and results of the probability decrease little in comparison to the results of the change of the
mean value.

Figure 5.66: Evolution of maximum force (mean and 5%percentile value)

Figure 5.67: Histogram and distribution of maximum force for given convergence criteria for 2016 in comparison
to stress (for tree coefficients of variation (CV))
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Figure 5.68: Histogram and distribution of maximum force for given convergence criteria for 2026 in comparison
to stress (for tree coefficients of variation (CV))

Figure 5.69: Evolution of Ò(left) and NR (right) for the maximum load (for tree coefficients of variation (CV))

Since the probability of failure is relatively low (ca. 3.7 while the limit of Eurocode would be
at least 3.8) and since the calculation stopped for three models at a comparatively early
stage, for these models the calculation was continued for both time steps allowing much
smaller load steps to check if at this level the bearing capacity is reached already. Fortunately, the limit was not reached. So, assessing the probability of failure without this extremely
low results beta values are at approximately 4.5. As exemplarily illustrated in Figure 5.70
and Figure 5.71 the load could still be doubled for these models after some load redistributions. At the stage where the calculation stopped with the conventional convergence criteria
and first visible cracks would occur. Further, the reaction force displacement plot is less
inclined than in most other cases and cracking occurs at a rather early stage.
So, the positive finding of these additional calculations was that the probability of failure
would be lower if the calculation capacities would have allowed calculations with smaller
minimal load steps. However, the disadvantages of calculations with spatial variability are
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probably that the solution process is slowed down significantly which may lead to rather
conservative results if the calculation resources are limited.

Figure 5.70: Reaction-displacement curve of specimen 55 after 44 years.

Figure 5.71: Development of crack pattern of specimen 55 at the load stages showed in Figure 5.70 after 44 years.
Crack width: (1) 0 mm, (2) 0.4 mm, (3) 0.7 mm and (4) 2.6 mm
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Figure 5.72: Force displacement plots of all modelled specimens executed for 2016

Figure 5.73: Force displacement plots of all modelled specimens executed for 2026

5.6 PI based assessment

The basic idea of this analysis is, as described in chapter 4, to use all available data in order
to obtain a few overall ratings representing the condition of the bridge in its different fields
of action (see Figure 5.74).
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Figure 5.74: Aim of PI analysis is the usage of all important data for the description of the structures condition in
its different fields of action.

The tables of all items as well as the rating scheme are shown in Annex B. All definitions for
the assignment of intensities Ë and extents W can be found there. In case no definition neither
for ratings nor weightings of the rating system of VCE could be used, new definitions had to
be proposed. The following subchapters show how ratings and weightings were assigned in
such cases.
The assessment in this section was executed for the field between the bearings 270 and 280,
as in the entire case study.
5.6.1

Safety, Reliability and Security

5.6.1.1 Input

Most of the input in this analysis was obtained in the visual inspection (see Figure 5.75).
This information was then filled in the rating scheme (see Annex B.3). Not visible in the Figure 5.75 is the condition of the longitudinal dilatation joint, which is broken over the entire
length probably due to longitudinal movements of the bridge. This damage causes a strong
flow of water, and thus wetting of the concrete during precipitation events.
Information gained in the potential measurements is includes as well as the measurements
of the concrete cover and the results of the reliability calculation (see section 5.6.1.2). As
mentioned in Chapter 4.3, in these cases the weighting is higher as it would have been if the
damage (extent and intensity) was only discovered by visual inspection.
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a)

b)

c)

Figure 5.75: Results of the visual inspection for the span between the bearings 270 and 280 as used for the input in
the PI analysis. a) is the side-view of the hillside beam, b) is the top view of retention wall and the connection beam
between the foundation pillars and c) is the bottom view of the precast elements of the slab.

5.6.1.2 Additional explications regarding the item “Probabilistic FE” (1.0.2, 2.0.2, 4.6)

Here the rating proposed refers to the minimum values of the Eurocode. Thus, probability of
failure higher than this limit causes a rating of 5. A probability of failure until 10 % lower
this value causes 4, and so on.
It is proposed further to assign the highest weighting in the rating of the component since
such analysis includes usually actualized current state of a structure. Thus, the influence of
other damages on safety, reliability and security of a part is considered in already. In this
case study a value of 40 was assigned.
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Table 31: Proposed definitions for PI ratings if values of probabilistic FE are available

Rating
1 if
2 if
3 if
4 if
5 if

Ò
≥3.93
≤3.89
≤3.86
≤3.83
≤3.80

50 years

NR
≤4.32E-05
≥5.04E-05
≥5.76E-05
≥6.48E-05
≥7.20E-05

Ò
≥4.80
≤4.77
≤4.75
≤4.72
≤4.70

1 year

NR
≤7.80E-07
≥9.10E-07
≥1.04E-06
≥1.17E-06
≥1.30E-06

Reliabilities in the analysis above showed bigger probabilities of failure. However, this was
mostly due to the three models, which caused the calculation to be aborted at a very early
stage with standard settings. So, in order to get a more realistic estimation of the reliability
without an extreme calculation effort the probability of failure was estimated without the
consideration of this three samples that showed a quite different load redistribution behavior at an early stage. The result of this calculation was a probability of failure pS = 7.09¢ − 5
(• = 3,81), thus a rating of 4 was assigned to the item “Probabilistic FE analysis”.
5.6.1.3 Output

In Table 32 the input and output of the of analysis “Safety, Reliability and Security” is shown.
The overall component rating is 4.1 as well as the rating for the SL since no other PI on SL
was assessed. Ratings of the assessed parts vary between 3.2 and 4.8. As mentioned above,
in this analysis all weights except the item “Probabilistic FE analysis” are derived from the
weights of VCE. In case of detailed measurement, the weights are doubled.
Table 32: Input and Output in rating system for the assessment of the KPIs of “Safety, Reliability and Security”. All
definitions, causes, corresponding PIs and other additional information can be checked in Annex B.3 (only items
with rating worse than 1 are shown).

Assessment Method (VI Visual Inspection, ME
measurement or
monitoring, MO
Modelling)
Weighting

COMPONENT LEVEL
SUBSTRUCTURE
1.0 2 Probabilistic FE analysis
1.6 1 Small or insufficient cover, carbonization, chloride
contamination
1.6 2 Corrosion
SUPERSTRUCTURE
2.1 2 Construction error or
damage due to mechanical impact (surface imperfections, buckets, voids)
2.1 4 By corrosion due to chlorides and carbonization
(partially loss of mechani-

yes
mo
vi

28.8
40
2

vi
yes
vi

3

vi

2

a

i

Rating
4.1
4
4
0.8 0.8
4

0.8

1

1

0.8

4
4
4

0.5 0.8

3

75.3
2
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cal active sections, cracking, spalling)
2.3 1 cracks from loading (e.g.,
fatigue)
2.6 1 small or insufficient cover,
carbonization, chloride
contamination
2.6 2 corrosion
3.0 2 at dewatering elements
EXPANSION JOINTS, JOINT STRUCTURES
6.1 0 leakages
6.2 0 deficient position of element
6.3 0 structural damage of
equipment
6.4 0 dirt
WATER PROOFING, DEWATERING
8.2 0 Inoperable dewatering
SIDE BARS
9.2 0 deficient reinforcement:
corrosion, cover
SYSTEM LEVEL
S
1 Condition rating from
component assessment
5.6.2

vi

2

0.5 0.5

me

4

me
vi
yes

6
1

vi
vi

1
2

1
1

1
1

5
5

vi

2

1

1

5

vi
yes
vi
yes
vi

1

1

0.8

4
3.2
4
4
5

1

0.5

1
1
0.5 0.8
25.3

4.4
2

0.8 0.8
4.7

1

yes

1
0

15

1

2
3

5
3
4.8

4.1
4.1

Availability and Maintainability

The main differneces between the KPI “Safety, Reliability and Security” and the KPI
“Availability and Maintainability” is that weightings are not the same and that the factor n is
introduced (the entire rating schme is shown in Annex B.4). Since no study for the quantification of s was executed the following values are assigned in order to show the general idea
of the approach:
•
•
•
•

1 if no influence on traffic flux is expected
2 if some (minor) influence on traffic flux is expected or if restrictions for extremely
heavy vehicles are possible.
3 if time loss of time is expected or restrictions for heavy vehicles are expected.
4 if closure of structure is expected or necessary.

Weightings of FE assessment are not considered (weighting is 0). This analysis is only executed for demonstration purposes, thus all weights are assigned with the random number
generator since no data for the assignment of weightings in this context is available. If items
were assessed by measurement the weights are double as high as in case of visual inspection. If the ratings are based on modelling the value is the doubled again.
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5.6.2.1 Output

The results of this analysis are similar to the results of the analysis “Safety, Reliability and
Security” since the individual ratings of the items in the scheme are the same. However, due
to the differing weights overall ratings are not the same. At this point is reminded again that
this analysis was done purely for demonstration purposes.
Table 33: Input and Output in rating system for the assessment of the KPIs of “Availability and Maintainability”. All
definitions, causes, corresponding PIs and other additional information can be checked in Annex B.4 (only items
with rating worse than 1 are shown).

Assessment Method
(VI Visual Inspection,
ME measurement or
monitoring, MO
Modelling)
Weighting s

COMPONENT LEVEL
SUBSTRUCTURE
1.0 2 Probabilistic FE analysis
1.6 1 Small or insufficient cover, carbonization, chloride contamination
1.6 2 Corrosion
SUPERSTRUCTURE
2.1 2 Construction error or
damage due to mechanical impact (surface imperfections, buckets,
voids)
2.1 4 By corrosion due to chlorides and carbonization
(partially loss of mechanical active sections, cracking, spalling)
2.3 1 cracks from loading (e.g.,
fatigue)
2.6 1 small or insufficient cover, carbonization, chloride contamination
2.6 2 corrosion
3.0 2 at dewatering elements
EXPANSION JOINTS, JOINT STRUCTURES
6.1 0 leakages
6.2 0 deficient position of element
6.3 0 structural damage of
equipment
6.4 0 dirt
WATER PROOFING, DEWATERING
8.2 0 Inoperable dewatering

Rating
3.9
3.2
4
4

yes
mo
vi

28.8
0
2

vi
yes
vi

2
75.3
1

1
1

4
3.8
4

vi

2

1

3

vi

4

1

2

me

4

1

3

me
vi
yes

4
1

1
1

5
3
4.9

vi
vi

25.3
3
3

3
3

5
5

vi

3

3

5

vi
yes
vi

1
4.4
1.5

2

4
3.2
4

1

3
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SIDE BARS
9.2 0 deficient reinforcement:
corrosion, cover
SYSTEM LEVEL
S
1 Condition rating from
component assessment
S+
1 Availability
5.6.3

yes
vi

4.7
6

yes
VI

0
5
2

3

4
5

1

3.3
3.9
2

Costs

As mentioned, costs are not within the scope of this thesis thus this analysis is only done for
demonstration purposes. However, since it seemed obvious that the PI related term “prize
of new element” has a significant influence on this KPI an assessment on component level
for this term is proposed (the entire rating scheme derived from the COST results is shown
in Annex B.5). The weightings used are the ones derived from the rating system of VCE. For
the assignment of a rating the following list is proposed. However, since no information regarding the needed money for maintenance is available values could only be estimated.
•
•
•
•
•

1 if no maintenance
2 if maintenance costs less than 10% of new element
3 if maintenance costs less than 20% of new element
4 if maintenance costs less than 40% of new element
5 if maintenance costs more than 40% of new element

On system level the only rating considered besides the overall rating of the component level
is traffic restrictions. The rating was assigned like in the list in chapter 5.6.2. Because at least
the longitudinal dilatation joint has to be changed a rating of 2 was assigned. Since no data
for the assignment of a rating is available, these values are assigned arbitrarily.
Table 34: Input and Output in rating system for the assessment of the KPIs of “Cost” executed for demonstration
purposes. All definitions, causes, corresponding PIs and other additional information can be checked in Annex B.5
(only items with rating worse than 1 are shown).

COMPONENT LEVEL
Substructure
Superstructure
Bearings
Expansion joints
Side bars
SYSTEM LEVEL
CS
4 price of the new element
CS
6 traffic restrictions
5.6.4

Environment

Rating
Weighting
2.65677749
2
29
3
75
2
45
5
25
4
5
2.54731458
2.65677749
10
2
2

As above, this analysis is only done for demonstration purposes (the entire rating scheme
derived from the COST results is shown in Annex B.6) For the assessment of the KPI “Environment” only subjective input was used. A rating of 3 was assigned to the item “Noise” due
to the fact that at the houses between the structure and the Danube and in the forest of the
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Leopoldsberg the sound of cars passing the transversal dilatation joints is hearable relatively loud. However, the sound is much lower than it would be if there was a denivelation problem or a bigger gap. In general a rating in dependence on the categories of the ÖNORM
S5021 [122] and the immission thresholds of y{,ŸÈ,ž•¹ = 60g€ and y{,ŸÈ,šŠØ·e = 50g€ of the
Handbuch Umgebungslärm [123] may be used:
•
•
•
•
•

1 if noise immersion is lower y{,ŸÈ,ž•¹ = 45 g€ and y{,ŸÈ,šŠØ·e = 35 g€

2 if noise immersion is lower y{,ŸÈ,ž•¹ = 50 g€ and y{,ŸÈ,šŠØ·e = 40 g€
3 if noise immersion is lower y{,ŸÈ,ž•¹ = 55g€ and y{,ŸÈ,šŠØ·e = 45 g€

4 if noise immersion is lower y{,ŸÈ,ž•¹ = 60 g€ and y{,ŸÈ,šŠØ·e = 50 g€
5 if noise immersion exceeds y{,ŸÈ,ž•¹ = 60 g€ and y{,ŸÈ,šŠØ·e = 50 g€

The definition for the assignment of a rating to the item “amount of traffic” may be made in
accordance to the Highway Capacity Manual (HCM) [124]. A possible definition is thus:
•
•
•
•
•

1 if free flow (A) or reasonably free flow (B) is given at any time of the day.
2 if stable flow, at or near free flow (C) or less traffic is predominant on more than
10 % of an average business day.
3 if unstable flow, operating at capacity (E) or forced or breakdown flow (F) do not
occur on an average business day.
4 if unstable flow, operating at capacity (E) or forced or breakdown flow (F) is predominant on more than 5 % of an average business day.
5 if unstable flow, operating at capacity (E) or forced or breakdown flow (F) is predominant on more than 10 % of an average business day.

The rating for the amount of traffic was assumed to be 3 since no traffic jams or extremely
dense traffic was observed during the time of the detailed investigation. On the other hand,
traffic was observed at any time, even at night.
5.6.5

Health and Politics

For the assessment of the KPI “Health and Politics”, which is as well only done for demonstration purposes, some proposals for the assignment of ratings had to be made (the entire
rating scheme derived from the COST results is shown in Annex B.7) In case of the item
“Visual defects regarding safety and security” the rating of 3 is assigned following the proposed definitions for ratings:
•
•
•
•

1 if no damages are visible from a public area (from the pavement or if accessible
under or over the structure)
2 if slight damages such as efflorescence, small rust strains, beginning of biological
growth or minimal damage (cracks) of the pavement are visible from a public area
3 if bigger rust strains, small cracks, medium damage of pavement etc. are visible
from public areas
4 if reinforcement is visible, cracks are visible easily, pavement is in a rather bad
condition
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•

if big reinforcement areas are visible, rather wide cracks or holes are in the pavement

For the item “Other visual defects” a rating of 2 is assigned due to a view non-offensive graffiti. It is proposed to assign 1 if no paintings or graffiti is observed on the structure and 5 if
highly nasty or offensive paintings or graffiti is on the structures surface. The ratings 2 – 3
are not defined more specifically.
For the items noise and traffic volume the lists proposed in chapter 5.6.4 are used.
5.6.6

Result of PI based analysis

Due to the fact that no deffinitions for the assignment of ratings were available a reliable
assessment could only be made for the KPI “Safety, Reliability and Security” on the
component and structural level. Other results are displayed in order to show the
functionality and in order demonstare the advantage of a PI based assessment with the
calculation of final ratings.

Taking a look on Figure 5.76 shows that the substructure gets a relatively good rating taking
into account that after the visuall inspection it was assumed that it is the part in worse
condition. This is due to the fact that detail investigations and recalcualtion results have a
much higher weigthing. These detailed assessments showed however that the condition of
the substructure is however better than thougth initially. Anyways, the analysis as well
shows clearly that maintenace work has to be done on the structure since the rating of the
sidebars, the expansion joints and the supersturcure is close to 4. Sidebars and
superstructure get that rating basically due the corrosion condition. Since leakage of the
expanision joints is why the rating is 4. The dewatering and waterproofing of gets a rating of
3.2. This is due to the fact that on the obseverd field only relatively few damages regarding
this components were found. However other fiels of the modular sturctures show a much
worse condition of the dewatering and waterproofing system. This leads to an overall
component rating of 3.7 as visible in Figure 5.77. Since no item on the system level besides
the overall component value was assessed the value stays the same for the system level.
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Figure 5.76: Spider diagram showing the “Safety, Reliability and Security” ratings for all assessed components

Figure 5.77: Spider diagram showing the “Safety, Reliability and Security” rating on component level for the assessed KPIs (other KPIs are under discussion)
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Figure 5.78: Spider diagram showing the “Safety, Reliability and Security” rating on system level for the assessed
KPIs (other KPIs are under discussion)

5.7 Overview of the most important points in the case study

In the course of the evaluation process besides the visual inspection, measurements of the
concrete cover thickness and the surface potential were executed on areas that are suffering
of corrosion damage. On the same areas, several drilling cores and drilling dust was extracted for the determination of the compression strength of the concrete, of the tensile strength
of the concrete and of chloride ion profiles. For the potential measurements and the chloride
profiles an exponential correlation function was found that is further used for the calculation and prediction of the corrosion damage.

The calculation of the corrosion damage consists basically of the calculation of the propagation time (time until the critical chloride ion content for corrosion is reached at the reinforcement), the corrosion speed (loss of reinforcement diameter), the crack initiation, the
crack propagation and the influence of cracks on the diffusion coefficient are considered.
Additionally, the effect of corrosion on the bond strength is calculated and later used in the
FE calculation.

In the finite element modelling the retention wall is divided in a pattern of 40 fields. The
basic idea of this is to model the variation of residual reinforcement, bond strength and concrete properties on the structure. For the modelling of the correlation between material
characteristics from one field of the pattern to another the approach of Iman and Conover
[107] was used. So, for the calculation of the residual reinforcement cross section and the
residual bond in the pattern the results of the potential mapping including the scatter of the
error were used. Furthermore, the scatter of other parameters was considered. For parameters related to the concrete additionally to the distribution function the correlation length
was considered. Latin Hypercube Sampling was used for the generation of all values. Using
164

Case study on a corroding RC bridge

this method 80 FE models were generated and calculated in the non-linear finite element
analysis.

In the FE simulation traffic loads were augmented until convergence criteria could not be
fulfilled any longer. Since no detailed information about the soil was available, in the reliability analysis different coefficients of variation (CV) were analysed. The results of the reliability analysis for a xú = 30 was resulted in • values between • = 3.6 to 3.7. Following the
recommendations of the Eurocode (• ≥ 3.8) this is a rather small value. However, it has to
be considered that the calculation of three specimens stopped at a very early stage due to
big load redistribution. After the reliability analysis, calculations were executed with
changed convergence criteria these specimens in order to check if they are about to fail. This
analysis showed that all three specimens are still far from failure. So, in order to get a more
realistic estimation of the reliability without an extreme calculation effort the probability of
failure was estimated without the consideration of this three samples that showed a quite
different load redistribution behavior at an early stage. The result of this calculation is a
reliability index of • = 3,81.
The last part of the case study is the assessment of the structure with the afore developed
performance indicator based approach. This approach provides a comprehensive picture of
the condition of the entire structure in the form of a simple rating for the different spheres
of action of the structure. However, due to a lack of data only the key performance indicator
(KPI) “Safety, Reliability and Security” could be calculated. The results of the other KPIs
showed above were only inserted for demonstration purposes. The main problem with this
KPIs was that no values for the weights are available.
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6 Discussion and Conclusions
Degradation processes and models

In this chapter, a state of the art summary of existing empirical models for the estimation of
future damage caused by frost-thaw (FT) deterioration of concrete and by corrosion of reinforced concrete is presented. In general, the aim was to investigate models for all types of
deterioration processes of concrete structures, however, for most processes such models
(i.e. models that express damage as loss of cross-section or strength) do not exist.

The modeling of the effect of freezing and thawing on the strength of concrete is much more
imprecise then the modeling of the process of reinforcement corrosion. It seems that this is
on one hand because the damaging process very complex. Highly depended on the pore
structure of the concrete, the type of concrete, the moisture conditions and of course as well
the temperature profile of the FT cycle. Secondly, the amount of investigation done on this
topic is much less then for the sub-processes of reinforced concrete corrosion. Anyway, even
though several models are available it is very hard to obtain precise predictions. The reason
for this lies in the fact that there is no formula or routine for comparing a FT-cycle in nature
(i.e. varying temperature and humidity) to a standardized FT-cycle of a laboratory test.
However, in order to get a rather rough prediction the recommendations of Fagerlund
(Chapter2.1.3.1) can be followed. These models are simplifying highly and the predicted
damage is usually overestimated. Additionally, for applying these models usually two measurements at different times have to be made. Other models which usually cannot be used
due to the problem with the interpretation of a FT cycle in nature can be used for a wide
range of concrete types of concretes

In case of reinforcement corrosion, a rather big number of models exist for the calculation of
the different processes. Almost all models are empirical. However, the modeling of the mass
and volume loss as function of time and the ingress of chlorides do have a physical/ mathematical background. All investigated models that may be used for the estimation of the corrosion deterioration processes of reinforced concrete are collected in Table 10. Models for
the calculation of the progress of the carbonization front, the chloride ingress, the corrosion
current or rate (for both carbonization and chloride penetration), the material loss due to
corrosion, the pressure in concrete caused by corrosion products, the crack width due to
corrosion and the loss of bond due to corrosion are listed there. Unfortunately, it is not always clear which model to use. Generally it is advisable to use the models recommended by
FIB in [4] and [38] in the design stage or in situations where no detailed information regarding the microclimate, diffusion of the concrete etc. are available. In case of recalculation it is
rather difficult to give clear recommendations since no studies of the accuracy were executed in the course of this thesis. All models for the calculation of the chloride content are
based on Fick’s 2nd law. They differ only in the way the chloride diffusion coefficient is influenced by material parameters, cracks, environment, curing, etc. For the calculation of the
corrosion speed under both chloride and carbonization penetration no recommendation is
given either since no testing regarding the accuracy was executed. Of course, the choice may
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be driven by the availability of input parameters. Same is valid too for almost all other subprocesses of reinforcement corrosion.
Framework for condition control of deteriorating RC structures

Here a step by step procedure for the condition control of concrete structures is given. For
the development of this framework existing technical rules and standards were studied and
compared. On basis of these documents the process of conservation management ranging
from the documentation of the “as-built” status to possible actions in cases where the required reliability of the structure cannot be validated any more, including procedures for
inspection and recalculation is shown stepwise. It was intended to integrate all recommendations for condition control of the MC10. Since whether national codes nor the MC10 give
recommendations for how to execute probabilistic recalculation a clear procedure on how
to perform a probabilistic assessment is proposed.
Framework for performance indicator based assessment

To simplify the communication between consultants, operators and owners the need of a
performance indicator (PI) based bridge evaluation method emerged. In general, this type of
assessment is a comprehensive approach with the aim to calculate key performance indicators (KPIs) that inform about the overall condition of components, structures or a road network. It is intended to include information of any type in the analysis in order to obtain KPI
ratings for different spheres of action of an RC structure.
As basis of the development of this rating schema an existing rating system used in Austria
was used. Errors or illogical issues of this rating system where corrected as well as possible
in the development of the new rating calculation routine. Another very important objective
is that the system works for all types of bridges and its potential problems and forms of decay. For accomplishing this goal, the catalogue of performance indicator related terms made
by WG1 of the COST project is used.

However, a big problem that could not be solved for all damage types and some other performance indicator based items of the rating system was the definition of values for weightings, intensities and extents.
Case study

Spatial variability slowed down calculation speed. Load steps had to be chosen smaller than
it would have been necessary with homogeneous concrete and reinforcement bar diameters.
Further it was important to simulate yielding with a relatively seep graph. If at yielding of
steel, no additional stress can be taken up the calculation speed gets much slower. Generally,
it can be said that calculations with the same convergence criteria on the structure with
homogeneous materials lead to much higher values of stresses, strains, deflections, etc.
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Figure 6.1: Flowchart of the chosen investigation and assessment steps of the case study on basis of the Phase II
detailed investigation proposed in chapter 3.5.2.
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Similarly, problems emerged due to force redistribution caused by the spatial variable material. In three specimens of the analysis the convergence criterion was reached at a very
low load. So, at fist view the load limit seemed to be reached at this point which would have
caused a much lower reliability. However, executing the simulation again with much lower
convergence criterion showed that the structure still was not at its limits.

Regarding the influence of the diminution of bond forces due to corrosion only relatively
small movements of the reinforcement to its corresponding knot in the FE mesh could be
measured. This is since there is no reinforcement corrosion at the ends of the reinforcing
bars (i.e. at the anchorage). However, according to the corrosion calculation within the next
20 years the number of holes (pitting holes in the reinforcement that affect the entire cross
section) much more commonly. So, at the latest at this point bond, and most probably as
well the reliability will be affected.
Regarding the reliability index the demanded value was not reached in a first analysis. however, this was only because of three generated specimens that showed strong load redistribution at a very early stage. In an additional check these specimens were calculated with
different convergence criteria. In this analysis, it could be shown that these specimens are
still far from failure. Thus, the reliability of the structure is still given.

Vulnerability does not seem to be a big problem on the observed structure. Failure always
occurred in the middle of the retention wall. Here failure does not seem to occur extremely
fast since a quite big amount of reinforcement placed in the bottom of the fundament is not
corroding. Since the main reinforcement is not corroding in the area of the console no gapping cracks were observed in the calculation.

Performance Indicator based assessment leads to an easily understandable rating being able
to incorporate all types of information collected or assessed for the regarding structure.
However, for some areas clear definitions on how to assign ratings are still not given. In case
of the KPI “Health and Politics” and “Environment” a survey based on expert consultations
could lead to a result. Replacement or maintenance costs of the different bridge parts may
be obtained from infrastructure owners. For the weighting of the KPI “Availability and Maintainability” besides the consultation of experts, data of infrastructure owners regarding the
time for certain maintenance works may be used too. Additionally, a sensitivity study regarding the effect of restrictions for certain road uses may lead to a result.
So, the KPI “Safety, Reliability and Security”, including data from the visual inspection, the
detail investigation, the deterioration recalculation and probabilistic non-linear FE recalculation lead to a rating of 4. The calculation of other KPIs was only done for demonstration
purposes due to the missing information mentioned above.
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Measurement methods of detailed investigation

A. Measurement methods of detailed investigation

This chapter is a brief summary of measurement techniques that may be executed in the
course of a detailed investigation. Even though not all measurement techniques are listed
and explained it was intended to give a good overview of properties that are most commonly of interest and of how to measure them. Properties that are:
•
•

•
•
•
•
•
•
•

Information regarding the reinforcement such as position and diameter.
Quantities describing the state of the process of reinforcement corrosion. Values regarding the concrete in this context include the progress of the carbonation front,
the ingress of chlorides and the evaluation of the corresponding chloride diffusion
coefficient. Regarding the reinforcement, the evaluation corrosion activity, speed
and current status (i.e. residual diameter) are frequently of interest.
The detection of fractured prestressing cables and reinforcement bars.
The mechanical properties of the concrete.
The frost-thaw (FT) resistance of concrete.
The moisture content of the concrete.
Location, size, orientation of cracks and evolution of cracks.
The actual loads on a structure.
The detection methods of construction errors.

The chapter closes with some recommendations regarding the order of measurement methods.

A.1.

Reinforcement location and diameter

There are several ways of how to gain data regarding the reinforcements location and diameter. One is of course the uncovering of the rebars in order to measure the cover depth, the
rebar diameter, spacing, current corrosion condition etc. However, since destructive measurement methods like dismantlement apart of weakening the structure are very expensive
and time consuming this may be only executed in some special cases in limited areas. In
many cases, non-destructive methods are fully adequate.

Several non-destructive methods exist that can be used for the detection of reinforcement
bars and tendons. For the detection, close to the surface, magnetic, inductive or eddycurrent testing methods can be employed. These devices detect the reinforcement and may
provide as output data the spacing between bars, the thickness of the concrete cover of the
rebar and the bar diameter. Nowadays lots of devices for the use on construction sites are
available. The precision is ±1 mm for the depth measurement, and the maximum depths of
35 cm are possible. The measurement of the bar diameter is possible with many devices,
however, getting accurate results is comparatively hard since the measurements are easily
distorted if the spacing is not big enough, if two layers of reinforcement exist or if measured
at reinforcement joints. Some devices provide real time 3D imaging of the rebar layout.
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If the reinforcement is located deeper, methods based on microwave, radar, x-ray, gammaray, induction thermography or ultrasonic-testing are appropriate [125] [126]. X-ray based
measurements are used commonly for the detection of tendons, however, the interpretation
of these measurements can be in some situations relatively difficult and the accuracy of the
results is much less. The accuracy of the localization is ±10 mm. Measurements of the diameter are not possible with these devices.

Nevertheless, in some situations dismantlement may be necessary. For instance, if absolutely no information regarding the bar diameter exists even though the diameter was determined by a non-destructive device. In case of high corrosion activity, the determination of
the residual diameter is usually not possible with non-destructive methods either.

A.1.

Carbonization

A.2.

Chloride content

Carbonization depth can be evaluated by measuring the pH-value according to EN 14630.
For this purpose, a freshly fractured surface is sprayed with an indicator liquid such as a
1 % alcoholic solution of Phenolphthalein. This solution changes its color if the pH-value is
above 8.6 and thus appears pink in contact with not (or little) carbonated (alkaline) concrete while the color stays the same on surfaces with lower pH-levels (fully carbonated concrete has a pH value between 8.0 and 8.4). The carbonation depth is the distance from the
edge of the colored region to the external surface and should be measured within 30 seconds after applying the solution. This test is not valid for concrete with high alumina-cement
and care should be taken if surfaces are treated with silanes, siloxanes, polymeric additives
or water-resistant admixtures [125] [127].
To check the chloride content of hardened concrete, several methods are available. First, a
qualitative test can be executed on-site. For this purpose, a solution of silver nitrate and
nitric acid with a pH-value of 5 is sprayed onto a broken surface. After drying a solution of
potassium chromate is sprayed onto the surface. If no chlorides are present the color changes to brown, if chlorides are present silver chloride is produced which is insoluble in water
[128].
Secondly, several semi-quantitative methods exist in order to determine if a critical threshold of chloride is exceeded. Commonly used on-site methods are called Quantab, AquaQuant and Micro-Quant. If these methods show a risk of rebar corrosion laboratory tests are
recommended [129].
For a laboratory test, dust samples of drillings of at least 25 g for increments of 15–25 mm
should be taken. Since the first 5 mm of drilling dust are not representative they are rejected. A recent code for the determination of chloride content of hardened concrete in Europe
is the EN 14629 [125] [130] [131].

Three techniques are used to determine the chloride content in concrete without taking
samples. The first is the ion selective electrode. With this method, it is possible to detect the
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chloride content with an embedded sensor near the rebar. Here a potential difference is
measured and further the Nernst equation is used to determine the chloride content. This
method is sensitive to temperature changes, the alkalinity of the concrete and the presence
of an electrical field. However, the durability of the reference electrode can be rather short.

Electrical resistivity (ER) can be used as well for the determination of the chloride content.
The calibration and accurate measurement of the concretes moisture are very important
here because this method is highly sensitive to moisture changes of the concrete. For dry
concrete the assessment is not possible with the ER method because dry concrete is a nonconductor.
Optical fiber sensors are another nondestructive method for the determination of chloride
content and involve detecting the refractive index shift due to the chloride presence. The
output light is studied by an optical spectrum analyzer. Advantages are the sensitivity to
small chloride contents and that this method is not sensitive to electrical fields [26].

A similar method involves measuring the color change of gel with dissolved phenolphthalein
as an indicator. This gel is located in a housing with a porous membrane. When the pH-value
decreases, for instance, due to the presence of chlorides, the gel changes its color.
A list of values of the critical chloride content is shown in chapter 2.2.1.1.

A.3.

Chloride diffusion coefficient

Since the chloride penetration resistance of concrete is a quite complicated mechanism depending on a big number of parameters several tests for the determination have been developed.

The most accurate results are obtained executing long term tests (i.e. AASHTO T 259Standard Method of Test for Resistance of Concrete to Chloride Ion Penetration, and ASTM
C1556 - 11a- Standard Test Method for Determining the Apparent Chloride Diffusion Coefficient of Cementitious Mixtures by Bulk Diffusion). In these tests the specimen is exposed to
a chloride solution without additional pressure. Depending on chosen test and the concrete
quality the test period can take between 30 up to more than 90 days. Due to the long testing
periods a big number of other, less time consuming, tests were developed. Unfortunately,
accuracy of these tests is much lower. A detailed overview of existing tests is available in
[28].
Another possibility is the calculation of the chloride diffusion coefficient by chloride content
measurements of different depth and Fick’s second law [98], this method was chosen and
used in the case study (see chapter 5.2.6.5) in this thesis.
A list of mean values of the chloride diffusion coefficient for different types of concrete is
available in [116].
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A.4.

Corrosion of reinforcement

Several non-destructive techniques exist in order to detect the corrosion of steel in concrete.
Amongst experts, there is no consensus regarding which method assesses corrosion levels
most accurately so advantages, disadvantages and properties of different methods are
shown in the following section.

The most commonly used technique of potential measurements is the open circuit potential.
Here the corrosion potentials are measured with a standard reference electrode, a saturated
calomel electrode, a copper/copper sulfate electrode, etc. on the negative side. On the positive side of the high impedance voltmeter, a connection to the reinforcement has to be established. An indication of the corrosion rate is not possible but information on the corrosion probability can be provided. ASTM 876 are the most commonly used standards for the
measurement of half-cell potential. In the ASTM 876 a table indicating the corrosion condition related to the half-cell potential is presented for a saturated calomel electrode and for a
copper/copper sulfate electrode in order to interpret the measurements. This method is
used quite commonly by means of potential mapping of bigger areas since it is relatively
fast. These measurements have to be complemented by other methods since the relationship between potential and corrosion rate cannot be generalized [128] [129].
A very similar way to detect areas with higher probability of corrosion without needing direct contact to an exposed rebar is to measure the surface potential (SP), where one electrode is kept fixed to a spot while the other is moved. High differences show a high probability of corrosion while positive potentials indicate an anodic area (possibility of corrosion). It
is possible to obtain stable results for SP measurements with a Kelvin Probe on dry concrete
surfaces [132].

Another concept is the measurement of the resistivity of concrete. Resistivity of concrete
reflects the difficulty for the current to flow in the ionic path of a galvanic corrosion cell,
hence it can affect the activity of galvanic corrosion, and it is usually measured as an indicator of corrosivity of concrete [128] [134].This method can provide information about the
risk of corrosion or the intensity of the initiated corrosion process. A high resistivity is an
indication of a smaller risk and slower corrosion process and vice versa. It is possible to
measure the resistivity with both embedded and surface electrodes. The most commonly
used method in practice is a four-probe meter based on the principle of Werner. To minimize the error, the minimum distance between the probes should be bigger than the maximum aggregate size. Further care should be taken to avoid short circuit due to the reinforcement. Nevertheless, the resistivity can be measured with good reproducibility using
different techniques for specimen in various shapes and sizes if the electrodes are bound
well to the surface. Another application is the indirect measurement of chloride ingress
[128] [134] [135] [136].

If the actual corrosion current or corrosion rate is needed and the corrosion is not uniformly
distributed, the linear polarization resistance (LPR) method is applied. These measurements are fast and harm the structure negligibly since only a localized damage to the concrete cover is made in order to establish an electrical connection to the reinforcing steel. The
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principle of this method is that the equilibrium potential of the reinforcement steel is disturbed by either a small change of the potential Ý¢ causing a decay of the current Ý‘ within
a fixed time or galvanostatically applying a change of the current Ý‘ while measuring the
potential Ý¢. The polarization resistance î• can then be calculated as
î• =

ΔE
ΔI

(A.1)

The instantaneous current density Ë‡…‰‰ can then be obtained using the Stern-Geary constant
B[128].
Ë‡…‰‰ =

€
î•

(A.2)

In literature, different values for € can be found. Most commonly used is the following equation which is based on the combination of the anodic and cathodic Tafel slopes.
€=

•• •‡
2.303 ⋅ (•• +•‡ )

(A.3)

where •• and •‡ are constants that can be obtained from the Tafel plot. The value of € has
been determined for reinforcement embedded in concrete and is recommended for on-site
measurements as € = 26 Xú [137]. Since there is a linear relation between the corrosion
current Ë‡…‰‰ [μ}/˜Xl ] and corrosion rate ú‡…‰‰ [XX⁄Æq] this value is a good indicator for
the evaluation of the residual lifetime if the current residual diameter is known.
Several methods were developed for on-site surface measurements. It is also possible to
place embedded sensors in new structures. For further research regarding the polarization
resistance method the paper of Andrade and Alonso (2004) [137] is recommended.

The galvanostatic pulse method (GPM) is another polarization technique. A short (usually 8
seconds) anodic current pulse is imposed galvanostatically on the reinforcement from a
counter electrode placed on the concrete surface and the resulting change in potential is
monitored. Potentials are measured with a reference electrode and a high impedance voltmeter. The GPM allows rapid measurements of polarization resistance, ohmic resistance and
open circuit potential. Further, the polarization resistance î• , the double layer capacitance
xž and the dispersion parameter Ž can be determined. Both criteria of corrosion current
and disperse parameter can judge accurately the corrosion status of rebar in the case of
heavy corrosion. [138]. GPM can be performed with commercially available equipment
which is usually able to display the corrosion rate, the electrical resistance and the half-cell
potential.
Coupled Multi-Electrode Array (CMEA) sensor is an emerging technology for in-situ monitoring of nonuniform corrosion. The principle is the measurement of coupled currents be-
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tween multiple small electrodes. Coupled electrode arrays allow measurements of partial
corrosion currents and thus measurements of corrosion intensity and corrosion spatial behavior. With CMEA the maximum localized corrosion rates can be assessed reliably during
different stages of specimen exposure.

Electrochemical noise (ECN) is the generic term given to fluctuations of current and potential. The ECN technique measures the signal perturbations which are low level fluctuations
of the corrosion potential between two or more nominally identical electrodes which can be
used in the mechanistic determination of corrosion type and speed. The application of ECN
does not involve artificial disturbance of the system. Since the amplitudes of ECN are very
low (usually less than 1 mV) measurements are very sensitive to environmental interference which makes the application of ECN in the field difficult. ECN can only be realized with
embedded sensors[139]. Besides, the correlation between the stage of the corrosion process
and the ECN fluctuations is not quite clear but dynamics of the corrosion process in concrete
can be reliably followed.

Electrochemical impedance spectroscopy (EIS) has proven to be a very useful and powerful
technique for the quantification of corrosion in concrete using AC circuit theory. It uses polarization with alternating current. An AC voltage of about 10 to 20 mV is applied to the rebar and the response current and angle is measured for various frequencies in order to determine the impedance. Information about the polarization resistance (which allows an indirect calculation of the corrosion rate) and extra information about the corrosion process
can be gathered by analyzing both the real (resistive) and the imaginary (capacitive or inductive) components. This extra information can be used to investigate double-layer capacitance or resistive and capacitive properties of coatings. Since direct current methods do not
work well on slow corroding systems, ICE is usually used in these cases. Nevertheless, since
the interpretation of measurement diagrams is difficult and complex and because it is compared to other methods, the rather time-consuming ICE is less common than, for instance,
LPR[140].

A method that uses the non-linear properties of corroding systems is the Harmonic Distortion Analysis (HDA). This non-linearity leads to harmonic components in the response when
a sinusoidal wave signal is applied. The measurement of the current density Ëk and the first
two harmonic responses, Ël and ËY allow the calculation of the corrosion current and the
Tafel extrapolation. The method allows the application of the Tafel extrapolation without
having a distortion due the polarization. The corrosion current ‘‡…‰‰ may be determined
from using [141]
‘‡…‰‰ =

Ëkl

√48 ⋅ ä2Ëk ËY − Ëll

(A.4)

Equally to EIS a voltage of 10 mV is applied to perturb the working electrode. The difference
here is that only a single frequency is needed which makes it much quicker than EIS. Another advantage is that the constants •• and •‡ can be calculated directly. A disadvantage of
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HDA and EIS in comparison to LPR is that a uniform corrosion distribution is assumed. So, if
corrosion is localized, the measurements allow only a qualitative conclusion.

Most of the methods for the evaluation of rebar corrosion presented herein are surface
measurements. For some measurement techniques mentioned it is possible to measure using embedded sensors too. Quite commonly data measurable with the linear polarization
resistance, the open circuit potential, the resistivity, the chloride ion concentration, and the
temperature is gathered.
Table 35: Comparison (pro and contra) of corrosion measurement methods related to electrochemical activity

Measurement method
Pro
Probability of corrosion and corrosion risk measurements
fast
Open Circuit Potential

mapping of big areas
fast
no connection to reinforcement
mapping of big areas
Resistivity
measure- indirect measurement of chloride
ingress
ments
surface and embedded
fast
Corrosion rate measurements
Linear Polarization Re- surface and embedded
sistance Method
Surface Potential

Galvanostatic
Method

Pulse

Electrochemical Impedance Spectroscopy
Harmonic
Analysis

Distortion

Electrochemical Noise
Electrochemical Noise

A.5.

Electrical resistance

Half-cell potential
judging of corrosion status
fast
corrosion currents for slow corroding systems
faster than electrochemical impedance spectroscopy
corrosion currents for slow corroding systems
corrosion speed
corrosion type

Contra

connection to reinforcement
necessary
no corrosion rate
difficult interpretation
no corrosion rate
only on dry concrete surfaces
only information about corrosion risk
connection to reinforcement
relatively high costs
connection to reinforcement
relatively high costs

difficult and time-consuming
interpretation
Slow
only in case of uniform corrosion
difficult and time-consuming
interpretation
only in case of uniform corrosion

very sensitive to environmental
changes thus use in the field is
difficult
only embedded measurements

Fracture of tendons and reinforcement

The remanent magnetism method (RM) has been used in constructional engineering since
1989. This technique is based on the effect of the formation of a magnetic dipole at a fracture of a magnet or in this case a tendon. If the magnetic flux density is monitored orthogonal to the tendon a characteristic fracture signal is detected. Measuring with this method is
quite time consuming. Furthermore, a big magnet in order to magnetize the tendons and
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magnetic sensors are needed. The accessibility of longitudinal tendons and the size of the
magnet can make the measurements, impossible. For transversal tendons, on the other
hand, it is normally no problem use RM [126] [142] [143].

A.6.

Mechanical properties

A general overview of the existing strength tests and their properties is given in Table 36.

Unfortunately, the quickest and cheapest measurement methods that are causing the last
damage (i.e. surface hardness with Schmidt rebound hammer method and ultrasonic pulse
velocity tests) are not very suitable for comparative and uniformity assessment [144]. The
predication of the absolute strength is almost impossible with these methods unless a calibration on the observed concrete was executed [145].

Core tests, however, provide the most reliable information. The disadvantages with cores
are the high costs, that the extraction of cores harms the structure, that the extraction of
cores can be in some situations very difficult and that these tests are slow. On drilled out
cores traditional methods such as compressive strength, tensile strength and E-modulus can
be conducted [18]. In Europe cutting and testing should be done according to EN 12504-1
[146]. Used for calibration of non-destructive or partially destructive testing methods, core
test values may be enhanced. It is important though, that even core test results may not relate directly to the results from cube tests made at the same time.

The calibration of partially destructive methods does not have to be as detailed as for nondestructive methods. However, these methods cause some surface damage, represent only
the surface layer and suffer from high variability.
If a comparison of concretes of similar quality is needed, the choice of method will be ruled
by the applicability. That means that the least destructive method will be used at first. For
instance, surface hardness may be used for new concrete. If two opposite surfaces are available ultrasonic pulse velocity may be used. If only one side is available penetration tests may
be executed. Pull-out and pull-off tests are suitable for small members or as early age in-situ
tests for monitoring of strength development. [147]
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Table 36: Strength tests and their properties [147]

Test method

Cost

General applications
Cores
Pull-out and Penetration resistance
Pull-off and Break-off

Speed
test

High
Moderate
Low

Internal fracture

Moderate

Comparative assessment
Ultrasonic pulse veloci- Low
ty
Very low
Surface hardness
Strength development monitoring
Moderate
Maturity
Temperature-matched
curing

A.7.

High

of

Damage

Representativeness

Slow
Fast

Moderate
Minor

Good
Moderate

Fast

Minor

Moderate
Near to surface
only
Near to surface
only
Near to surface
only
Surface only

Poor

Moderate
Fast
Fast

Continuous
Continuous

Minor
None

Unlikely
Very
nor
Very
nor

mimi-

Good
Good
Good

Reliability
of absolute
strength
correlations

Moderate
Moderate
Poor

Moderate
Good

Frost thaw resistance

This part will show methods of how to evaluate the frost -thaw (FT) resistance of concrete
in a laboratory test, how the concrete matrix can be examined microscopically in order to
gain data for the calculation of future deterioration and how concrete can be checked for FT
damage on site.

Internationally many codes have been developed for the determination of the FT-resistance
of concrete. Most commonly used codes are the American ASTM C666 and the German CIFTest [148].

The CIF refers to Capillary suction, internal damage and FT test and is thus not only a test
for internal damage. The test is executed on molded specimens who are exposed to several
FT-cycles in a specified climate chamber. One defined FT-cycle lasts 12 hours and temperatures vary from 20°C to -20°C. For this test the concrete is dipped in water. Values that are
determined are the capillary suction, the amount of scaling (lost material) and the internal
damage using UVP. At least five specimens are recommended per type of concrete.

Since salt has a significant influence on scaling special tests have been developed in order to
determine the potential salt scaling resistance of drilled or molded specimens. In Northern
America the ASTM C672 [149] is the standard procedure while in Europe the CDF [150] test
is common. The CDF test (Capillary suction of Deicing solution and FT test) is used to test
the FT resistance of exposed concrete surfaces as well as constituents and new mixtures
under the presence of deicing salt. It is possible to use the same container as in the CIF test.
It is recommended to use at least 5 specimens with a minimum surface area of 0.8 m2 each.
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FT cycles are also the same as for the CIF test but during this test the internal damage is not
evaluated.

There are two codes that are commonly used to describe the air pore structure of concrete.
These are the ASTM-C457 [151] and the EN 480-11 [152]. Generally, the parameters total
air content, the specific area of the air pore system, the spacing factor of the entire air pore
system, and the size distribution are assessed by observing a polished surface of a specimen.
This can be done manually or fully automatic.

In order to describe the effective air pore volume, the capillarity and the long-time absorption, several values can be investigated. Fagerlund presented for the BRITE/EURAM project
a procedure to determine the degree of saturation SCAP, the total porosity P and effective air
content WŸSS of drilled cores [10] [14]. This procedure gives the possibility to determine the
absorption coefficient “ and the capillary degree of saturation R\{| after a defined time.
R\{| (h) = } + € ∙ h \

(A.5)

where }, € and x are constants and t is the time. This method of calculating R\{| allows the
determination of the time when R\] is reached and is thus a method of determination of the
potential frost resistance. The critical degree of saturation, R\] , can be determined in a single FT experiment on one specimen or in a multi cycle experiment on several specimens.
This value can be used to determine the potential service life time h•…e (equation (2.6)).
In case of the estimation of future damage due to FT the aim is to compare the value of the
actual degree of saturation R{\Ù (determination of R{\Ù can be done with the methods explained in chapter A.8) with the values of R\{| and R\] .

In order to collect data on site about FT damage the structure is examined visually first. Surface scaling is easy to observe and to estimate the damage. It is measured on-site, always a
referencing the depth to the original surface. Further, the residual concrete cover should be
checked as well.

Visual analysis of thin-sections or petrographic analysis is performed by petrographers in
order to determine the internal damage. With this methods crack patterns, type of damage,
deposits of salts and the air pore system can be described and quantified [18].

A.8.

Humidity of concrete

Different types of physical, chemical, electrochemical and biological damaging mechanism
do only occur in presence of water or a certain level of humidity. It is hard to define general
thresholds of humidity since the water content depends on the content of cement, the W/C
ratio and the pore volume.
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A fast and simple non-destructive on-site method to detect humidity is the heating of the
concretes surface with a hot air blower. Wet spots will maintain humid and will not change
its color while dry concrete will dry and get a brighter color.
For the detection of humidity on bigger areas thermographic methods are suitable. With
infrared cameras temperature gradients caused by humidity may be documented.

For getting quantitative results of the water content several methods on concrete fragments
or drilling cores are available. So, when extracting specimens, it is very important to avoid
drying as much as adding water. Further specimen should be transported in air-tight bags.

Quantitative measurements can be executed rapidly on site with the calcium-carbide method. However, the procedure should not be executed with the tables included in purchasable
devices. The procedure of the execution of the method is described in the guidelines “Instandsetzungsrichtlinie” of the DAfStb. Basically, some concrete dust is placed with steel
balls and a glass cartridge filled with calcium-carbide in a pressure vessel. Agitating the vessel, the glass cartage breaks and the calcium-carbide reacts with the water of the concrete
dust to acetylene. The pressure caused by the acetylene is measured and the water content
is evaluated using a table.
A more precise method is the weighing of drilling cores or fragments before and after drying
them at 105 °C in a laboratory [125]. For the determination of the level of free water the
core has to be weighed in its natural moisture Yó condition, completely saturated Y¶•e and
completely dry Yž‰¹ (105°C until no further change occurs) [18] [38]. So, the actual degree
of saturation R{\Ù can be determined in the following way.
R{\Ù =

Yó − Yž‰¹
Y¶•e − Yž‰¹

A.9.

(A.6)

Load history

In the course of structural recalculations true loads may be needed. Generally, there are two
ways to determine the weight of vehicles. The first is to measure on scales in static weighing
stations. This method delivers accurate results but they require considerable space, interrupt the flow of traffic, introduce delays into the transportation network and are expensive
to operate. Furthermore, this method is usually used to detect overloaded trucks and thus
draws no accurate image of the entire traffic situation. Alternative methods are weigh-inmotion (WIM) systems. These have the advantage of being able to capture the entire traffic
flow of the road section, but the results are less accurate.
WIM systems can be implemented as pavement or bridge WIM. Pavement systems are used
much more often even though they have several disadvantages. These are:
•
•
•
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The interruption of the smooth pavement surface distorts the measurements.
The velocity has to be measured separately.
These units deteriorate relatively fast.
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Bridge weigh in motion systems use existing bridges to weigh the traffic. The bridge has to
be equipped with strain gauges, axle detectors and probably other sensors in order to detect
the bridges response. Today these systems can be applied on most bridge types as long as
the influence lines are shorter than 40 m. WIM systems are commercially available. Advantages of bridge WIM systems are [139]:
•
•
•
•

Since they are much longer than pavement systems they provide more data that can
be used for weighing.
The sensors are installed under the bridge. Thus, traffic can flow normally during installation and maintenance.
They are portable and can be used on different bridges.
Since the bridge response is monitored this data can be used also for the assessment
of the structural safety.

A.10.

Cracks

Generally, several characteristics of cracks might be of interest. These are:
•
•
•
•
•

Length
Depth
Width
Change of width
The resulting crack pattern

Several techniques exist for investigating the width of cracks in concrete. The simplest
method is a crack scale. These scales can be used for the visual inspection of a bridge and
information about a crack for a certain temperature and weather condition can be collected.
If more accuracy is needed a crack magnifier may be used.
A simple method for investigating the changes of the crack width due to changes of the temperature gypsum marks can be applied. A 1-2 cm wide and 2-3 mm high gypsum strip is
applied over a crack on a cold day. With this technique, long term changes of the crack width
can be visualized. Of course it is also possible to monitor crack width using dial indicators,
foil strain gauges, LVDTs or other strain gauges [129].

To monitor crack initiation and development on an entire structural component acoustic
emission (AE) can be used. This method is based on examining acoustic emission signals
that accompany internal changes in the structure of the concrete. The acoustic waves produced by cracking can be detected on the element’s surface. By distributing sensors in certain patterns, it is possible as well to determine the location of cracks. AE provides the possibility to determine the type of damage (e.g. initiation of cracking, growth of cracking,
crushing of compressed concrete, etc.) [139] [153].

The simplest way for investigating the crack length and crack pattern is to moisten the surface. Since cracks stay wet for a longer time, the crack length and pattern gets visible much
easier when the non-cracked areas dry up. Today it is also possible to display the crack pat203
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tern using photogrammetric methods. For areas that are difficult to access drones applied
with cameras that can be used for photogrammetric analysis can be used.

The depth of a crack may be investigated in several ways. One possibility is filling up a crack
with epoxy resin. After the resin is hardened a core of 5 cm diameter is taken. Splitting the
core carefully allows the recovery of the epoxy resin cast which can then be measured. Nondestructively the crack depth can be investigated with ultrasonic methods.

A.11.

Inaccuracies and errors during construction

In order to evaluate errors in construction or imprecisions such as voids, rock pockets, improper position of reinforcing steel, etc. various measurement methods exist. If these errors
are located close to the surface they might be detectable with a rock hammer. However, for
investigating construction errors that are located deeper below the surface measurement
methods for detailed investigation might be [125]:
•
•
•

•
•

•

•
•

•

Core drillings may be used to investigate the voids visually (including the approximate size) by using mirrors.
Endoscopy is a method to investigate visually voids. The impact on the structure is
rather small since only drillings of 10 mm – 20 mm are needed.
Ultrasonic pulse echo is a non-destructive method that can be used on big areas for
comparative investigations of the concrete. It is possible to locate voids, errors in
consolidation, grouting errors, rock pockets, hardening errors and cracks.
Impact echo is a non-destructive method that may be used for the localization of
voids, rock pockets, cracks, delamination and the thickness of a part.
Impulse-radar technique is a non-destructive method that may be used for the detection of the reinforcement, built-in components (such as wooden parts, etc.), detection of the depth of voids, moist areas deep under the surface and it may be used
as well for the determination of the thickness of a part.
Radiographic examination is a non-destructive method that may be used if detailed
investigations regarding the grouting of prestressing steel or information on parts
with a high amount of reinforcement is needed. However, the effort and costs of this
method are very high.
Thermography may be used for the detection of inhomogeneity of the concrete close
to the surface (i.e. cracks and voids) and the detection of moisture.
Impulse thermography is an enhancement of the thermography which allows the detection of voids, rock pockets, and inhomogeneity to a maximum depth of 10 cm.
Further it is possible to detect delamination of coatings and CFRP strips.
Pulse-phase thermography is an enhancement of the impulse thermography that allows investigation depth bigger than 10 cm. Investigations can be executed on dirty
surfaces as well.

A.12.

Order of measurement methods

A combination of methods is very common, especially if one method is needed preliminary
to the other. Typical examples for the combination of measurement methods are the deter204
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mination of the reinforcement location prior to other forms of testing or the use of nondestructive tests as decision tool for the definition of locations for expensive damaging tests.

However, there is probably no generalizable sequence of tests, so the test sequence has to
be planed individually. The most appropriate tests have to be considered in order to meet
the aims of the investigation.

Figure A.1: Typical stages of test program [147]

Visual inspection is in any case an essential feature for the choice of the most worthwhile
application. Another generalizable advice is that sampling should always be executed on
both good and bad areas in order to be able to compare the results. If sampling is only done
on bad areas the interpretation is getting very difficult.
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Whatever the aim of an investigation may be, it is important to develop a well-structured
program. Typically involved stages are illustrated in Figure A.1.
A.12.1. Visual inspection

The visual inspection can provide very important information regarding the workmanship,
structural serviceability and material deterioration. By differentiating the type of cracks
hints regarding their origination can be concluded. A comprehensive summary of the different forms of cracks appearing on concrete surfaces and their regarding origin was published
by Calavera (2005) [154]. A short overview for diagnosis of the damage or deterioration
cause is available in Table 37.
Visual inspection of course is not limited to the concretes surface but also to all other parts
of a structure, like: bearings, expansion joints, drainage channels, post-tensioning ducts, etc.
Visual inspections are usually the most important component of routine inspections.

There are several tools that are used at visual inspections. Most commonly a rock hammer, a
crack scale and a camera for documentation is used, however, if necessary other tools like
endoscopes, robots, drones etc. may be used.
Table 37: Diagnosis of defects and deterioration [147]

Cause

Structural deficiency
Reinforcement corrosion
Chemical attack
Frost damage
Fire damage
Freeze-thaw
Internal reactions
Thermal effects
Shrinkage
Creep
Rapid drying
Plastic settlement
Physical damage

Symptoms
Cracking
x
x
x
x
x
x
x
x
x
x
x
x

Spalling
x
x
x
x
x
x
x
x

Erosion

x

x

x
x
x

x

A.12.2. Choice of test method

Age of appearance
Early Long-term
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

Corrosion of reinforcement steel is connected to a loss of alkalinity of the surrounding concrete, mostly due to the presence of chlorides or due to carbonization, and the successional
loss of passivity. Simple initial tests will thus involve localized measurements of reinforcement cover, carbonation tests and chloride concentrations. These may be followed by measurements to provide information of large areas. Table 35 gives an overview of the features
of corrosion measurement methods related to electrochemical activity. Table 38 shows general features of other corrosion and durability tests. Half-cell potential measurements can be
combined with resistance measurements to map areas with a high likelihood of corrosion
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activity. This may be very important information for maintenance planning[147]. Half-cell
potential measurements can also serve for the determination of locations for the measurement of the chloride content or the carbonation depth. As half-cell measures, can be executed relatively fast, they may be combined with other tests for the estimation of corrosion
speed
If extreme carbonization was detected as cause of corrosion as well petrographic analysis
and absorption tests may be executed. Surface absorption and permeability can be important indicators since the both oxygen and water is needed in the corrosion process. Further carbonation rate itself depends on moisture and the availability of carbon dioxide.
However, direct measurement of the corrosion speed is getting relatively common lately.

Moisture content, absorption and permeability do have an influence as well on other deterioration mechanisms that are dependent on moisture transport. Petrographic and chemical
tests for the assessment of mix proportions may be needed for the identification of disruption of concrete [147].
Table 38: Tests related to durability assessment (without methods for assessment of electrochemical activity)

Method

Cost

Speed of test

Corrosion risk and cause
Low
Fast
Cover measurement
Low
Fast
Carbonization depth
Low/High
Fast/Moderate
Chloride content
Cause and risk of corrosion and concrete deterioration
Moderate
Slow
Absorption
Moderate
Slow
Permeability
Moderate
Slow
Moisture content
Moderate/High Slow
Chemical
High
Slow
Petrographic
High
Slow
Expansion
High
Slow
Radiography

Damage

None
Minor
Minor

Moderate/Minor
Moderate/Minor
Minor
Moderate
Moderate
Moderate
None
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B. Tables regarding performance indicator based assessment
B.1.
•
•
•
•

•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•

Definitions

Asset management: coordinated activities of an organization to realize value from assets; Realization of value will normally involve a balancing of costs, risks, opportunities and performance benefits [155].
Bridge Condition Index: combines not only the individual defect indices to provide an overall measure for a certain bridge, but also for all structures in the prioritization process. it gives a combined indicator of
the importance of defects with the importance of the bridge [86].
Condition Rating: Describes existing bridge component (deck, superstructure, substructure) condition or system compared to as built condition [86].
Damage: disruption or change in the condition of a structure or its components, caused by external actions, such that some aspect of either the current or future performance of the structure or its components
will be impaired. The unfavorable change may refer to mechanical properties of construction materials and/or to geometrical properties of a structural system (including changes to the structural members,
member connections, and supports) [156].
Damage detection: Process of ascertaining whether the damage to structure exists or not. Three main approaches in damage detection are visual inspection, non-destructive testing, and structural health monitoring [156].
Damage identification: In addition to damage detection and characterization, damage identification includes ascertaining the cause of the damage and its consequences [156].
Deterioration : Worsening of condition with time, or a progressive reduction in the ability of a structure or its components to perform according to their intended functional specifications [4].
Deterioration mechanism : Process of the cause and development of deterioration (Scientifically describable) [4].
Ductility: Ability of the bridge or its components to sustain large deformations without collapse. Determined as the ratio of deformation at collapse and deformation associated with the elastic range limit [86].
Geometric Rating: Overall deck geometry rating based on bridge roadway width and vertical over-clearance [86].
Health Index: Indicates structural health of the bridge or its component. Health index of the individual component depend on the quantity of the element in the possible condition states. Health index of an entire
bridge is calculated as a weighted average of the health indexes of its elements, which are weighted by their quantity and relative importance [86].
Life- Cycle Cost: Expected life cycle cost comprising initial design and construction cost and expected cost of routine maintenance, performing inspection, repairs and failure. It may include additional expected
costs of monitoring system (design, construction, operational costs, inspection and repair costs of the monitoring system). The difference of the life cycle cost with and without monitoring determines the value
of monitoring [86].
Load Rating: Determines the live load weight that a structure can safely carry [86].
Performance assessment: A set of activities performed to verify the reliability of an existing structure for future use [157].
Performance criteria : Quantitative limits, associated to a performance indicator, defining the border between desired and adverse behavior [4].
Performance evaluation: Process of determining measurable results [158].
Performance indicator: A superior term of a bridge characteristic, which indicates the condition of a bridge. It can be expressed in the form of a dimensional performance parameter or as a dimensionless performance index [4].
Performance threshold : A value that constitutes a boundary for purposes such as: a) monitoring (e.g. an effect is observed or not), b) assessing (e.g. an effect is low or high), and c) decision-making (e.g. an effect
is critical or not) [93].
Probability of failure ↔ Probability of survival: Failure and survival as complementary events based on structural reliability theory covering random resistance and load effect in the same failure mode. When
computed within a certain period of time they are called Cumulative Time Probability of Failure and Cumulative Time Probability of Survival [86].
Redundancy factor: Deterministic factor as 1 over (1 minus residual strength factor); varies between 1.0, when the structure has no capacity, and 0.0, when the damaged structure has no reduction in its capacity
[86].
Redundancy index: Redundancy as a measure of reserve capacity may be expressed through probabilistic based index, which evaluates the availability of warning before collapse. It may be presented as a timevariant measure [86].
Reliability: Reliability may be defined as the probability that a system or component meets its performance requirements under given conditions and during a given period of time [86].
Reliability index: Reliability may be defined as the probability that a system or component meets its performance requirements under given conditions and during a given period of time. Reliability Index is the
most commonly used measure for structural reliability, which takes account of accepted or assumed statistical variability in action effects, resistance and model uncertainties [86].
Repair: Improvement of the conditions of a structure by restoring or replacing existing components that have been damaged [159].
Repair index: Weighted combination of condition ratings that establishes priorities for repair projects, and depends primarily on defect severity and Average Daily Traffic [86].
Resilience: May be quantified by the functionality of a system after an extreme event and by the time needed for recovery of the system to the previous performance levels [86].
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•
•

•
•
•
•
•
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Risk: Defined as the product of the consequences of failure and the probability of entering this failure, typically expressed in monetary terms [86].
Risk-based Inspection, Risk-based Inspection Planning: Procedures for the evaluation of system areas and their components as well as of their associated inspection concept from a risk perspective in terms of
safety, availability and cost (see also risk). Objective of RBI is to optimize the inspection intervals and consequently the maintenance costs while ensuring the required safety levels during operation of the system [160].
Robustness: Represents the ability of a structure to withstand events like fire, explosions, impact or the consequences of human error, without being damaged to an extent disproportionate to the original cause
(ability of avoiding progressive collapse) [86].
Safety: In contrast to Risk, Safety is term used to describe a condition in which the risk is on an acceptable level [161].
Safety margin: Represents reserve capacity of the bridge cross section, component or system as a difference between resistance effect variable and load effect variable (at a certain point in time or timedependent) [86].
Service life: period of time after installation during which a facility, or its component parts, meets or exceeds the performance requirements [157].
Serviceability: The ability of a structure to be serving or capable of serving its intended purposes to the uses’ satisfaction [159].
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B.2.

PI related terms

Figure B.1: List of PI related terms in COST WP 1 [162] (1 of 2)
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Figure B.2: List of PI related terms in COST WP 1 [162] (2 of 2)
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B.3.

KPI “Safety, Reliability and Security”

Table 39: PI based rating system the assessment of KPI “Safety, Reliability and Security”

Possibly involved
processes or underlying causes
COMPONENT LEVEL
SUBSTRUCTURE
1.0 0 Substructure
1.0 1 Deterministic FE analysis

1.0

2 Probabilistic FE analysis

1.1
1.1

0 Bridge Site
1 Scour, sliding, damaged
sealing, erosion

1.2

0 Loads (LOK2)

1.3
1.4
1.4

0 Transition slab
0 Damage in concrete
1 Strength

1.4

2 Construction error or
damage due to mechanical impact (surface imperfections, buckets,
voids)

Assessment
Method (VI
Visual Inspection, ME
measurement
or monitoring,
MO Modelling)

Corresponding PIs

Weighting Definition of a

a

Definition of i

i

28.8
0
0 carrying capacity factor (LoK3), load-carrying
capacity(LoK3), real static behavior(LoK3),
stiffness(LoK3)
0 probability of failure, reliability index (all
LoK3)
0
abrasion, aggradadebris, displacement, foundation deficiency,
tion (alluviation),
potholes, scour, soil failure, stratification,
cavitation, deepenundermined stability (e.g. of river bank), uning, differential setdermining, displacement, differential movetlement, erosion,
ment, height difference, inclinations, misasettlement, silting
lignment, rotations, movements, sag, translaand vegetation, slidtion, uplift, geotechnical discontinuity, subtering
ranean water flow
0 gross weight of a vehicle, permanent loading,
traffic loading
0 step in transition slab, differential movement
0
aging of material,
concrete quality insufficient, material quality
shrinkage/creep
insufficient, loss of binder

delamination, peeling fire damage, holes, scaling, uneven, impact
off, weathering, sud- damage, bad concrete compaction, material
den event
quality insufficient, porous concrete,
execution defects, formwork residuals, formwork settlement
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Rating
#DIV/0!
0

0

0
0
0

0
0

0
0

1
1

0

0

0

0

0
0
0.5 if area smaller or equal
1 m²
1.0 if area bigger or equal
5 m²
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected

0
0

1
0
1

0
0
0

0

0.5 if strength is 5% lower
1.0 if strength is equal or
less than 10% lower
0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected
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1.4

3 By frost

cracking, freeze-thaw

white color areas, loss of section (reduced
section), scaling of cement crust, scaling of
treated layer, humidity, moisture

0

1.4

4 By corrosion due to chlorides and carbonization
(partially loss of mechanical active sections,
cracking, spalling)

corrosion, cracking,
calcification, chloride
ions penetration,

corrosion (state), crumbling, crumbling of
concrete cover, exposure of element, spalling,
white color areas, white color areas, loss of
section (reduced section), scaling of cement
crust, scaling of treated layer, humidity, moisture

0

1.4

5 By other kind of chemical
attack (dissolution)

crumbling, crumbling of concrete cover,
crushing, contamination, exposure of element, scaling, scaling of cement crust, spalling, scaling, hydroxide calcium exudation,
white color areas, white color areas, loss of
binder, loss of section (reduced section), scaling of cement crust, scaling of treated layer

0

1.5

0 Cracks in reinforced concrete
1 Cracks from loading (e.g.,
fatigue)

cracking, delamination, peeling off,
acids attacks, alkali
aggregate reaction
(alkali-silica reaction),
chemical attack, gel
exudation, hydroxide
calcium exudation,
sulphate action,
0
cracking, fatigue,
loads, sudden event

crack length, crack width, crack distance, crack
orientation, transverse compression cracks
(crushing),

1.5
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0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected
0

0

0
0.5 if small number of
cracks
0.8 cracks are very common
1.0 if cracks are very
common and crack pattern
is fully formed

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

0
0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.

0
1

Tables regarding performance indicator based assessment

1.5

2 Cracks from strain (e.g.,
settlement)

cracking, sudden
event

crack length, crack width, crack distance, crack
orientation, excessive strain

0

0.5 if small number of
cracks
0.8 cracks are very common
1.0 if cracks are very
common and crack pattern
is fully formed

1.5

3 Cracks from concrete mix
or curing

cracking, sulphate
action, shrinkage/creep,

cracks related to material, alligator cracks,
drying cracks, temperature cracks, crumbling,
cracks due to shrinkage, cracks due to curing
and forming

0

1.6
1.6

0 Deficient reinforcement
and anchorage
1 Small or insufficient cover, carbonization, chloride contamination

1.6

2 Corrosion

1.6

3 Broken parts

1.7

0 Water penetration

0

0

1

0

0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.
0

0

0

0

0.5 if the planned (required) thickness of concrete cover is not reached
however the cover is >10
mm or carbonization is < 10
mm
0.8 if the reinforcement is
visible the cover is <10 mm
or carbonization is >20 mm
1.0 if the upper layer of
reinforcement is not covered with concrete or carbonization reaches the
reinforcement)
0.5 if slow corrosion or no
availability of water
0.8 if rust scales or availability of water due to spray
1.0 if pronounced rust
scales, or direct influx of
water containing chlorides
0.5 reinforcement of low
importance
0.8 main reinforcement but
redistribution of force
(plates)
1.0 main reinforcement
without redistribution
(beams, single pillars)
0

1

chloride ions penetration

insufficient concrete cover, protection (cover)
deficiency, revealed reinforcement, concrete
cover, humidity, moisture

0

0.5 small areas
0.8 occurrence is quite
common and bigger areas
are affected
1.0 very common, big areas are affected

corrosion, degradation, peeling off,
pitting corrosion,
acids attacks, chemical attack, chloride
ions penetration,
oxidation,
cracking, tearing,
sudden event

corrosion (state), deboning, scaling, spalling,
staining, red color areas, loss of section (reduced section), humidity, moisture

0

0.5 small areas
0.8 occurrence is quite
common and bigger areas
are affected
1.0 very common, big areas are affected

rupture, splitting, reinforcement bar yielding,
reinforcement bar failure/bending, stirrup
rupture

0

0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or bigger areas effected
1.0 common or main reinforcement effected

0

0
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0

1

1

1

0

Tables regarding performance indicator based assessment

1.7

1 At construction joints

humidification, secretion

exposure of element, leaking, wet spots, wet
spots with corrosive agents, hydro-insulation
defects, humidity, moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

1.7

2 At dewatering elements

humidification

leaking, water leakage, wet spots, wet spots
with corrosive agents, hydro-insulation defects, humidity, moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

1.7

3 In waterproofing

degradation, delamination, humidification

blistering, coating loss, detachment, leaking,
separation, water leakage, water penetrability, wet spots, wet spots with corrosive
agents, hydro-insulation defects, humidity,
moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

1.8
1.8

0 Dirt
1 Soiling, litter pollution

0
0 silting and vegetation, accumulated dirt and
deposits in joints
0
0
0 carrying capacity factor (LoK3), load-carrying
capacity(LoK3), real static behavior(LoK3),
stiffness(LoK3)
0 probability of failure, reliability index (all
LoK3)
0 carrying capacity factor (LoK3), load-carrying
capacity(LoK3), real static behavior(LoK3),
stiffness(LoK3), probability of failure, reliability index (all LoK3)
0
concrete quality insufficient, material quality
insufficient, loss of binder

0
0

delamination, peeling fire damage, holes, scaling, uneven, impact
off, weathering, sud- damage, bad concrete compaction, material
den event
quality insufficient, porous concrete,
execution defects, formwork residuals, formwork settlement

0

SUPERSTRUCTURE
2.0 0 Superstructure
2.0 1 Deterministic FE analysis

2.0

2 Probabilistic FE analysis

2.0

3 Dynamical behavior (LoK
2 and LoK3)

2.1
2.1

0 Damage in concrete
1 Strength

2.1

2 Construction error or
damage due to mechanical impact (surface imperfections, buckets,
voids)
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aging of material,
shrinkage/creep,

1

0
0

0.5 wetness visible, rust
strains
0.8 wet areas, efflorescence
1.0 water flux, formation of
dripstones
0.5 wetness visible
0.8 wet areas, efflorescence, corrosion of
tubes
1.0 water flux, formation of
dripstones, missing or highly corroded tubes
0.5 wetness visible
0.8 wet areas, efflorescence, unfunctional or
missing drip edges
1.0 water flux, formation of
dripstones
0
0

0

0
0
0

0
0
0

0
0
1

0

0

0

1

0

0

0

1

0

0
1

75.3
0

0
0

0
0.5 if area smaller or equal
1 m²
1.0 if area bigger or equal
5 m²
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected

0.5 if strength is 5% lower
1.0 if strength is equal or
less than 10% lower
0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

1

1
1

1

Tables regarding performance indicator based assessment

2.1

3 By frost

cracking, freeze-thaw

white color areas, loss of section (reduced
section), scaling of cement crust, scaling of
treated layer, humidity, moisture

0

2.1

4 By corrosion due to chlorides and carbonization
(partially loss of mechanical active sections,
cracking, spalling)

corrosion, cracking,
calcification, chloride
ions penetration,

corrosion (state), crumbling, crumbling of
concrete cover, exposure of element, spalling,
white color areas, white color areas, loss of
section (reduced section), scaling of cement
crust, scaling of treated layer, humidity, moisture

0

2.1

5 By other kind of chemical
attack

crumbling, crumbling of concrete cover,
crushing, contamination, exposure of element, scaling of cement crust, spalling, scaling, hydroxide calcium exudation, white color
areas, loss of binder, loss of section (reduced
section), scaling of cement crust, scaling of
treated layer

0

2.2
2.2

0 Deformations
1 Deformation

2.2

2 Movement, displacement

delamination, peeling
off, acids attacks,
alkali aggregate reaction (alkali-silica reaction), chemical
attack, gel exudation,
hydroxide calcium
exudation, sulfate
action,
0
shrinkage/creep,
load
sudden event, load

2.3

0 Cracks in reinforced concrete
1 cracks from loading (e.g.,
fatigue)

2.3

buckling, deformation, distortion, flattening,
torsion, discontinuity
approach slab settlement, movements, cross
incline of road, denivelation, displacement,
height difference, differential movement,
inclinations, misalignment, rotations, sag,
translation, uplift, vertical alignment of road,
insufficient height
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1

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

1

0
0

0
0

1
1

0

0

0

1

0

0

0

0
crack length, crack width, crack distance, crack
orientation, transverse compression cracks
(crushing),

0.5 if effecting only the
surface area
0.8 if effecting concrete
surrounding reinforcement
1.0 if concrete below the
reinforcement layer is affected

0
0

0
cracking, fatigue,
sudden event, load

0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected
0.5 if occurrence is rare
and extent is very limited
0.8 if occurrence is occasional and bigger areas are
affected
1.0 if occurrence is frequent and big areas are
affected

0

0.5 if small number of
cracks
0.8 cracks are very common
1.0 if cracks are very
common and crack pattern
is fully formed

0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.

1

Tables regarding performance indicator based assessment

2.3

2 cracks from strain (e.g.,
settlement)

cracking, sudden
event

crack length, crack width, crack distance, crack
orientation, excessive strain

0

0.5 if small number of
cracks
0.8 cracks are very common
1.0 if cracks are very
common and crack pattern
is fully formed

2.3

3 cracks from concrete mix
or curing

cracking, sulfate action, shrinkage/creep,

cracks related to material, alligator cracks,
drying cracks, temperature cracks, crumbling,
cracks due to shrinkage, cracks due to curing
and forming

0

2.4

0 Cracks in post tensioned
concrete
1 cracks from loading (e.g.,
fatigue)

cracking, fatigue,
sudden event, load

crack length, crack width, crack distance, crack
orientation, transverse compression cracks
(crushing),

0

0.5 if small number of
cracks, 0.8 cracks are very
common
1.0 if cracks are very
common and crack pattern
is fully formed

2 cracks from strain (e.g.,
settlement)

cracking, sudden
event

crack length, crack width, crack distance, crack
orientation, excessive strain

0

0.5 if small number of
cracks, 0.8 cracks are very
common
1.0 if cracks are very
common and crack pattern
is fully formed

2.4

2.4
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0

0

1

0

0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.
0

0

0

0

0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.
0.5 for small crack width <
0,4 mm and no humidity
0.7 for crack width between 0.4 mm and 0,6 mm
and no humidity
0.85 for crack width <0.6
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.6
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.

1

1

1

Tables regarding performance indicator based assessment

2.4

3 cracks from concrete mix
or curing

2.5
2.5

0 Open construction joints
1 Open construction joints

2.6
2.6

0 Deficient reinforcement
and anchorage
1 small or insufficient cover, carbonization, chloride contamination

2.6

2 corrosion

2.6

3 broken parts

cracking, sulfate action, shrinkage/creep,

cracks related to material, alligator cracks,
drying cracks, temperature cracks, crumbling,
cracks due to shrinkage, cracks due to curing
and forming
0

cracking, joint deterioration, surface
elastomeric deterioration,

construction joint, joint fracture, joint step,
joints deficiency, joints leaking

0

0

0

1

0
0

0

0

0

0.5 for small crack width
<0.2 mm, no humidity
0.7 for crack width between 0.2 and 0.4 without
humidity, 0.85 for crack
with >0.4 mm or rust
strains of efflorescence
1.0 for crack width >0.4 mm
or fresh (recently appeared) rust strains, efflorescence or water flow out
of the opening.
0

1
1

0

0

0 insufficient concrete cover, protection (cover)
deficiency, revealed reinforcement, concrete
cover, humidity, moisture

corrosion, degradation, peeling off,
pitting corrosion,
acids attacks, chemical attack, chloride
ions penetration,
oxidation,
cracking, tearing,
sudden event

0.5 some (few) joints are
opening partly
0.8 opening of joints is
quite common
1.0 open joints are very
common and openings
visual over a big part of
the joints length

0

0.5 small areas
0.8 occurrence is quite
common and bigger areas
are affected
1.0 very common, big areas are affected

corrosion (state), debonding, scaling, spalling,
staining, red color areas, loss of section (reduced section), humidity, moisture

0

0.5 small areas
0.8 occurrence is quite
common and bigger areas
are affected
1.0 very common, big areas are affected

rupture, splitting, reinforcement bar yielding,
reinforcement bar failure/bending, stirrup
rupture

0

0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or bigger areas effected
1.0 common or main reinforcement effected
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0.5 if the planned (required) thickness of concrete cover is not reached
however the cover is >10
mm or carbonization is < 10
mm
0.8 if the reinforcement is
visible the cover is <10 mm
or carbonization is >20 mm
1.0 if the upper layer of
reinforcement is not covered with concrete or carbonization reaches the
reinforcement)
0.5 if slow corrosion or no
availability of water
0.8 if rust scales or availability of water due to spray
1.0 if pronounced rust
scales, or direct influx of
water containing chlorides
0.5 reinforcement of low
importance
0.8 main reinforcement but
redistribution of force
(plates)
1.0 main reinforcement
without redistribution
(beams, single pillars)

0
1

1

1

Tables regarding performance indicator based assessment

2.7
2.7

0 Deficient Prestressing or
Posttensioning
1 cracks along the cables

2.7

2 deficient tensioning

2.7

3 deficient grouting

2.7

4 corrosion

2.7

5 broken parts

2.8

0 Damage at Steel Elements
1 insufficient corrosion
protection, corrosion

2.8
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0
cracking, fatigue,

0
crack length, crack width, crack distance, crack
orientation,

0

0

0

0

0.5 for small crack width <
0.2 mm and no humidity
0.7 for crack width between 0.2 mm and 0,4 mm
and no humidity
0.85 for crack width <0.4
mm and rust strains and
efflorescence along the
cracks
1.0 for crack width > 0.4
mm, or rust strains that
recently appeared, efflorescence or water flow out
of cracks.
0

1

0.5 grouting only partly
existing, steel covered with
slurry
0.8 no injection mortar
1.0 missing grouting, water
in tube

1

0.5 if slow corrosion or no
availability of water
0.8 if rust scales or availability of water due to spray
1.0 if pronounced rust
scales, or direct influx of
chloride containing water
0.8 only individual wires
effected
1.0 entire strand effected
0

1

0.5 flash rust, little corrosion, no water, blistering of
protective coating
0.8 rust scales, availability
of water due to spray, scaling of the protective coating
1.0 pronounced rust scales,
direct influx of chloride
containing water

1

0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or longer areas effected
1.0 common, pronounced
crack pattern or over entire length

0 deviator deficiency, tensioning force deficiency
0 debonding, protection duct damage (of prestressed cable), grouting deficiency

0

0

0

corrosion, degradation, pitting corrosion, acids attacks,
chemical attack,
chloride ions penetration, oxidation,

corrosion (state), crushing, debonding, exposure of element, staining, red color areas, loss
of section (reduced section), revealed cable,
revealed protective tube cable, humidity,
moisture

0

cracking, tearing,
fatigue, sudden
event

rupture, splitting, cable rupture, prestressing
cable failure, wire break

0

0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or longer areas effected
1.0 common or over entire
length
0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or longer areas effected
1.0 common or over entire
length
0.8 occurrence rare
1.0 several tendons effected
0
0

0
corrosion, degradation, peeling off,
pitting corrosion,
weathering, acids
attacks, chemical
attack, oxidation,
deterioration of protective coatings (e.g.
corrosion protection,
impregnate…),

blistering, coating loss, corrosion (state), detachment, exposure of element, scaling, separation, surface corrosion, surface discoloration, red color areas, damage of protective
coating, protection (cover) deficiency, loss of
section (reduced section), scaling of treated
layer, weld corrosion, humidity, moisture

0

0.5 small number or small
effected
0.8 multiple occurrences
or bigger areas effected
1.0 common, big areas
effected

1

1

0

Tables regarding performance indicator based assessment

2.8

2 deficient connections
(screws and bolts)

wearing and tearing

absence/missing, absence (missing) of equipment component, cracked (damaged, corroded) rivet/bolt, rivet joint relaxation, screw
failure, shear connection deficiency

0

0.5 small number or small
effected
0.8 multiple occurrences
or bigger areas effected
1.0 common, big areas
effected

2.8

3 displacement, buckling,
tilting, plate buckling

sudden event, load

bulging, approach slab settlement, movements, cross incline of road, denivelation,
displacement, height difference, inclinations,
misalignment, rotations, sag, translation, uplift, vertical alignment of road, insufficient
height

0

0.5 small number or small
effected
0.8 multiple occurrences
or bigger areas effected
1.0 common, big areas
effected

2.8

4 cracks in steel, in welds,
breaks

cracking, tearing,
wearing and tearing,
sudden event, load

rupture, cracked (damaged) weld, excessive
strain

0

0.5 small number or small
effected
0.8 multiple occurrences
or longer areas effected
1.0 common

2.9
2.9

0 Damage at Timber Elements
1 coating

2.9

2 decay, rot

2.9

3 deficient connections
(glued joints, screws and
bolts)

2.9

4 cracking and broken
parts

2.9
3.0

5 wetting of parts
0 Water penetration

0
Peeling off, weathering, deterioration of
protective coatings
(e.g. corrosion protection, impregnate…),
degradation, humidification, rot fungi
attack, termite infestation, woodworm
infestation, xylophagous attack,
cracking, wearing
and tearing, sudden
event, load

0

0.5 deformation of metal
sheets at joints
0.8 sporadic rupture of
screws, rivets or loose
screws
1.0 several deficient connections at one joint
0.5 minimal buckling, minimal bending or assembly
defect
0.8 considerable deformation due to buckling,
bending or tilting
1.0 part not functional
0.5 short, limited crack in
weld (in relation to the
planed length of weld)
0.8 pronounced crack in
weld, sheet or plate
1.0 rupture of weld, sheet
or plate

1

1

1

0

0

0

coating loss, exposure of element, scaling,
scaling of treated layer, separation, surface
discoloration, blistering paint, damage of protective coating, hydro-insulation defects, protection (cover) deficiency

0

0

0

1

decay, decomposition/disintegration, humidity, moisture

0

0

0

1

absence/missing, detachment, absence (missing) of equipment component, damaged adhesive, cracked (damaged, corroded) rivet/bolt, screw failure, absent (missing) structural component, mounting deficiency
cracking, timber split- excessive strain
ting, wearing and
tearing, sudden
event, load
humidification
humidity, moisture
0

0

0

0

1

0

0

0

1

0
0

0
0

1
0
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0
0

Tables regarding performance indicator based assessment

3.0

1 at construction joints

humidification, secretion

exposure of element, leaking, wet spots, wet
spots with corrosive agents, hydro-insulation
defects, humidity, moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

3.0

2 at dewatering elements

humidification

leaking, water leakage, wet spots, wet spots
with corrosive agents, hydro-insulation defects, humidity, moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

3.0

3 in waterproofing

degradation, delamination, humidification, waterproofing
deterioration,

blistering, coating loss, detachment, leaking,
separation, water leakage, water penetrability, wet spots, wet spots with corrosive
agents, hydro-insulation defects, humidity,
moisture

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

3.1
3.1

0 Dirt
1 soiling, litter pollution

3.2
3.2

0 Rock and Masonry:
1 deficient walls, vaults,
joints, break offs

0
0 silting and vegetation, accumulated dirt and
deposits in joints
0
sudden event, load,
scaling of cement crust, cladding damages,
vegetation growth,
cladding deformations, arch ring separation,
aging of material
brick crushing, buckling of the masonry, deteriorated mortar joints, disintegration of mortar, loss of section (reduced section), scaling
of cement crust, stone jointing deficiency

3.2

2 aesthetic defects

3.3
0.0

0 Loads
0 Loads (LOK2)

BEARINGS
4.0 0 Bearings
4.1 0 Loads (LOK2)
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efflorescence/crypto- white color areas, cornices and curbs defects,
florescence, calcifica- cladding damages, cladding deformations
tion,
0
0 gross weight of a vehicle, permanent loading,
traffic loading

0
0
0 gross weight of a vehicle, permanent loading,
traffic loading

0

0
0

0

0
0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

0

0

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas
0
1.0 if the bridge is overloaded

0
0

45.3
0
0

0
0
0.8 if at least one Bearing
is overloaded
1.0 if at least 50% of all
Bearings are overloaded

0.5 wetness visible, rust
strains
0.8 wet areas, efflorescence
1.0 water flux, formation of
dripstones
0.5 wetness visible
0.8 wet areas, efflorescence, corrosion of
tubes
1.0 water flux, formation of
dripstones, missing or highly corroded tubes
0.5 wetness visible
0.8 wet areas, efflorescence, unfunctional or
missing drip edges
1.0 water flux, formation of
dripstones
0
0

1

0
0.5 bad condition or absence of joints between
bricks/stones
0.8 missing bricks/stones,
damaged joints in big areas
1.0 partly destructed areas
with missing bricks/stones
0

0
1

0
0.5 if load reaches value
used in the design phase
0.8 if load is max. 5 % higher
1.0 if load exceeds 5% overloading
0
0
0.5 if load reaches value
used in the design phase
0.8 if load is max. 5 % higher
1.0 if load exceeds 5% overloading

0
1

1

1

0
1

1

0
0
1

Tables regarding performance indicator based assessment

4.2

0 deficient position of element

sudden event

displacement, uneven, unlevelled components, impact damage, approach slab settlement, incorrect position, incorrect position,
movements, differential movement, height
difference, displacement, denivelation, rotations, sag, translation, uplift, bearings displacement, insufficient height

0

0.5 single bearing effected
0.8 several bearings effected
1.0 all bearings effected

4.3

0 Damaged equipment

blocking, corrosion (state), worn out, impact
damage, bedding mortar failure, blistering
paint, damage of protective coating, protection (cover) deficiency, sliding interface insufficient, sliding path failure/blocking, slip of
bearing, deformation, bearing defects, defect
in bearing bed, movement ability deficiency
(prevented movements), position fixing deficiency, possibility of slipping from bearing
pad, surface of bearing detachment, weld
corrosion, humidity, moisture

0

0.5 single bearing effected
0.8 several bearings effected
1.0 all bearings effected

4.4

0 deficient connections
(screws and bolts)

abrasion, corrosion,
cracking, degradation, silting and vegetation, wearing and
tearing, fatigue
cracking, wear out,
deterioration of protective coatings (e.g.
corrosion protection,
impregnate…), surface elastomeric
deterioration, sudden event, load
cracking, wearing
and tearing, sudden
event, load

0

0.5 single bearing effected
0.8 several bearings effected
1.0 all bearings effected

4.5
4.6

0 Deterministic FE analysis
0 Probabilistic FE analysis

absence/missing, detachment, absence (missing) of equipment component, cracked (damaged) weld, cracked (damaged, corroded)
rivet/bolt, screw failure, absent (missing)
structural component, mounting deficiency
0
0
0 probability of failure, reliability index (all
LoK3)
0
0

0

PULL TIE RODS, ROPES AND ANCHORS
5.0 0 Pull tie rods, ropes and
anchors
5.1 0 Anchors

5.2

0 Pull tie rods and ropes

EXPANSION JOINTS, JOINT STRUCTURES

corrosion, cracking,
fatigue, degradation,
wearing and tearing,
wear out, sudden
event

corrosion (state), crushing, worn out, anchorage blocks deficiency, anchorage deficiency or
failure, revealed cable anchorage, tensioning
force deficiency, mounting deficiency

corrosion, cracking,
fatigue, degradation,
wearing and tearing,
wear out, sudden
event

corrosion (state), crushing, worn out, crack
width, tensioning force deficiency, mounting
deficiency

0
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0
0

0.8 permissible displacement and torsion are exceeded at extreme temperatures, minimal bearing gap
1.0 permissible displacement and torsion exceeded
at normal temperatures,
inclination, no bearing gap
0.5 heavy soiling/ pollution
of sliding and rolling surfaces, corrosion of parts
0.8 rupture of guiding elements, cracks in neoprene
layers
1.0 rupture of rollers, bursting of neoprene layers

1

0.5 sporadic rupture of
screws, rivets or loose
screws
1.0 several deficient connections

1

1

0
0

0
0

0

0

0

0

1

0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or longer areas effected
1.0 common or over entire
length
0
0.5 small number or small
area of reinforcement
effected
0.8 multiple occurrences
or longer areas effected
1.0 common or over entire
length
25.3
0

0

1

0

1

0

0

0

0

0
0
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6.0
6.1

0 Expansion joints, joint
structures
0 leakages

6.2

0 deficient position of element

6.3

0 structural damage of
equipment

6.4

0 dirt

0
degradation, waterproofing deterioration

sudden event, load

gap, uneven, unlevelled components, approach slab settlement, incorrect position,
incorrect position, movements, misalignment,
differential movement, height difference,
displacement, denivelation, rotations, sag,
translation, uplift, insufficient distance between elements, insufficient height, joint restraint, joint step
abrasion, corrosion,
absence/missing, corrosion (state) decompocracking, degradasition/disintegration, worn out, impact damtion, wearing and
age, crack over the buried expansion joint,
tearing, fatigue, wear debonding of elastomeric surface, expansion
out, joint deteriorajoint pavement crack, absence (missing) of
tion, surface elastoequipment component, deformation, cracked
meric deterioration,
(damaged) weld, cracked (damaged, corrodsudden event, load
ed) rivet/bolt, joint fracture, joints deficiency,
loss of joint anchorage, movement ability
deficiency (prevented movements), screw
failure, absent (missing) structural component, coupling joint deficiency, mounting deficiency, weld corrosion
0 silting and vegetation, accumulated dirt and
deposits in joints

PAVEMENT
7.0 0 Pavement
7.1 0 Loads (LOK2)

7.2
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0 lane grooves, ruts

decomposition/disintegration, leaking, elastomeric leakage, hydro-insulation defects,
joints leaking, loss of joint anchorage

0
0
0 gross weight of a vehicle, permanent loading,
traffic loading

degradation, wear
out, asphalt pavement wearing and
tearing (rutting, raveling), load

worn out, asphalt pavement asphalt pavement wheel tracking and wrinkling and undulation,

0

0

0

0.5 localized, lateral, single
joint
0.8 bigger area, several
joints
1.0 entire width, all joints

0

0.5 single joint
0.8 several joints
1.0 all joints

0

0

9
0
0

0

0

1

0.5 rust strains or other
visual signs of occasional
wetness
0.8 wetted concrete, localizes water flow
1.0 heavy water flow
0.8 permissible displacement exceeded minimal at
extreme temperature
1.0 displacement exceeded
at normal temperature

1

0.5 single joint
0.8 several joints
1.0 all joints

0.5 heavy accumulation of
dirt, corrosion
0.8 cracks in neoprene profiles, localized damage at
control elements
1.0 rupture of control elements, rupture of beam
carriers, rupture of lamella

1

0.5 single joint
0.8 several joints
1.0 all joints

0.8 heavy accumulation of
dirt
1.0 dirt impedes movement
of joint
0
0
0.5 if load reaches value
used in the design phase
0.8 if load is max. 5 % higher
1.0 if load exceeds 5% overloading
0.5 little depth of ruts
0.8 deep ruts
1.0 rupture or burst of
pavement

1

0
0
0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

1

0
1
1

1
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7.3

0 cracks, holes

7.4

0 Geometrical problems,
displacement

WATER PROOFING, DEWATERING
8.0 0 Water proofing, Dewatering:
8.1 0 Damage in applications,
deficient connections

8.2

0 Inoperable dewatering

SIDE BARS
9.0 0 Side bars
9.1 0 damaged concrete, covers, inserts and inlets

cracking, degradation, fatigue, asphalt
pavement cracking,
asphalt pavement
wearing and tearing
(rutting, raveling),
sudden event, load
deepening, differential settlement, settlement, sliding

holes, potholes, expansion joint, pavement
crack,

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

approach slab settlement, pavement lateral
displacement, buckling, cross incline of road,
deformation, denivelation, displacement,
inclinations, sag, uplift, vertical alignment of
road, insufficient height, discontinuity

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

0
0

4.4

0
0

0

wear out, sudden
event

absence/missing, hydraulic inadequacy, leaking, water leakage, worn out, hydro-insulation
defects, water leakage, waterproofing loss,
volcanism failure

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

degradation, sudden
event

clogged, hydraulic inadequacy, leaking, water
leakage, clogged collector, cladding deformations, clogged collector, clogged drain,
clogged manhole, clogged pipe, drainage/dewatering deficiency, hydro-insulation
defects, leaking at seepage water tube, water
leakage, volcanism failure

0

0.5 rare, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

0
0

4.7

degradation, freezethaw, alkali aggregate reaction (alkalisilica reaction), chloride ions penetration,
sudden event

concrete quality insufficient, material quality
insufficient, insufficient concrete cover, protection (cover) deficiency, loss of binder

0
0

0
0
0.5 rare, localized
0.8 scattered, bigger areas
1.0 common, big areas

9.2

0 deficient reinforcement:
corrosion, cover

corrosion, degradation, acids attacks,
chemical attack,

corrosion (state), debonding, insufficient concrete cover, scaling, spalling, humidity, moisture

0

0.5 small quantity, in limited areas
0.8 scattered, bigger areas
1.0 common, big areas

9.3

0 Joints, damaged seals

degradation, waterproofing deterioration, sudden event

absence (missing) of equipment component,
elastomeric leakage

0

0.5 rare, short length
0.8 scattered
1.0 common, big length
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0.5 occasional cracks
0.8 net like crack pattern,
occasional ruptures or
bursts
1.0 wide cracks, extensive
ruptures or bursts

1

0

1

0
0

0
1

0.5 wetness visible
0.8 wet areas, localized
damage of tubes
1.0 water flux, tube mainly
not functional
0.5 wetness visible
0.8 wet areas, localized
damage of tubes
1.0 water flux, tube mainly
not functional

1

1

0
0
0.5 only at surface, dirt,
blisters in covering
0.8 reaching reinforcement,
pealing of covering
1.0 profound, reinforcement visible, damaged concrete
0.5 if slow corrosion or no
availability of water
0.8 if rust scales or availability of water due to spray
1.0 if pronounced rust
scales, or direct influx of
chloride containing water
0.5 dissolving of cemented
joint, dissolving of jointing
compound
1.0 absent jointing compound, rupture of fusion
faces

0
1
1

1

1
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OTHER ELEMENTS
###
0 Other elements
###
0 Hand rails: corrosion,
displacements

###

0 Guard rails: rails, walls

###

0 Masts, Traffic Signs: corrosion, displacement,
stability

0
0
corrosion, oxidation,
deterioration of protective coatings (e.g.
corrosion protection,
impregnate…), sudden event
corrosion, oxidation,
deterioration of protective coatings (e.g.
corrosion protection,
impregnate…), sudden event
corrosion, oxidation,
deterioration of protective coatings (e.g.
corrosion protection,
impregnate…), sudden event

SYSTEM LEVEL
S
1 Condition rating from
component assessment
S

S
S
S
S
S
S
S

2 General structural assessment
3
5
6
7
8
9
10

Service life
Resilience
Robustness
Vulnerability
Risk
Exposure
Dynamic behavior

2.7
corrosion (state), scaling, impact damage,
galvanization deficiency,
blistering paint, damage of protective coating,
incorrect position

0
0

0
0

0
0

0.5 first signs, rare, small
areas
0.8 bigger areas
1.0 big areas

0.5 little corrosion, dirt
0.8 corrosion, dirt
1.0 deformation, rupture of
fastening elements

0
1
1

corrosion (state), impact damage, galvanization deficiency,
blistering paint, damage of protective coating,
incorrect position

0

0.5 first signs, rare, small
areas
0.8 bigger areas
1.0 big areas

0.5 little corrosion, dirt
0.8 corrosion, dirt
1.0 deformation, rupture of
fastening elements

1

absence/missing, corrosion (state), impact
damage, galvanization deficiency,
blistering paint, damage of protective coating,
incorrect position

0

0.5 rare, small quantity
1.0 many, big quantity

0.5 little corrosion, dirt
0.8 corrosion, dirt
1.0 deformation, rupture of
fastening elements

1

0
condition rating, condition note, condition of
a bridge, overall status, grade for general condition assessment of group of elements
change of static scheme, system functionality,
load distribution, load-carrying capacity, real
static behavior, system functionality
remaining service life
resilience
robustness
vulnerability
residual risk, risk
climate change, environmental exposure
atypical vibrations, damping, frequency, real
dynamic behavior, relative vibrations between
elements, vibrations/oscillations

15

0
0

0
0

#DIV/0!
#DIV/0!

0

0

0

1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1
1
1
1
1
1
1

Definition of Weighting for NL
NETWORK LEVEL
N
1 Structure 1
N
2 Structure 2
N
3 Structure 3
N
4 Structure 4
N
5 Structure 5
N
6 Structure 6
N
7 maintenance equipment defects
N
8 Climate change
N
9 redundancy
N
10 Priority ranking for repair
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0

priority repair ranking

0

#DIV/0!
#DIV/0!
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B.4.

KPI “Availability and Maintainability”

Table 40: PI based rating system the assessment of KPI “Availability and Maintainability”

Possibly involved processes or
underlying causes
OMPONENT LEVEL
SUBSTRUCTURE
1.0 0 Substructure
1.0 1 Deterministic FE analysis
1.0
1.1
1.1

2 Probabilistic FE analysis
0 Bridge Site
1 Scour, sliding, damaged
sealings, erosion

1.2

0 Loads (LOK2)

1.3
1.4
1.4

0 Transition slab
0 Damage in concrete
1 Strength

1.4

2 Construction error or
damage due to mechanical impact (surface imperfections, buckets,
voids)
3 By frost

1.4
1.4

1.4

1.5
1.5

4 By corrosion due to chlorides and carbonization
(partially loss of mechanical active sections,
cracking, spalling)
5 By other kind of chemical attack (dissolution)

0 Cracks in reinforced concrete
1 Cracks from loading

Corresponding PIs

Assessment
Method (VI Visual
Inspection, ME
measurement or
monitoring, MO
Modelling)

Weighting Definition of s

s

28.8
0
0 carrying capacity factor (LoK3), load-carrying capacity(LoK3),
real static behavior(LoK3), stiffness(LoK3)
0 probability of failure, reliability index (all LoK3)
0
abrasion, aggradation (alluviadebris, displacement, foundation deficiency, potholes, scour,
tion), cavitation, deepening,
soil failure, stratification, undermined stability (e.g. of river
differential settlement, erosion, bank), undermining, displacement, differential movement,
settlement, silting and vegetaheight difference, inclinations, misalignment, rotations,
tion, sliding
movements, sag, translation, uplift, geotechnical discontinuity, subterranean water flow
0 gross weight of a vehicle, permanent loading, traffic loading

0

0

Always 1

0
0
0

0
0
0

Always 1

0

0 step in transition slab, differential movement
0
concrete quality insufficient, material quality insufficient,
loss of binder
fire damage, holes, scaling, uneven, impact damage, bad
concrete compaction, material quality insufficient, porous
concrete,
execution defects, formwork residuals, formwork settlement

Rating
#DIV/0!
0
0

0
0

0
1
1

0

0

1

0
0
0

0
0
0

0
0
0

1
1
1

0

0

0

1

white color areas, loss of section (reduced section), scaling
of cement crust, scaling of treated layer, humidity, moisture
corrosion (state), crumbling, crumbling of concrete cover,
exposure of element, spalling, white color areas, white color
areas, loss of section (reduced section), scaling of cement
crust, scaling of treated layer, humidity, moisture

0

0

0

1

0

0

0

1

cracking, delamination, peeling
off, acids attacks, alkali aggregate reaction (alkali-silica reaction), chemical attack, gel exudation, hydroxide calcium exudation, sulfate action,
0

crumbling, crumbling of concrete cover, crushing, contamination, exposure of element, scaling, scaling of cement
crust, spalling, scaling, hydroxide calcium exudation, white
color areas, white color areas, loss of binder, loss of section
(reduced section), scaling of cement crust, scaling of treated
layer

0

0

0

1

0

0

0

1

cracking, fatigue, loads, sudden

crack length, crack width, crack distance, crack orientation,

0

0

0

1

aging of material, shrinkage/creep
delamination, peeling off,
weathering, sudden event

cracking, freeze-thaw
corrosion, cracking, calcification, chloride ions penetration,
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(e.g., fatigue)
1.5
1.5

1.6

2 Cracks from strain (e.g.,
settlement)
3 Cracks from concrete
mix or curing

event

transverse compression cracks (crushing),

cracking, sudden event

crack length, crack width, crack distance, crack orientation,
excessive strain
cracks related to material, alligator cracks, drying cracks,
temperature cracks, crumbling, cracks due to shrinkage,
cracks due to curing and forming

cracking, sulfate action, shrinkage/creep,

1.6

0 Deficient reinforcement
and anchorage
1 Small or insufficient cover, carbonization, chloride contamination
2 Corrosion

1.6

3 Broken parts

corrosion, degradation, peeling
off, pitting corrosion, acids
attacks, chemical attack, chloride ions penetration, oxidation,
cracking, tearing, sudden event

1.7
1.7

0 Water penetration
1 At construction joints

humidification, secretion

1.7

2 At dewatering elements

humidification

1.7

3 In waterproofing

degradation, delamination,
humidification

1.8
1.8

0 Dirt
1 Soiling, litter pollution

1.6

0
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2 Probabilistic FE analysis
3 Dynamical behavior (LoK
2 and LoK3)

2.1
2.1

0 Damage in concrete
1 Strength

2.1

2 Construction error or
damage due to mechanical impact (surface imperfections, buckets,
voids)

0

0

1

0

0

0

1

0

0

0

1

chloride ions penetration

insufficient concrete cover, protection (cover) deficiency,
revealed reinforcement, concrete cover, humidity, moisture

0

0

0

1

corrosion (state), debonding, scaling, spalling, staining, red
color areas, loss of section (reduced section), humidity,
moisture

0

0

0

1

rupture, splitting, reinforcement bar yielding, reinforcement
bar failure/bending, stirrup rupture

0

0

0

1

0
0

0
0

0
0

1
1

0

0

0

1

0

0

0

1

0
0

0
0

0
0

1
1

75.3

0

0
1
1

0

SUPERSTRUCTURE
2.0 0 Superstructure
2.0 1 Deterministic FE analysis
2.0
2.0

0

aging of material, shrinkage/creep,
delamination, peeling off,
weathering, sudden event

exposure of element, leaking, wet spots, wet spots with
corrosive agents, hydro-insulation defects, humidity, moisture
leaking, water leakage, wet spots, wet spots with corrosive
agents, hydro-insulation defects, humidity, moisture
blistering, coating loss, detachment, leaking, separation,
water leakage, water penetrability, wet spots, wet spots
with corrosive agents, hydro-insulation defects, humidity,
moisture
0
0 silting and vegetation, accumulated dirt and deposits in
joints
0
0
0 carrying capacity factor (LoK3), load-carrying capacity(LoK3),
real static behavior(LoK3), stiffness(LoK3)
0 probability of failure, reliability index (all LoK3)
0 carrying capacity factor (LoK3), load-carrying capacity(LoK3),
real static behavior(LoK3), stiffness(LoK3), probability of
failure, reliability index (all LoK3)
0
concrete quality insufficient, material quality insufficient,
loss of binder
fire damage, holes, scaling, uneven, impact damage, bad
concrete compaction, material quality insufficient, porous
concrete,
execution defects, formwork residuals, formwork settlement

0
0

0

0

0

0
0

0
0

0
0

0
0

1
1

0
1
1

0

0

0

0

0
0

0

0

0
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2.1

3 By frost

cracking, freeze-thaw

2.1

4 By corrosion due to chlorides and carbonization
(partially loss of mechanical active sections,
cracking, spalling)
5 By other kind of chemical attack

corrosion, cracking, calcification, chloride ions penetration,

2.1

2.2
2.2

0 Deformations
1 Deformation

2.2

2 Movement, displacement

2.3

0 Cracks in reinforced concrete
1 cracks from loading (e.g.,
fatigue)
2 cracks from strain (e.g.,
settlement)
3 cracks from concrete mix
or curing

2.3
2.3
2.3

2.4
2.4
2.4
2.4

0 Cracks in post tensioned
concrete
1 cracks from loading (e.g.,
fatigue)
2 cracks from strain (e.g.,
settlement)
3 cracks from concrete mix
or curing

2.5
2.5

0 Open construction joints
1 Open construction joints

2.6

0 Deficient reinforcement
and anchorage
1 small or insufficient cover, carbonization, chloride contamination

2.6

white color areas, loss of section (reduced section), scaling
of cement crust, scaling of treated layer, humidity, moisture
corrosion (state), crumbling, crumbling of concrete cover,
exposure of element, spalling, white color areas, white color
areas, loss of section (reduced section), scaling of cement
crust, scaling of treated layer, humidity, moisture

0

0

0

1

0

0

0

1

crumbling, crumbling of concrete cover, crushing, contamination, exposure of element, scaling of cement crust, spalling, scaling, hydroxide calcium exudation, white color areas,
loss of binder, loss of section (reduced section), scaling of
cement crust, scaling of treated layer

0

0

0

1

0
0

0
0

0
0

1
1

0

0

0

1

0

0

0

0

0

0

0

0

0

0

1

0

0

0

1

0

0

0

0

0

0

0

1

0

0

0

1

0

0

0

1

0
0

0
0

0
0

1
1

0

0

0

0

0

0 insufficient concrete cover, protection (cover) deficiency,
revealed reinforcement, concrete cover, humidity, moisture

0

0

0

1

delamination, peeling off, acids
attacks, alkali aggregate reaction (alkali-silica reaction),
chemical attack, gel exudation,
hydroxide calcium exudation,
sulfate action,
0
shrinkage/creep, load
sudden event, load

buckling, deformation, distortion, flattening, torsion, discontinuity
approach slab settlement, movements, cross incline of road,
denivelation, displacement, height difference, differential
movement, inclinations, misalignment, rotations, sag, translation, uplift, vertical alignment of road, insufficient height

0
cracking, fatigue, sudden event,
load
cracking, sudden event
cracking, sulfate action, shrinkage/creep,

crack length, crack width, crack distance, crack orientation,
transverse compression cracks (crushing),
crack length, crack width, crack distance, crack orientation,
excessive strain
cracks related to material, alligator cracks, drying cracks,
temperature cracks, crumbling, cracks due to shrinkage,
cracks due to curing and forming

0
cracking, fatigue, sudden event,
load
cracking, sudden event
cracking, sulfate action, shrinkage/creep,

crack length, crack width, crack distance, crack orientation,
transverse compression cracks (crushing),
crack length, crack width, crack distance, crack orientation,
excessive strain
cracks related to material, alligator cracks, drying cracks,
temperature cracks, crumbling, cracks due to shrinkage,
cracks due to curing and forming

0
cracking, joint deterioration,
surface elastomeric deterioration,

construction joint, joint fracture, joint step, joints deficiency,
joints leaking
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2

1
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2.6

2 corrosion

2.6

3 broken parts

2.7
2.7
2.7
2.7

0 Deficient Prestressing or
Posttensioning
1 cracks along the cables
2 deficient tensioning
3 deficient grouting

2.7

4 corrosion

2.7

5 broken parts

2.8

0 Damage at Steel Elements
1 insufficient corrosion
protection, corrosion

2.8

corrosion (state), debonding, scaling, spalling, staining, red
color areas, loss of section (reduced section), humidity,
moisture

0

0

0

1

rupture, splitting, reinforcement bar yielding, reinforcement
bar failure/bending, stirrup rupture

0

0

0

1

0

0

0

0

crack length, crack width, crack distance, crack orientation,
0 deviator deficiency, tensioning force deficiency
0 debonding, protection duct damage (of prestressed cable),
grouting deficiency
corrosion, degradation, pitting
corrosion (state), crushing, debonding, exposure of element,
corrosion, acids attacks, chemi- staining, red color areas, loss of section (reduced section),
cal attack, chloride ions penerevealed cable, revealed protective tube cable, humidity,
tration, oxidation,
moisture
cracking, tearing, fatigue, sudrupture, splitting, cable rupture, prestressing cable failure,
den event
wire break
0

0
0
0

0
0
0

0
0
0

1
1
1

0

0

0

1

0

0

0

1

0

0

0

0

corrosion, degradation, peeling
off, pitting corrosion, weathering, acids attacks, chemical
attack, oxidation, deterioration
of protective coatings (e.g. corrosion protection, impregnate…),
wearing and tearing

blistering, coating loss, corrosion (state), detachment, exposure of element, scaling, separation, surface corrosion, surface discoloration, red color areas, damage of protective
coating, protection (cover) deficiency, loss of section (reduced section), scaling of treated layer, weld corrosion, humidity, moisture

0

0

0

1

absence/missing, absence (missing) of equipment component, cracked (damaged, corroded) rivet/bolt, rivet joint
relaxation, screw failure, shear connection deficiency
bulging, approach slab settlement, movements, cross incline
of road, denivelation, displacement, height difference, inclinations, misalignment, rotations, sag, translation, uplift,
vertical alignment of road, insufficient height
rupture, cracked (damaged) weld, excessive strain

0

0

0

1

0

0

0

1

0

0

0

1

0

0

0

0

0

0

0

1

0

0

0

1

0
cracking, fatigue,

2.8

2 deficient connections
(screws and bolts)

2.8

3 displacement, buckling,
tilting, plate buckling

sudden event, load

2.8

cracking, tearing, wearing and
tearing, sudden event, load

2.9

4 cracks in steel, in welds,
breaks
0 Damage at Timber Elements
1 coating

2.9

2 decay, rot

2.9
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corrosion, degradation, peeling
off, pitting corrosion, acids
attacks, chemical attack, chloride ions penetration, oxidation,
cracking, tearing, sudden event

0
Peeling off, weathering, deterioration of protective coatings
(e.g. corrosion protection, impregnate…),
degradation, humidification, rot
fungi attack, termite infestation, woodworm infestation,
xylophagous attack,

coating loss, exposure of element, scaling, scaling of treated
layer, separation, surface discoloration, blistering paint,
damage of protective coating, hydro-insulation defects, protection (cover) deficiency
decay, decomposition/disintegration, humidity, moisture
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2.9

3 deficient connections
(glued joints, screws and
bolts)

cracking, wearing and tearing,
sudden event, load

2.9

4 cracking and broken
parts

2.9
3.0
3.0

5 wetting of parts
0 Water penetration
1 at construction joints

3.0

2 at dewatering elements

3.0

3 in waterproofing

3.1
3.1

0 Dirt
1 soiling, litter pollution

3.2
3.2

0 Rock and Masonry:
1 deficient walls, vaults,
joints, break offs

3.2

2 aesthetic defects

cracking, timber splitting, wearing and tearing, sudden event,
load
humidification
humidity, moisture
0
humidification, secretion
exposure of element, leaking, wet spots, wet spots with
corrosive agents, hydro-insulation defects, humidity, moisture
humidification
leaking, water leakage, wet spots, wet spots with corrosive
agents, hydro-insulation defects, humidity, moisture
degradation, delamination,
blistering, coating loss, detachment, leaking, separation,
humidification, waterproofing
water leakage, water penetrability, wet spots, wet spots
deterioration,
with corrosive agents, hydro-insulation defects, humidity,
moisture
0
0 silting and vegetation, accumulated dirt and deposits in
joints
0
sudden event, load, vegetation scaling of cement crust, cladding damages, cladding deforgrowth, aging of material
mations, arch ring separation, brick crushing, buckling of the
masonry, deteriorated mortar joints, disintegration of mortar, loss of section (reduced section), scaling of cement
crust, stone jointing deficiency
efflorescence/cryptowhite color areas, cornices and curbs defects, cladding damflorescence, calcification,
ages, cladding deformations
0
0 gross weight of a vehicle, permanent loading, traffic loading
0
0
0 gross weight of a vehicle, permanent loading, traffic loading
sudden event
displacement, uneven, unlevelled components, impact damage, approach slab settlement, incorrect position, incorrect
position, movements, differential movement, height difference, displacement, denivelation, rotations, sag, translation,
uplift, bearings displacement, insufficient height

3.3 0
0.0 0
BEARINGS
4.0 0
4.1 0
4.2 0

Loads
Loads (LOK2)
Bearings
Loads (LOK2)
deficient position of
element

absence/missing, detachment, absence (missing) of equipment component, damaged adhesive, cracked (damaged,
corroded) rivet/bolt, screw failure, absent (missing) structural component, mounting deficiency
excessive strain
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0

0

0

1

0

0

0

1

0
0
0

0
0
0

0
0
0

1
0
1

0

0

0

1

0

0

0

1

0
0

0
0

0
0

0
1

0
0

0
0

0
0

0
1

0

0

0

1

0
0
0
0
0
0

0
0
45.3
0
0
0

0
0
0
0
0
0

0
1
0
0
1
1
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4.3

0 Damaged equipment

abrasion, corrosion, cracking,
degradation, silting and vegetation, wearing and tearing, fatigue cracking, wear out, deterioration of protective coatings
(e.g. corrosion protection, impregnate…), surface elastomeric deterioration, sudden event,
load

blocking, corrosion (state), worn out, impact damage, bedding mortar failure, blistering paint, damage of protective
coating, protection (cover) deficiency, sliding interface insufficient, sliding path failure/blocking, slip of bearing, deformation, bearing defects, defect in bearing bed, movement
ability deficiency (prevented movements), position fixing
deficiency, possibility of slipping from bearing pad, surface
of bearing detachment, weld corrosion, humidity, moisture

0

0

4.4

0 deficient connections
(screws and bolts)

cracking, wearing and tearing,
sudden event, load

absence/missing, detachment, absence (missing) of equipment component, cracked (damaged) weld, cracked (damaged, corroded) rivet/bolt, screw failure, absent (missing)
structural component, mounting deficiency

0

4.5 0 Deterministic FE analysis
4.6 0 Probabilistic FE analysis
PULL TIE RODS, ROPES AND ANCHORS
5.0 0 Pull tie rods, ropes and
anchors
5.1 0 Anchors

5.2

0 Pull tie rods and ropes

EXPANSION JOINTS, JOINT STRUCTURES
6.0 0 Expansion joints, joint
structures
6.1 0 leakages

6.2
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0 deficient position of
element

0
0 probability of failure, reliability index (all LoK3)
0
0
corrosion, cracking, fatigue,
degradation, wearing and tearing, wear out, sudden event
corrosion, cracking, fatigue,
degradation, wearing and tearing, wear out, sudden event
0

0

corrosion (state), crushing, worn out, anchorage blocks deficiency, anchorage deficiency or failure, revealed cable anchorage, tensioning force deficiency, mounting deficiency
corrosion (state), crushing, worn out, crack width, tensioning
force deficiency, mounting deficiency

sudden event, load

0
0

0
0

0
0

1
1

0
0

0
0

0
0

1

0

0

0

1

0

0

0

1

0
0

25.3
0

0
0

1

0

0

0

1

0

0

0

1

1

0

0
degradation, waterproofing
deterioration

1

0

1 if change of bearings
is possible easily
4 if change of bearings
was not foreseen in
planning phase however change is possible
with additional effort
8 if change of bearings
was not foreseen in
planning phase thus
change is only possible
with extremely high
additional effort and
risk
0

decomposition/disintegration, leaking, elastomeric leakage,
hydro-insulation defects, joints leaking, loss of joint anchorage
gap, uneven, unlevelled components, approach slab settlement, incorrect position, incorrect position, movements,
misalignment, differential movement, height difference,
displacement, denivelation, rotations, sag, translation, uplift,
insufficient distance between elements, insufficient height,
joint restraint, joint step

Tables regarding performance indicator based assessment

6.3

0 structural damage of
equipment

6.4

0 dirt

PAVEMENT
7.0 0 Pavement
7.1 0 Loads (LOK2)
7.2 0 lane grooves, ruts

7.3

0 cracks, holes

7.4

0 Geometrical problems,
displacement

WATER PROOFING, DEWATERING
8.0 0 Water proofing, Dewatering:
8.1 0 Damage in applications,
deficient connections
8.2

0 Inoperable dewatering

SIDE BARS
9.0 0 Side bars
9.1 0 damaged concrete, covers, inserts and inlets

9.2
9.3

0 deficient reinforcement:
corrosion, cover
0 Joints, damaged seals

abrasion, corrosion, cracking,
degradation, wearing and tearing, fatigue, wear out, joint
deterioration, surface elastomeric deterioration, sudden
event, load

absence/missing, corrosion (state) decomposition/disintegration, worn out, impact damage, crack over
the buried expansion joint, debonding of elastomeric surface, expansion joint pavement crack, absence (missing) of
equipment component, deformation, cracked (damaged)
weld, cracked (damaged, corroded) rivet/bolt, joint fracture,
joints deficiency, loss of joint anchorage, movement ability
deficiency (prevented movements), screw failure, absent
(missing) structural component, coupling joint deficiency,
mounting deficiency, weld corrosion
0 silting and vegetation, accumulated dirt and deposits in
joints

0

0

0

1

0

0

0

1

0
0
0 gross weight of a vehicle, permanent loading, traffic loading
degradation, wear out, asphalt worn out, asphalt pavement asphalt pavement wheel trackpavement wearing and tearing
ing and wrinkling and undulation,
(rutting, raveling), load
cracking, degradation, fatigue,
holes, potholes, expansion joint, pavement crack,
asphalt pavement cracking,
asphalt pavement wearing and
tearing (rutting, raveling), sudden event, load
deepening, differential settleapproach slab settlement, pavement lateral displacement,
ment, settlement, sliding
buckling, cross incline of road, deformation, denivelation,
displacement, inclinations, sag, uplift, vertical alignment of
road, insufficient height, discontinuity
0
0

0
0
0
0

9
0
0
0

0
0
0
0

0
1
1
1

0

0

0

1

0

0

0

1

0
0

4.4
0

0
0

0
1

wear out, sudden event

0

0

0

1

0

0

0

1

0
0
0

4.7
0
0

0
0
0

0
1
1

0

0

0

1

0

0

0

1

degradation, sudden event

0
0
degradation, freeze-thaw, alkali
aggregate reaction (alkali-silica
reaction), chloride ions penetration, sudden event
corrosion, degradation, acids
attacks, chemical attack,
degradation, waterproofing
deterioration, sudden event

absence/missing, hydraulic inadequacy, leaking, water leakage, worn out, hydro-insulation defects, water leakage, waterproofing loss, volcanism failure
clogged, hydraulic inadequacy, leaking, water leakage,
clogged collector, cladding deformations, clogged collector,
clogged drain, clogged manhole, clogged pipe, drainage/dewatering deficiency, hydro-insulation defects, leaking
at seepage water tube, water leakage, volcanism failure

concrete quality insufficient, material quality insufficient,
insufficient concrete cover, protection (cover) deficiency,
loss of binder
corrosion (state), debonding, insufficient concrete cover,
scaling, spalling, humidity, moisture
absence (missing) of equipment component, elastomeric
leakage
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OTHER ELEMENTS
10.0 0 Other elements
10.1 0 Hand rails: corrosion,
displacements

10.2

0 Guard rails: rails, walls

10.3

0 Masts, Traffic Signs: corrosion, displacement,
stability

SYSTEM LEVEL
S
1 Condition rating from
component assessment
S

S
S
S
S
S
S
S

2 General structural assessment
3
5
6
7
8
9
10

Service life
Resilience
Robustness
Vulnerability
Risk
Exposure
Dynamic behavior

0
0
corrosion, oxidation, deterioration of protective coatings (e.g.
corrosion protection, impregnate…), sudden event
corrosion, oxidation, deterioration of protective coatings (e.g.
corrosion protection, impregnate…), sudden event
corrosion, oxidation, deterioration of protective coatings (e.g.
corrosion protection, impregnate…), sudden event

corrosion (state), scaling, impact damage, galvanization deficiency,
blistering paint, damage of protective coating, incorrect position
corrosion (state), impact damage, galvanization deficiency,
blistering paint, damage of protective coating, incorrect position
absence/missing, corrosion (state), impact damage, galvanization deficiency,
blistering paint, damage of protective coating, incorrect position
condition rating, condition note, condition of a bridge, overall status, grade for general condition assessment of group
of elements
change of static scheme, system functionality, load distribution, load-carrying capacity, real static behavior, system
functionality
remaining service life
resilience
robustness
vulnerability
residual risk, risk
climate change, environmental exposure
atypical vibrations, damping, frequency, real dynamic behavior, relative vibrations between elements, vibrations/oscillations

0
0
0

2.7
0
0

0
0
0

0
1
1

0

0

0

1

0

0

0

1

0
VI

0
0

0
0

#DIV/0!
#DIV/0!

0

0

0

1

0
0
0
0
0
0
0

0
0
0
0
0
0
0

0
0
0
0
0
0
0

1
1
1
1
1
1
1

Definition of weighting and
rating for NL
Additional for A and M
S+
1 Availability
S+

2 Accessibility

S+

3 Priority ranking for repair
4 Maintenance

S+

time of meeting requirements for road availability, traffic
restrictions, detour
design load, dimensions, traffic restrictions, inadequate
clearance, gross weight of a vehicle
priority repair ranking
maintenance equipment defects, accessibility to damage,
bad design
Definition of weighting and
rating for NL

NETWORK LEVEL
N
1 Structure 1
N
2 Structure 2
N
3 Structure 3
N
4 Structure 4
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0

0

#DIV/0!
#DIV/0!
0
0
0
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N
N
N

5 Structure 5
6 Structure 6
7 maintenance equipment
defects
8 Climate change
9 redundancy
10 Priority ranking for repair

N
N
N

B.5.

0
0
0
0
0
0

priority repair ranking

KPI “Costs”

Table 41: PI based rating system the assessment of KPI “Costs”

Description for assignment of rating

COMPONENT LEVEL

Substructure
Superstructure
Bearings
Pull tie rods, ropes and anchors
Expansion joints
Pavement
Dewatering and waterproofing
Side bars
Other elements

Rating

Weighting

#DIV/0!
price of the new element

e.g. maintenance costs:
1 if no maintenance;
2 if maintenance costs less than 10% of new element;
3 if maintenance costs less than 20% of new element;
4 if maintenance costs less than 40% of new element;
5 if maintenance costs more than 40% of new element

0

price of the new element
price of the new element
price of the new element

as above
as above
as above

0
0
0

price of the new element
price of the new element
price of the new element

as above
as above
as above

0
0
0

price of the new element
price of the new element

as above
as above

0
0

PI
SYSTEM LEVEL
1 bridge importance (size)
CS
2 element functionality level
CS
3 importance of bridge element
CS
4 price of the new element
CS
5 sum of costs for repair of
individual damages
CS
6 traffic restrictions
CS
7 traffic volume
CS
8 priority repair ranking
CS

#DIV/0!
0
0
0
0
0

Network LEVEL

#DIV/0!
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CN
CN
CN
CN

1
2
3
4

Structure 1
Structure 2
Structure 3
Structure 4

B.6.

0
0
0
0

KPI “Environment”

Table 42: PI based rating system the assessment of KPI “Environment”

Category
SYSTEM LEVEL
Contamination
Noise
Traffic volume
Erosion
Rock fall
Scour

PIs

Definition of Rating for E

contamination (agent content)
noise, sound
traffic volume (annual average daily traffic)
Erosion
Rock fall
Scour

NETWORK LEVEL
Structure 1
Structure 2
Structure 3

B.7.

KPI “Health and Politics”

Category
SYSTEM LEVEL

Visual defects regarding safety and
security
Other visual defects
Overall condition of
the structure
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Rating
#DIV/0!
0.00
0.00
0.00
0.00
0.00
0.00
#DIV/0!
0.00
0.00
0.00

Table 43: PI based rating system the assessment of KPI “Health and Politics”

Noise

Weighting

PIs

Definition of Rating for H and P

Weighting

Rating
0.00

absence/missing, scaling, asphalt pavement cracking, blistering paint, revealed cable, revealed cable
anchorage, revealed protective tube cable, revealed
reinforcement, scaling of cement crust, advanced
deterioration process
undesirable paintings, graffiti
condition rating, condition note, condition of a
bridge, overall status, grade for general condition
assessment of group of elements

noise, sound

1 if no damages are visible from a public area (from the pavement or if
accessible under or over the structure)
2 if slight damages such as efflorescence, small rust strains, beginning of
biological growth or minimal damage (cracks) of the pavement are visible
from a public area
3 if bigger rust strains, small cracks, medium damage of pavement etc. are
visible from public areas
4 if reinforcement is visible, cracks are visible easily, pavement is in a rather bad condition
5 if big reinforcement areas are visible, rather wide cracks or holes are in
the pavement
1 no paintings or graffiti
5 highly political, nasty or offensive paintings or graffiti

1 if noise immersion is lower L_(A,eq,day)=45 dB and L_(A,eq,night)=35 dB
2 if noise immersion is lower L_(A,eq,day)=50 dB and L_(A,eq,night)=40 dB
3 if noise immersion is lower L_(A,eq,day)=55dB and L_(A,eq,night)=45 dB
4 if noise immersion is lower L_(A,eq,day)=60 dB and L_(A,eq,night)=50 dB
5 if noise immersion exceeds L_(A,eq,day)=60 dB and L_(A,eq,night)=50 dB

Tables regarding performance indicator based assessment

Traffic volume
Traffic restrictions
Design

traffic volume,
traffic restrictions, inadequate clearance
bad design

1 if free flow (A) or reasonably free flow (B) is given at any time of the day.
2 if stable flow, at or near free flow (C) or less traffic is predominant on
more than 10 % of an average business day.
3 if unstable flow, operating at capacity (E) or forced or breakdown flow (F)
do not occur on an average business day.
4 if unstable flow, operating at capacity (E) or forced or breakdown flow (F)
is predominant on more than 5 % of an average business day.
5 if unstable flow, operating at capacity (E) or forced or breakdown flow (F)
is predominant on more than 10 % of an average business day.

NETWORK LEVEL
Structure 1
Structure 2
Structure 3
Overall condition
(from S, R and Se
rating) of the Network
Traffic volume
Traffic restrictions

Detour

0.00
H and P rating of Structure 1
H and P rating of Structure 2
H and P rating of Structure 3

0.00

condition rating, condition note, condition of a
bridge, overall status, grade for general condition
assessment of group of elements
traffic volume,
traffic restrictions,

detour distance, traffic restrictions

if detour is necessary:
2 if no loss of time
3 if less than 5 min loss of time
4 if less than 15 min loss of time
5 if loss of time bigger 15 min
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