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Condition Evolution in Bridge Management Systems
and Corrosion-Induced Deterioration

Guido Roelfstra1; Rade Hajdin2; Bryan Adey3; and Eugen Brühwiler4

Abstract: Condition assessment in the Swiss bridge management system~KUBA-MS! is performed on the element level. Five condit
states are defined based on visual appearance. In order to forecast the condition states of any given element at any g
relationship must be established between the element age and its condition state. This relationship, which describes th
evolution, can be obtained empirically from statistical analysis of pairs of consecutive condition assessments~inspections!. Markov chains
are used in KUBA-MS to represent condition evolution and the transition probabilities are determined using regression analys
of inspections. Unfortunately there are almost no inspection data for the worst and second worst condition states. The forecasts
Markov chains are therefore not always reliable. In this paper an alternative approach is suggested, which takes into consid
physical phenomena underlying element deterioration. This alternative approach is applied to chloride-induced corrosion of
forcement, by far the most common deterioration mechanism in Switzerland. The chloride-induced corrosion is modeled math
and numerical simulations of the condition evolution for different values of model parameters are performed. The simulation re
been mapped to condition states as defined in KUBA-MS and Markov transition matrices have been calibrated to fit simulatio

DOI: 10.1061/~ASCE!1084-0702~2004!9:3~268!

CE Database subject headings: Bridge maintenance; Corrosion; Deterioration; Switzerland; Chlorides; Bridge inspection.
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Introduction

The construction of the Swiss National Highway System beg
the 1960s. Currently over 87% has been completed. Due to
zerland’s mountainous topography, road structures are a c
part of this system. In total 3,400 bridges have been built w
total length of 267 km. The vast majority~over 95%! of bridges
are constructed in reinforced or prestressed concrete and t
maining bridges~less than 5%! are composite structures.

With the imminent completion of the national highway syst
the main effort of public authorities has shifted from the const
tion of new structures toward the preservation of existing one
part of this effort, the Swiss federal road authorities develop
bridge management system~BMS! called KUBA-MS ~KUBA-
MS-Ticino 1998!. Similar to other bridge management syste
KUBA-MS suggests preservation actions based on the cond
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of bridge elements and computes the financial needs to pe
these actions. A crucial component in KUBA-MS is the dete
ration model, which allows the element condition to be predi
for any given point in time in the future. Currently, the assess
and forecast of the condition of bridge elements~e.g., deck, joints
piers, etc.!, is based on visual inspection and comparison o
observed damage with commonly recognized damage patter
each condition state.

The condition evolution of an element is described by a f
tion of a discrete variable. The possible values of the dis
variable represent condition states~Table 1!. Since the conditio
evolution cannot be predicted deterministically the discrete
able is randomized. This yields the probabilities of an elem
being in each of the condition states as a function of time.
function is determined empirically in all currently available BM
In most cases Markov chains are used for this purpose and
responding transition probabilities are obtained statistically u
both inspection results of a large sample of bridges and e
opinions.

It is, however, possible and desirable to develop a theor
deterioration model based on the physical and chemical proc
that cause the deterioration. Due to recent advances, the d
ration phenomena are well understood and for a number of
e.g., chloride-induced corrosion, analytical models that can
equately mimic reality have been developed. Unfortunately t
models cannot be directly integrated into BMSs since they re
data that cannot be collected economically by the available
site inspection techniques.

In this paper a theoretical model is used to simulate the
rioration of reinforced concrete due to chloride-induced co
sion. Due to the types of bridges in the Swiss Highway Sy
this is the predominant damage mechanism in Switzerland
model uses quantitative parameters related to concrete prop
that can be measured by available inspection techniques

given environmental actions, i.e., temperature, humidity, and salt
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concentration, the extent of deterioration~e.g., section loss o
reinforcement bars! can be obtained in a quantitative mann
These quantitative values can be mapped to the condition
currently used in BMSs and used to determine the Markov
sition probabilities.

Assessment and Forecast of Condition in Bridge
Management Systems

Condition States

Currently, during visual inspection condition states are attrib
to elements according to the observed damage. In most BMS
condition states are verbally described~Table 1! and illustrated b
photos showing commonly recognized damage.

Since the condition states have been established based
sual appearance, they are not directly related to the stru
behavior of the bridge~structural safety and serviceability!. Struc-
tural safety is only directly mentioned in condition State 5, wh
a safety problem is suspected and an urgent intervention is a
pated. This widespread practice should be questioned as for
elements even the complete loss of structural resistance ma
be significant for overall structural performance and for o
elements even small losses may be very significant. It is,
ever, generally assumed that these preservation actions w
performed before any significant impairment of the overall br
performance. In other words the preservation policy must
allow elements to enter the worst condition state. The cond
assessment in BMSs will therefore give little insight into
functional or structural performance of a bridge. Its purpose
serve as a basis for planning of preservation actions. The d
tion of condition states is therefore chosen in such a manne
feasible preservation actions and their unit costs can be e
identified for each condition state and catalogued within BM

Segmental Inspection

The assessment unit in most BMSs is a structural element
deck, joints, and piers. This presumes that the entire eleme
hibits the same characteristics and is exposed to the same
ronmental and mechanical actions. This is in some cases h

Table 1. Condition States Defined in Swiss Bridge Managem
System~KUBA-MS-Ticino1998!

Condition state Description

1 Good No visible damage; only thin superficial crack
no signs of corrosion

2 Acceptable Visible spots of rust and/or local spalling;
thin cracks due to corrosion of the
reinforcement and/or humid zones;
insignificant mechanical damage

3 Damaged Spalling with visible reinforcement, insignifica
loss of section, less than 10% than visible
reinforcement; cracks and/or humid zones

4 Bad condition Spalling with visible reinforcement, significant
loss of section, more than 10% of
reinforcement visible; cracks and/or humid zon

5 Alarming The structure is in danger, measures are
necessary before next principal
inspection; immediate measures
improbable, especially for large elements. It is therefore often

JO
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necessary to divide elements into segments. In KUBA-MS
elements are divided into segments that exhibit homogen
concrete properties and experience similar actions. A uni
condition evolution within a segment can therefore be expec

Condition Evolution

The condition of a segment~CS! is described by a probabili
mass function represented by five scalars and thus often ca
condition state vector. Each scalar can be interpreted either
1. The probability of a segment to be in one of the five co

tion states or
2. The percentage of a segment in each condition state~the

condition state vector resulting from inspections, which
resents current condition, have normally only one non
scalar!.

Since the condition evolution in KUBA-MS is modeled us
Markov chains the condition state vector of a bridge segme
time t11 is obtained by multiplying the condition state vecto
the segment at timet by the deterioration matrixai j @Eq. ~1!#. The
interval between timet11 and timet is given by the inspectio
period

CS1:
CS2:
CS3:
CS4:
CS5:

S x1

x2

x3

x4

x5

D
t11

5F a11 a12 a13 a14 a15

0 a22 a23 a24 a25

0 0 a33 a34 a35

0 0 0 a44 a45

0 0 0 0 a55

G T

3S x1

x2

x3

x4

x5

D
t

(1)

The coefficients of matrixai j can be interpreted in two ways
follows:
1. As the percentage of a segment that changed from con

statei to condition statej after one inspection period, or
2. As the probability of a unit quantity of a segment to p

from condition statei to condition statej after one inspectio
period.

The deterioration matrices in a BMS are often determine
statistical analysis. However in the case of a lack of data the
be determined based on expert opinions. Expert opinions
used in KUBA-MS to obtain transition probabilities between c
dition States 3, 4, and 5.

The concrete properties and exposure to environmenta
mechanical actions are only implicitly considered in KUBA-M
by introducing three different deterioration rates: slow, med
and fast. For example, in the case of aggressive environm
actions and poor concrete properties, which were observed d
inspections, the fast deterioration rate would be expected.

Based on collected data the deterioration rates are defin
follows:
• Slow: 50% probability of a segment being in condition Sta

or 2 after 120 years;
• Medium: 50% probability of a segment being in condit

State 1 or 2 after 80 years; and
• Fast:: 50% probability of a segment being in condition Sta

or 2 after 40 years.

Chloride-Induced Corrosion

Phenomenon

During cement hydration, a highly alkaline pore solution~pH

12.5–13.6! is formed in the concrete. In this alkaline environ-
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ment, ordinary reinforcing steel forms a very thin oxide film~the
passive film! that protects the steel from corrosion. This pas
film remains stable as long as the composition of the pore sol
remains constant. The protective film is destroyed when ther
sufficient concentration of chloride ions around the reinfo
ment. The chloride ions, stemming from deicing salts, pene
into concrete from the road surface. Once the reinforcing ste
depassivated and it is supplied with oxygen and water~humidity!,
metal dissolution~corrosion in the form of rust formation, loss
cross section! may start~Fig. 1!.

The deterioration of concrete element due to reinforcem
corrosion can be divided into two phases~Fig. 2! as follows:
1. During the initiation phase, chlorides penetrate from the

face of the concrete to the reinforcement. The initia
phase starts with the construction of the structure and
with the depassivation of the reinforcing steel.

2. During the propagation phase, the reinforcement act
corrodes. The duration of the propagation phase depen
the corrosion rate. The propagation phase begins with
depassivation of the reinforcing steel and ends with
structural failure or complete dissolution of reinforcem
steel.

A durable concrete structure should have both a long initia
phase and a long propagation phase, i.e., slow corrosion ra

It is well established that the chloride penetration and de
sivation of the reinforcement are governed by the concrete c
thickness, the concrete porosity, i.e., permeability of conc
cover, the concentration of chlorides, and the microclimatic
ditions ~wetting, drying, and temperature! of the concrete. Th
propagation phase, i.e., corrosion rate, is governed by the e

Fig. 1. Prerequisites for steel reinforcement corrosion in conc

Fig. 2. Development of corrosion of steel reinforcement in conc
with time
270 / JOURNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004
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cal resistance of the concrete, the permeability of concrete
~diffusion of hydroxide ions!, humidity, and temperature.

Model Description

The developed model for corrosion-induced deterioration of
forced concrete consists of the following elements:
• A numerical model of chloride penetration;
• Triggering conditions for corrosion initiation, defined a

function of chloride content at reinforcement level; and
• A simplified model of corrosion propagation~section loss!

based on available experimental data.
A relation between the estimated extent of corrosion and a v
appearance of the concrete surface is established to conv
results of the deterioration model to condition states.

Chloride Penetration

Water Transport. Water is the principal means of the transp
for chlorides in concrete, carrying dissolved chlorides from
concrete surface to the interior. The two main mechanism
sponsible for the water transport in concrete are capillary a
~liquid phase! and diffusion~mainly for vapor phase!.

Although complex water transport models have been d
oped~Oberbeck 1995; Flu¨ckiger et al. 1996; Janz 1997; Johan
son 1998!, a simple unidirectional model is used in this stud
enables the simulation of real in situ exposure taking into acc
variations of the ambient relative humidity.

In the model developed, both water transport mechan
~capillary action and diffusion! are modeled with the diffusio
equations. With capillary suction the suction depth is governe
the equilibrium between the water surface tension and the w
of capillary water. Although this phenomenon is significantly
ferent from diffusion, the same analytical model for diffusion
be applied and the effect of capillary suction can be numeri
approximated using a diffusion model. For this purpose, ac
ing to experimental results, it is necessary to vary diffusion c
ficient with respect to the concrete depth~Fig. 3!.

Diffusion is modeled by Fick’s first law

Jw52Dw•¹w (2)

where Jw , the flux of water, is proportional to the gradient
evaporable water content¹w. Dw5water diffusion coefficien
defined by~Bazant 1986! as a function of the relative humid
hr , to take into account the vapor and liquid phase of the w

Dw5D100%•S 0.051
0.95

113•~12h !4D (3)

Fig. 3. Corrosion initiation probability as function of free chlor
ion concentration
r

9(3): 268-277 
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The relative humidityhr can be obtained for sorption and deso
tion by using the following equations:

w5wsat•hr desorption (4

w5wsat~1.16•hr
321.05•hr

220.11•hr11! sorption (5)

The evaporable water content isw and the maximum evaporab
water content iswsat ~140 kg/m3 in this study! ~Bazant 1986
Saetta et al. 1993!.

The transport of the water in the vapor phase is addition
dependent on temperature. The diffusion coefficientDwT at tem-
peratureT is given by

DwT5Dw•exp
E

R S 1

T0
2

1

TD (6)

where E5activation energy~minimal energy necessary to pa
from one state to the other!; R5gas constant; an
T05temperature at which the diffusion coefficientDw has bee
determined according to Eq.~3! ~Saetta et al. 1993; Tang 1996!.

To solve Eq.~2!, an iterative unidirectional numerical mode
used. The element is subdivided into a regular mesh and the
ting conditions are applied as boundary conditions at the su
of the element. At each time increment, the water content i
termined at each node of the mesh. Subsequently the re
humidity and diffusion coefficients are recalculated at each
@Eqs.~3!–~6!#.

Chloride Transport. Chloride ions can exist in concrete in tw
forms; as free chloride ions, which are dissolved in water, an
chemically bound chlorides that have reacted with the ce
paste. The ratiog, between the free chloride ion content in
pore solutioncf and the bound chloride content in the por
body cs @Eq. ~7!# varies between 0.4 and 1.0 according to B
~1998!

g5
cf

cs
(7)

This ratio varies as a function of time and chemical propertie
the cement paste. Complex theoretical models including vari
with respect to time have been developed by~Johannesson 199
Lunk et al. 1998!. In this study, as experimental data do not ex
the ratio is taken as 0.6. This is a good approximation for l
term calculations according to Lunk et al.~1998! and Breit
~1998!.

The two methods of chloride transport in water, the ‘‘pig
backing’’ of chlorides by water and the diffusion of chloride io
are formulated with Fick’s second law

Fig. 4. Variation of average diffusion coefficient for concrete co
permeability classes
JO
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JCl52D•¹Cf (8)

whereJCl5flux of chloride ions; andCf5content of free chlorid
ions ~kg/m3! of concrete. The theorem of mass conservation
be expressed by Fick’s first law

Ct52div JCl (9)

where Ct5total content of chloride; the sum of the free a
bound chloride ions,Cf andCs , respectively,

Ct5Cf1Cs (10)

Using the relation between the total chloride mass and the
centration of the free and bound chloride ions, Eq.~10! become

Ct5w•cf1~12wsat!•cs (11)

where cf5concentration of free chloride in water;cs5ratio of
bound chloride content and water content; andw5water conten
~L/m3!. By introducing Eq.~11! into Eq. ~8!, the flux of chloride
ions is given by

JCl52DCl•w
dcf

dx
2Dw•cf

dw

dx
(12)

where DCl5chloride diffusion coefficient in the water; a
Dw5water diffusion coefficient.

The first part of this equation, representing the chloride d
sion, is solved with the same iterative numerical model th
used to solve the water diffusion transport. The second part o
equation, representing the piggybacked chlorides, is solved a
lows:
1. In the numerical model, the water flow is solved first acc

ing to Eq.~2! yielding the water gradient. The speed of
water Vw can be therefore calculated at each node of
mesh as

Vw5Dw•
dw

dx
(13)

2. The speed of the chloridesVCl is lower than the speed of t
water due the filter effect of the cement paste~Lunk et al.
1998!. The speed is obtained by multiplying the water sp
with a retardation coefficientRCl .

VCl5~12RCl!•Vw (14)

Table 2. Condition State Criteria Mapped to KUBA-MS Definitio

Transition Condition state

CS 1 ,0.2% free Cl2 /mass of cement
CS 2 ,50 mm of reinforcement radius loss
CS 3 ,10% of reinforcement section loss
CS 4 ,25% of reinforcement section loss
CS 5 .25% of reinforcement section loss

Table 3. Concrete Cover Air Permeability Measured w
Commercial Device~Torrent and Frenzer 1995! for Three Concret
Cover Permeability Classes

Concrete cover
permeability class

Torrent permeability
coefficient

kT (10216 m2/s)

A kT,0.2
B 0.2,kT,2.0
C kT.2.0
URNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004 / 271
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3. At each node of the mesh, the chloride content is fin
calculated using speed of the chloride ions.

Corrosion Initiation
The corrosion initiation time is the time it takes chloride ion
reach a certain critical concentration at the reinforcement lev
summary of recent research showed that a wide range fo
critical chloride ion concentration has been measured. A rat
0.4% of total chloride ions to cement weight is frequently u
This value, however, is often overly pessimistic with regard to
initiation time of corrosion for in situ conditions~Breit 1998!.

The probability of corrosion initiation in this study is taken
a function of the free chloride ion concentration as shown in
4. A normal distribution is assumed with an average valu
0.4% and a standard deviation of 0.15%.

Corrosion Propagation. The chloride-induced corrosion is
electrochemical process. At the reinforcement level, an anod
a cathode are created. At the anode, when the protective p
layer becomes instable due to the presence of Cl2 ions, the iron
oxidizes, dissolves, and reacts with the hydroxide resulting i
formation of various rust products. At the cathode, the elec
produced at the anode are consumed by the formation of hy
ide ions. The rate of the reaction is governed by the supply o
reacting products. Generally, with the exposure to outdoor
ronmental conditions, the supply of hydroxide ions at the an
governs the rate of corrosion.

From the measurement of the corrosion current, it is pos
to establish the reacted mass of the reinforcement by the Fa
equation

mcorr5
i •t•a

n•F
(15)

Table 4. Average Diffusion Coefficients for Concrete Cover Per

Concrete cover
permeability class

Torrent
permeability
coefficient

kT (10216 m2/s)

D

(10

A 0.1

B 1
C 10

Table 5. Exposure Zones of Segments to Chloride Contamin
Water

Exposure zones Segments

Direct
~direct contact with water!

Curb ~inner side!
Deck ~top side!:

Infiltration ~leak!
Water evacuation system

Splash
~splashed by passing vehicles!

Curb ~exterior side!
Deck ~underside!: Flow
Pile and strut
Retaining wall

Mist
~contact with mist generated
by passing vehicles!

Deck ~underside!
Pile and strut
Abutment and walls
Other parts
272 / JOURNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004
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where mcorr5reacted mass;i5current density;a5atomic mass
t5time; F5Faraday constant; andn5number of equivalen
changes. The experimental and model results available in th
erature show the relative influence on the corrosion current o
electrical resistance of the concrete, the permeability of con
cover~diffusion of hydroxide ions!, humidity, exposure, and tem
perature. The active corrosion of the reinforcement is typic
modeled by the reduction of the diameter of the reinforcem
bars with respect to time.

The chloride corrosion considered is the uniform distrib
corrosion that leads to the surface damage of the concrete~spal-
ling!. However, with the chloride-induced corrosion, pitting a
occurs and has faster corrosion rates. As the pitting corrosion
not create significant surface damage and does not induce s
cant intervention costs, this phenomenon is not considered
BMS.

Integration into Bridge Management Systems

As in BMSs only discrete condition states are used, the con
ous variables in deterioration models must be discretized~condi-
tion state, exposure to chloride ions, and corrosion rates!.

Condition State

For existing condition states, which are defined by their vi
appearance, corresponding quantitative physical and chemic
teria are established~Table 2!. In other words the visual appe
ance is mapped to a set of quantitative criteria.

A segment in the condition State 1 is defined as having a
chloride ion content of less than 0.2% of cement mass. This
is chosen because at this percentage, the estimated corrosi
tiation probability is less than 10% and no deterioration is
pected.

Condition States 2, 3, 4, and 5 are all defined in term
reinforcement section loss. Condition State 2 is defined a
section loss that leads to the propagation of the corrosion c
into the concrete cover. Researchers, notably~Hansen an
Saouma~1999!, show that this value varies according to par
eters such as the concrete tension resistance, elastic modul
cover depth. However, as even a little section loss leads to
propagation, the time necessary for cracks to reach the surf
estimated as only a few years once corrosion has started. I
study it is assumed that section loss alone governs the appe
of cracks on the concrete surface.

A segment is classified as condition State 3 when the
forcement loss is estimated between 50mm of the radius and 10
of total cross section. A section loss of 10% is selected fo
upper limit of condition State 3 and the beginning of condi
State 4 because the change in structural behavior is neg
with less than 10% section loss, although the concrete shows

ility Classes

Water diffusion coefficient Chloride diffusion
coefficient

DCl

(10212 m2/s)

n

/s)

Capillary suction
Dw,cap

(10212 m2/s)

vary in function
of the depth

~Fig. 4!

6

13
20
meab

iffusio
Dw

212 m2

60

130
200
damages.
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A segment in condition State 5 is defined as having a se
loss of greater than 25%. Condition State 5 is a state of a
where safety is assumed to be jeopardized. As previously
tioned, there is no inherent correlation between the condition
and the structural role of the element. Analysis of existing s
tures showed that a section loss of 25% in the crucial load c
ing elements changed the structural behavior and reduce
safety margin significantly.

Concrete Cover Properties

Three concrete cover permeability classes are defined base
nondestructive quantitative measurement of the concrete p
ability ~Table 3!.

The water and chloride diffusion coefficients assumed for
concrete cover permeability class are presented in Table 4 ac
ing to the relations between the permeability coefficientkT and
the diffusion coefficients. These values are based on
1. The water diffusion coefficients~representing capillary su

tion! Dw,cap, adjusted to fit capillary suction tests found
literature;

2. The water diffusion coefficient~real diffusion!, Dw , from
tests found in literature for concretes of equivalent conc
permeability~Dhir and Byars 1993; Halamickova and D
twiler 1995; Delagrave et al. 1996!; and

3. The chloride diffusion coefficient,DCl , from chloride pen
etration tests in saturated concrete, notably Lunk e
~1998! and Torrent and Frenzer~1995! and measures of co
crete cover permeability.

In situ measurements on the investigated bridges~Adey et al.
1998! showed a great spatial variation of the values. To take

Table 6. Boundary Humidity Conditions for Simulations with Mod

Exposure zone During rainfall Dry weather

Direct Day: Contact with water
during the rain

Relative air humidity

Night: Contact with water
during the rain and then
until the morning

Splash Relative humidity during
the first hour of rain and
then water contact until
the end of the rain

Relative air humidity

Mist Relative humidity Relative air humidity

Fig. 5. Sample of relative hum
JO

 J. Bridge Eng., 2004, 
a

into account, simulations of chloride penetration are perfor
for each concrete cover permeability class for various diffu
coefficients selected to represent a normal distribution with a
ance of 25%.

Exposure to Chloride Contaminated Water

Three exposure zones are defined~Table 5!. The humidity condi
tions used in the simulations are derived from meteorolo
records~Fig. 5!. The liquid water in contact with the concre
surface, leading to capillary suction as transport mechanis
assumed for each exposure zone as given in Table 6.

Exposure to Chloride Ions

The chloride concentration of water is assumed to be a con
2% yielding a saline solution with a freezing point of21.8%. As
the chloride ion concentration in the water is dependent on
amount of de-icing salt spread on the pavement, this val
determined using the annual total amount of salt spread pe
maintenance center and the local meteorological data. No
measurements of the chloride ion content, the number of
truck passes, nor the number of days in which salt was sprea
available.

Corrosion Rates

Three corrosion rates are defined, based on measure
~Gonzalez et al. 1995!. The rates for each concrete exposure z
and concrete cover permeability class are given in Table 7.

Table 7. Corrosion Speed~mm/year! as Function of Concrete Cov
Permeability Class and Exposure Zone

Concrete cover
permeability class

Exposure zone

Mist Splash Direct

A 0.004 0.02 0.02
B 0.004 0.02 0.02
C 0.02 0.08 0.08

f environment used in simulations
idity o
URNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004 / 273
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Deterioration Rates

To classify the condition evolution, three deterioration rates
defined, according to the following definitions:
• Slow: less than 50% in condition States 1 and 2 after

years;
• Medium: less than 50% in condition States 1 and 2 afte

years; and
• Fast: less than 50% in condition States 1 and 2 after 40 y

Fig. 6. Free chloride ion content profiles calculated w

Fig. 7. Probability of corrosion initiation
274 / JOURNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004
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Simulations

Condition Evolution

The condition evolution is estimated in three steps:

1. Chloride penetration is simulated for each concrete c
permeability class and exposure zone. In order to take
account the scatter of the permeability, the chloride pen

ncrete cover permeability Class A and three exposure zones

plash exposure and three permeability classes
ith co
with s
9(3): 268-277 
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tion is simulated for each concrete cover permeability c
and exposure zone using a sample of diffusion coeffic
selected to match the normal distribution with the mean
ues given in Table 4 and the variance of 25%. The dept
chloride front and how they vary with time are presente
Fig. 6 for the three exposure zones and the mean diffu
coefficient of permeability Class A.

2. The probabilities of corrosion initiation are determined
function of time using the assumed initiation condition~Fig.
3! and the distribution of the chloride penetration dep
~Fig. 6!. The probabilities of corrosion initiation for five d
ferent cover depths are presented in Fig. 7 for the three
crete cover permeability classes. A comparison of the re
for each permeability class shows that for Class C, the
rosion initiation time is very short even for thick concr
covers.

Table 8. Concrete Cover Thickness as Function of Concrete C
Permeability Classes, Exposure Zone, and Deterioration Rate

Concrete cover
permeability class Exposure zone

Deterioration rate

Slow
~mm!

Medium
~mm!

Fast
~mm!

Mist 25 20 15
A Splash 35 25 20

Direct 40 30 20–25

Mist 45 25 15
B Splash 60 40 30

Direct — 50 40

Mist — 50 30
C Splash — — 50

Direct — — —

Fig. 8. Condition evolution with splash exposure w
JO
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3. The condition evolution in the propagation phase is
mated deterministically for a given initiation time. In oth
words there is no increase in uncertainty in the propag
phase~Fig. 8!.

The results of all of these simulations can be used to set q
requirements for bridge elements. The required depth of con
cover corresponding to the three deterioration rates is presen
Table 8 for each concrete cover permeability class and exp
zone. Using this table, it is possible to determine the deterior
rate for a segment from which the condition evolution can
determined, based on visual inspection~to assess exposure! and
nondestructive testing~to estimate concrete cover permeab
and cover thickness!. For instance, if concrete cover permeab
of Class A is measured with a thickness of 25 mm and the e
sure is observed to be a splash zone, the deterioration rate
considered segment is medium.

Markov Chains

The condition evolution in KUBA-MS is formulated using M
kov chains@Eq. ~1!#. The transition probabilities in the deterio
tion matrices are calculated to yield an optimum fit of the co
tion evolution predicted using the Markov chains with
condition evolution obtained by using the simulations. The le
square method has been used to determine the optimum
condition vectors at 100, 150, and 200 years. The matrice
tained for the three deterioration rates are presented in Tab

The difference between the deterioration curves obtaine
Markov chains differs significantly from the simulation resu
The Markov chains do not consider the initiation time and th
fore the curve between condition States 1 and 2 is a power c
a11

n , wheren is the number of intervals. This curve is significan
different from the curve obtained using the deterioration m
~Fig. 9!. This difference is propagated onto the curves betw

ious concrete cover depth and concrete cover permeability
ith var
the other condition states.
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 Conclusions and Outlook

The work presented in this paper leads to the following con
sions:
1. The condition evolution of reinforced concrete elements

to chloride-induced corrosion of the reinforcement can
determined using the theoretical model based on the phy
phenomena causing deterioration, visual inspection~for ex-
posure!, and nondestructive testing~for concrete cover qua
ity and cover thickness!. Numerical data on chloride co
tamination and the extent of corrosion can be obtaine
well.

Table 9. Deterioration Markov Chain Matrices

Slow deterioration rate Medium

0.94 0.06 0 0 0 0.87 0.13
0 0.97 0.03 0 0 0 0.90
0 0 0.84 0.16 0 0 0
0 0 0 0.95 0.05 0 0
0 0 0 0 1.00 0 0

Fig. 9. Deterioration curves obtained with fitted Mark
276 / JOURNAL OF BRIDGE ENGINEERING © ASCE / MAY/JUNE 2004

 J. Bridge Eng., 2004, 
2. The results can be expressed in the format used in B
which is based on visual inspection, by
• Mapping simulation results to condition states;
• Establishing permeability classes using permeability m

surements; and
• Classifying the environmental influence.
In such a manner the results from the theoretical mode
transformed into BMS format and can be compared qu
tatively with those obtained form the classical condition e
lution model based on Markov chains. This is particul
useful when there are no or very few inspection data
heavily deteriorated elements.

ioration rate Fast deterioration rate

0 0 0.76 0.24 0 0 0
0 0 0 0.74 0.26 0 0
0.19 0 0 0 0.75 0.25 0

0.91 0.09 0 0 0 0.93 0.07
0 1.00 0 0 0 0 1.00

ains and curves obtained with theoretical deterioration model
deter

0
0.10
0.81

0
0

ov ch
9(3): 268-277 
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3. The deterioration curves obtained with Markov chains do
have the same shape as the ones obtained by modelin
deterioration phenomena. This is mainly because the in
tion time cannot be modeled by the traditional Markov ch
formulation. It is therefore necessary to refine the Mar
chain models, e.g., introduction of hidden states, to add
mentioned deficiencies in the future.

4. It is shown that the results obtained using the model
sented in this paper can be readily mapped to cond
states. The modeling parameter~depth of concrete cover a
concrete permeability! can be easily updated by inspecti
This raises the question of whether models, such as th
presented in this paper, should be directly used in B
instead of Markov chains. The strength of Markov cha
however, is with the optimization of possible preserva
actions, which is not discussed in this paper. By using M
kov chains to model deterioration the optimum set of p
ervation actions for the element can be formulated as a
kov decision process, which can be easily solved using l
programming techniques. The same optimization prob
using deterioration functions obtained by means of
model described in this paper would most likely be m
harder to solve. For this reason it seems feasible at lea
the foreseeable future to continue to use Markov chain m
els in BMSs.

Notation

The following symbols are used in this paper:
a 5 atomic mass;

ai , j 5 deterioration matrix coefficient;
Cf 5 free chloride ion content~in concrete!;
Cs 5 bound chloride ion content~in concrete!;
Ct 5 total chloride ion content~in concrete!;

CSi 5 condition state;
cf 5 free chloride ion content solved;
cs 5 bound chloride content~in porous body!;

Dw 5 water diffusion coefficient;
Dw,cap 5 water diffusion coefficient with capillary suction;

DwT 5 water diffusion coefficient in function of
temperature;

D100% 5 water diffusion coefficient with saturated concrete;
E 5 activation energy;
F 5 Faraday constant;

hr 5 relative humidity;
i 5 density current;

JCl 5 chloride ion flux;
Jw 5 water flux;
kT 5 Torrent permeability coefficient;

mcorr 5 reacted mass of the reinforcement;
n 5 number of equivalent changes;
R 5 gas constant;

RCl 5 retardation coefficient;
T 5 temperature;

T0 5 temperature at whichDw has been determined;
t 5 time;
VCl 5 chloride ion speed;

JO
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Vw 5 water speed;
w 5 evaporable water content;

wsat 5 maximum evaporable water content;
xi 5 condition state coefficient of condition state

vector; and
g 5 ratio between bound and free chloride ion.
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