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Abstract. One of the simplest ways of assessing existing structures is the use of rating marks, classes or grades for each
bridge or its components. Different rating systems have been developed and used widely in many countries. Markovian
models are often considered to represent the bridge deterioration process. In part I of this two-part paper results of experi-
mental studies on the deterioration of bridge deck ancillary members are presented. This study was conducted to determine
the condition assessment procedures and performance characteristics of bridge deck surfacing, expansion joints, and safety
barriers. A simple rating system with a scale of 7 to 1 to diagnose the condition of bridge deck members in service is
proposed. A Markovian process for physical deterioration of these members is used. Results from a simulation study using
the real individual bridge components in City Vilnius are presented.
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1. Introduction

Over the past few decades, bridge management in serv-
ice has substantially gained importance. The reasons for
the growing interest in maintenance, repair and reconstruc-
tion works of bridges, can be listed as follows:

»  physical obsolescence of building materials;

*  rapid increase of traffic volume and heavy vehi-

cles;

*  environmental aggression;

»  faults of design, materials or workmanship;

*  necessity to assure the structural safety and plan-

ning of preventative measures;

*  necessity to provide feedback of information for

designers and constructors.

A very important stage in the bridge management
policy is the assessment of all forms of damages, as well as
the condition state of existing structures. These factors have
a very great importance for establishing the priorities for
the long-term maintenance or repair programme and budget
planning. Bridge management in service begins with in-
spections of the present condition of the structure, followed
by bridge assessment and evaluation and finally by selec-
tion of the appropriate maintenance or repair measures.

Bridge management of existing structures is a complex
matter with technical and economic consequences.

There are many possible approaches to defining per-
formance and assessing the condition of bridge structures.
Currently bridges and their parts are evaluated either through
a visual inspection or structural analysis. With an analyti-
cal evaluation, the bridge condition is computed based on
the load applied and the resistance capacity of bridge com-
ponents. This approach is frequently used for structural el-
ements of superstructures and substructures. On the other
hand, it seems that ratings based on visual inspection are a
good choice for those members, for which it is not always
possible to determine the resistance factors. When bridge
evaluation is conducted by a visual inspection based on the
experience of the inspector, a subjective rating is assigned
to the bridge component, a bridge as a whole or the bridge
stock. Different rating systems typically with a scale of 0
(or 1), complete failure, to 100 (sometimes 5, 10, 30), be-
ing a new state, are proposed for evaluating bridge deck,
superstructures, and substructures [1-6]. Many rating sys-
tems are presented in many guides and manuals. The
author’s experience shows that it is often a good choice for
a smaller, less sophisticated condition rating system. When
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too many state grades are used in evaluation, it becomes
difficult to differentiate between them.

Once the current condition of a component has been
assessed, future condition can be predicted using deterio-
ration models. Deterioration of bridge structures is com-
plex reflecting the nature of the physical or chemical proc-
esses involving a number of different mechanisms operat-
ing simultaneously. Different materials and members have
different deterioration processes. Deterioration is a sto-
chastic process. The probability based Markovian models
are often considered to represent the bridge deterioration
process from the condition ratings data collected during the
bridge inspections most effectively. In the majority of coun-
tries the BMS (Bridge Management Systems) based on the
use of Markovian type deterioration process have been de-
veloped [eg 7-10].

This article discusses the condition evaluation of bridge
deck components using proposed condition rating system
and the condition prediction modeling based on the
Markovian deterioration process. This research examines
condition assessment data for deck surfacing, expansion
joints, and safety barriers. Observed condition states of these
members were reported in part I of this paper [11]. The
purpose of this procedure was to determine, through visual
condition assessment, the condition state and the life span
of the bridge deck members in some bridges of City Vilnius.

2. Condition assessment

Condition assessment is a process, which can be sum-

marised in the following general procedures:

*  Sub-divide the bridge substructure, superstruc-
ture and deck into sets of elements based on their
importance for function and safety, maintenance
requirements, similar mechanism of deterioration,

and relative life spans. Certain structural elements
have a life which is less than that of a bridge. It is
useful to distinguish between short-term elements
which can be easily replaced, and long term,
which favor rehabilitation or strengthening.

*  Determine for each set of bridge elements the type
and extent of current deterioration/damage and
their influence on the condition of members.

*  Set the scale of parameters that describe the con-
dition of the structure and its constituent elements.

e Carry out a Markov chain for the deterioration
process starting from a known current situation.
The Markov chain calculates the probability of a
typical element being in a particular condition
state at a particular age as well as the state transi-
tion probability representing the rate of deterio-
ration.

*  Compare the Markov model of deterioration pre-
diction with previous records of condition assess-
ment obtained from detailed inspections.

2.1. Condition rating system

After a field inspection of a bridge, and if necessary
after analysis of the historic condition state data, a struc-
tural evaluation must be made to suit the appropriate main-
tenance, repair or reconstruction methods. The main prob-
lem of decision making procedures is to obtain a true con-
dition state of bridge members and to predict their behavior,
especially those which are damaged.

Each bridge deck component is to be assessed for struc-
tural and functional deficiency. The primary considerations
in classifying deficiencies are the component condition rat-
ings (CR). The elements of bridge deck component condi-
tion rating are shown in Fig 1.
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Fig 1. Sample decision tree for assessing bridge member’s deficiencies
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A rating system is always based on the quality and
individual opinion of experts and is an approximate evalu-
ation of existing structures. Therefore the rating system has
to fulfill four main demands:

*  to be simple and easy to use;

*  toinclude only the most important factors;

e to include the time factor;

* to allow the establishment of priorities with re-

gard to maintenance or repair works.

A member condition rating is simply the scale used to
describe a set of discrete states (ie members’ entire condi-
tion). In this paper all members are rated using the follow-
ing scale:

CR7 excellent — new condition; no action required
within the next 5—7 years (until the next detailed inspec-
tion);

CRS5 good — minor deterioration, ie first signs of ag-
ing, but functioning as originally designed; action required
within 3-5 years;

CR3 fair — serious deterioration or damage or not func-
tioning as originally designed; action required within 1-3
years;

CR1 poor — potentially hazardous; action required
within 1 year.

Totally deteriorated or in failed condition members are
not included in condition rating as the immediate actions
(eg limitation of use, repair or replacement) must be taken
as soon as possible. Condition ratings 6, 4 and 2 can be
used to shade between 5 and 7, 3 and 5, 1 and 3, respec-
tively. Items 3 and lower require substantial rehabilitation.
Items higher than 3 may be corrected with daily mainte-
nance work. Maintaining members at least ata “good’ level
not only enhances safety for bridge owners and users, it is
also a cost effective policy.

It can be seen that the serviceability rating includes an
assessment of the actual condition of the member, as well
as the prediction of future its behaviour, so that the required
measures can be made in time. Prediction of a long-term
behaviour should include the prognosis of deterioration rate
and the environment in which the member resides. Evalua-
tion can be carried out on the element level, whole bridge
or a whole bridge population when only average perform-
ance level is needed.

The proposed rating system allows the systematisa-
tion of bridge deck serviceability diagnosis, which is easy
to modify or to update. On the basis of the comprehensive
members’ serviceability rating, the most suitable improve-
ment options can be selected.

2.2. Markovian process

Deterioration of deck members is transition process
from an initial or a given condition state to a lower-grade
state leading to a gradual decrease of members’ perform-
ance (Fig 2). The transition of members’ performance de-
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Fig 2. Relationship between deterioration of a bridge member and
its condition rating

pends on a large number of random variables and is always
treated as stochastic process.

In this paper the time-dependent probabilistic model-
ling of the deck members’ condition deterioration is car-
ried out using Markov Chain model [eg 12—14]. The Markov
chain approach is based on the concept that given just the
present condition of a member and a known probability of
the change in a member’s condition over a given time in-
terval, the future condition of the member can be reason-
ably predicted. The basis of the Markovian model is the
condition state transition probability square matrix
M = nxn shown below:

P11 P12---Pin
P21 P22---P2n

Pnl Pn2---Pnn

M:

where Py is the condition transition probability from state i
at time ¢, to state j at time ¢, (Fig 2). For new as built
structure ¢, = ¢,.

In deterioration modelling it is assumed that the mem-
bers condition can stay in the same state or move to a state
of greater degradation, ie ;= 0 for i >j. Another assump-
tion is that the final state is a state that cannot be vacated if
no repair is made, ie p, = 1. These assumptions lead to M
being an upper triangular matrix of the following form:

P11 P12---Pin
0 pr..p

The probability of being in state j at time ¢, is deter-
mined as follows:

J
Pjtu) =pit) 2 Py 3)

i=l

where p(¢,) is the probability of being in state i at time ¢,.
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The M matrix used in this study is based on the four-
state model (7-5-3-1) described above. Hence:

P77 P75 P13 P71
0  pss ps3 psi

0 0 D33 P31
0 O 0 1

Markov models require only two successive cycles of
inspection and rating of member's condition before model
estimation becomes possible. If the time interval between
two adjacent inspections is short enough that the condition
state of member will change by only one state grade, we
obtain the diagonal matrix in the form:

pr7 1=p77 0 0

0 1- 0
M = Pss Pss , (5)
0 0 P33 1-p33

0 0 0 1

where p.. and 1 — p,. is the probability of remaining at the
same condition rating and the probability of deteriorating
by one condition rating, respectively.

Transition probability matrix M [Eq (5)] can be de-
scribed by state vector P, containing the main diagonal of
matrix M, ie, P = {p,., ps, P53, 1}.

The predicted condition state for a set of particular
members in future years, pS(z, ), is obtained by matrix mul-
tiplication between initial condition state matrix, pS(¢,), and
the one-step condition state transition probability matrix,
M(7):

pS(t,) = pS(ty)xM™ (1), (6)

where m is a number of transitions; T is the time interval
between two adjacent assessments (T =¢, |, — 1) .

For a new member a condition state probability distri-
bution is pS(¢)) = {1; 0; 0; 0}.

3. Practical application

3.1. Condition evaluation procedure

The approach presented in Section 2 of this paper was
applied as an example for condition assessment of bridge
roadway members in the city of Vilnius. Condition rating
scales based on a set of numerical ratings between 7 and 1
as presented above and condition criteria with classifica-
tion of member’s deficiencies for 3 groups of deck mem-
bers (asphalt surfacing, asphalt plug expansion joints, and
concrete safety barriers) were summarised in our previous
publication [1] and are not reported here due to limited space
of paper. As shown in Fig 1, the information recorded for

Table 1. Resulting condition transition probability vectors

Sample Age at

Member | “ 01 p L opg by | Py | CERs

Surfacing 26m6200 0,654 | 0378 | 0,878 | 1,0 | 26,0

Expansion 2274m| 0451 | 0,410 | 0,620 | 1,0 | 155
joints

Safety barriers | 1533 | 0,653 | 0,637 | 0,708 | 1.0 | 252

each type of member included distress type, its causes and
consequences. This task was performed by a team of 3 in-
spectors.

The initial condition of deck members at time of in-
spection is presented in Fig 3. The total number of 56 city
bridges with 26 600 m? of surface area, 2274 m of expan-
sion joints, and 1533 precast concrete safety barriers were
included in the analysis. The condition rating 3 and below
indicates poor or worse conditions and results in structural
deficiencies. Of all 31,5 % of surfacing, 4 % of expansion
joints, and 12,1 % of parapets were classified as structural
deficient.

The simulation of time-dependent deck member’s de-
terioration was carried out using Markov chain model with
a four-year transition probability matrix. The number of
municipal bridges with an extensive deterioration increased
during this interval (Fig 3). The four-year state probability
matrixes for condition assessment of deck members are
presented in Table 1.

Using Markovian stochastic model and the matrixes
in Table 1, the deterioration of bridge deck members is pre-
dicted for the next 36 years. Fig 4 shows the average CR of
deck members as a function of time. As shown in Fig 4, the
gradual deterioration of deck member’s condition is non-
linear. The deterioration of deck members takes the convex
functional form, with deterioration rate slowing with age.

It was assumed in this investigation that the daily main-
tenance can slow deterioration, but it does not result in a
condition state improvement. Based on this assumption, the
bridges that had been repaired or rehabilitated were excluded
from the analysis. It can be seen in Fig 4 that the worst
performing deck component is the expansion joints. All deck
members after 8 years in operation could have an average
CR of 5. An unserviceable condition with CR of 3 is pre-
dicted for 15-26 years (Table 1) that can be denoted as av-
erage service life of the members. The probability of the
members having CR more than 3 after this time of service
is very small unless rehabilitation had been performed. It
should be mentioned that no rehabilitation work had been
carried out for expansion joints and parapets, while surfac-
ing of bridges have seen some type of rehabilitation work
(repair of small potholes and spalls near expansion joints)
that can be reflected on the data of evaluation.
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3.2. Model validation

A very important procedure is to verify that the Markov
probability performance prediction models are consistent
with observed actual condition states for each transition
period. Deterioration functions have to be developed by
means of statistical data obtained from successive regular
inspection records. Unfortunately, a systematic condition
assessment in the form of condition ratings of city bridges
is lacking. Without a detailed information, it is not possible
to compare discrete state deterioration indicators obtained
in simulation and a statistical regression based models.

The author disposed some data from his own investi-
gations of reinforced concrete precast safety barriers. A to-
tal of 669 safety barriers with similar characteristics and
environmental conditions were inspected and rated from
May to August, 2006. The safety barriers were selected
based on their age (8, 22, 26, and 36 years old) and no reha-
bilitation was carried out during their service time. Typical
examples of concrete barriers deterioration are shown in
Fig 5. De-icing salts are considered to be likely the most
serious cause of deterioration. Concrete parapets on bridges
are exposed to splash and spray from traffic. A recent study
showed that the quantity of chlorides into water of the snow
accumulated on the sides of pavement in City Vilnius may
receive over 2,5 mg/l.

In Fig 5, a it can be seen that concrete surface pitting
and scaling are listed as the chief manifestations of con-
crete surface deterioration after 8 years in service. Surface
degradation is observed approximately on up to 50 % of
precast members leading to a decrease of average CR from
7 to 5. The signs of concrete cover deterioration are obvi-
ous, but they are frequently ignored. If the barriers are not
repaired the deterioration progresses rapidly with the re-
sults shown in Fig 5, b and c. It is obvious that loss of pro-
tection properties of concrete cover leads to reinforcement
corrosion. The mechanism of safety barriers corrosion is
complex and depends on a number of factors, including the
environment conditions as well as the depth and quality of
concrete [15, 16].

The comparison between simulated and observed val-
ues for the average barrier condition is shown in Fig 6. The
observed and simulated condition state distributions for 8,
22 and 36 years are shown in Fig 7. As it can be seen, the
Markovian deterioration model yields a good agreement
between the observed and simulated condition states distri-
butions. Although this conclusion is based on a limited se-
ries of safety barriers observations, it appears that this
method should be also valid for other roadway members.
Hence, the proposed Markovian model for condition state
transitions can be successfully applied for predicting of the
performance of deteriorating members regardless of the
subjective and arbitrary condition state definitions based
on condition rating system presented in section 2.1 of this

paper.



190 Z. Kamaitis / THE BALTIC JOURNAL OF ROAD AND BRIDGE ENGINEERING — 2006, Vol I, No 4, 185—-191

Fig 5. Typical deterioration of RC safety barriers after 8 (a), 26
(b), and 36 (c) years in service

4. Conclusions

Assessment of bridges and their members in service
is one of the most important actions in bridge management
policy. The quality of evaluation reflects in the effective-
ness of maintenance, repair or replacement of members as
well as investments planning.

A simple system for serviceability rating of bridge
roadway members is presented. This research examines the
condition assessment data for deck asphalt surfacing,

Average condition rating
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Fig 6. Comparison of Markov simulation and observed safety
barriers condition
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asphalt plug expansion joints and precast concrete safety
barriers in the bridges of City Vilnius. The condition states
of these members are outlined in part I of this two-part pa-
per. In this paper a rating system with a scale of 7 to 1 was
developed to allow a numerical comparison between com-
ponents and also to establish levels of tolerable deficien-
cies. The condition rating 3 and below indicates poor or
worse conditions and results in structural deficiencies. Of
all 31,5 % of surfacing, 4 % of expansion joints, and 12,1 %
of safety barriers at the time of inspection were classified
as structural deficient (Fig 3). The bridge deck members
are inspected and values of rating system assigned accord-
ing to visual observations.

The Markov transition probability matrices are used
for prediction of the deterioration process. The four-year
state probability matrixes for condition assessment of deck
roadway members were determined (Table 1). Using
Markovian stochastic model and the matrixes determined,
the deterioration of bridge deck members is predicted for
the next 36 years. An unserviceable condition with CR of 3
is predicted for 15-26 years (Table 1) that can be denoted
as average service life of the members. The comparison of
observed and computed using Markov chain model condi-
tion states of precast safety barriers shows a good agree-
ment (Fig 5).

Any condition assessment in the form of condition
ratings until now is carried out for Vilnius city bridges. The
bridge members have to be inspected and assessed together
with condition ratings. Condition ratings have to be assigned
directly by the bridge inspectors by evaluating the type, the
causes and the consequences of deterioration (Fig 1).
Changes in condition ratings between inspection cycles can
be determined. Based on condition ratings, a better estima-
tion of maintenance or repair actions as well as cost sav-
ings can be achieved.
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