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Abstract

It is widely accepted that safety and serviceability are primary concerns in bridge design. However,
for the most of bridges’ service life, these concerns are addressed indirectly by a qualitative meas-
ure, defined herein as condition rating, which is based upon observable damages recorded during
inspections. Condition rating is at best, only loosely correlated to safety and serviceability. It would
be more reasonable to address safety and serviceability in an inspection process directly, using the
information on bridge performance obtained during the design and construction.

To address this issue, the reliability was chosen as a Key Performance Indicators (KPI) for existing
bridges and a novel practical solution is proposed. It is based on survey of observation types (visible
defects, measurements, etc.) used in Europe, which were examined with regard to their potential
impact on reliability regarding safety and serviceability. The impact of these observations on relia-
bility is also dependent on their type, location and intensity/extent as well as on bridge structural
systems. The paper presents a methodology to assess reliability, which heavily relies on data from
design and construction phase. It also proposes a set of data elaborated in design and/or construc-
tion phase that need to enter current bridge data bases to allow a rough reliability assessment of
existing bridges.
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which is realized by efficient exploitation of the

1 Introduction road infrastructure. The road infrastructure ena-

There is a broad consensus that the benefits of bles road users to be involved in various productive
road infrastructure for the society cannot be over- activities that yield private, public and social goods.
estimated. The investments in road infrastructure Maintaining these benefits on the long run in eco-
raise the growth potential of a national economy, nomically efficient, environmentally responsible
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and socially reconcilable manner is the fundamen-
tal task of road authorities. Bridges are critical com-
ponents of the road infrastructure as they ensure
fast safe passages over otherwise hardly surmount-
able obstacles. From the users’ perspective, it is ir-
relevant whether a road is carried by the bridge or
being in tunnel or merely resting on the soil, so long
it provides the safe and fast travel from origin to
destination. In this context, it is necessary to define
what is meant by fast and safe.

There are codes of practice that apply to the design
of a road infrastructure and they are related to
clearance, speed, and weight allowance. The de-
sign travel speed defines the minimum legal travel
time on an arbitrary road link. In reality, this mini-
mum travel time can be achieved only in the case
of unrestricted traffic flow i.e. if road capacity is
sufficiently higher than traffic volume. Based on
the current or future traffic, one can specify some
travel time — exceeding the minimum travel time -
as the “fast travel”. Clearly, the actual travel times
will scatter significantly, and the measure of this
scatter needs to be considered when defining “fast
travel”. In this context, one often refers to travel
time reliability.

The safe travel however is somewhat difficult to
define since it doesn’t imply absolute protection
from undesired events. When travelling, there is al-
ways a probability of undesired events, which can
harm life and limb, induce economic losses and
damage environment. The sufficiently low proba-
bility of such undesired events defines “safe
travel”.

The bridges can play significant role regarding the
travel time since the failed or posted bridge can
lead to detours and therefore to increased travel
time. Furthermore, bridges or parts of them can
fail/collapse harming life and limb and inducing ad-
verse consequences for economy and environ-
ment. It is therefore not surprising that the struc-
tural safety is the primary concern of bridge own-
ers since it affects both safe and fast travel. Besides
structural safety the bridge owners care about ser-
viceability, which relates to user comfort that can
be affected by deflections and vibrations of a
bridge. If safety or serviceability requirements are
not met, the bridge will be posted or even closed
with aforementioned consequences.
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Following the definition of the “safe travel”, a
bridge is regarded as structurally safe if the proba-
bility of failure during its service life doesn’t exceed
some nominal value. Similar approach applies to
serviceability in which the exceedance probability
of some service limits (deflection, frequency, etc.)
must be sufficiently low. Most modern codes of
practice for bridge design have adopted this con-

cept (e.g. [1]).

The owners need to ensure that their bridge inven-
tory fulfils the safety and serviceability require-
ments during their service life and therefore main-
tain the benefits of road infrastructure. Consider-
ing the extent of the road infrastructure in devel-
oped countries, this is increasingly challenging task.
The tools and methods currently available to own-
ers to fulfil this task seem not to be adequate and
in this paper some improvements are suggested.

2 Current inspection practice

Bridge Inspection practice differs quite significantly
from country to country, but the common denom-
inator is that it relies on visual inspections. The vis-
ual inspections are — if performed by a qualified
structural engineer — cost efficient and very valua-
ble source of information. During the inspection,
the observation is recorded and evaluated. The re-
sult of inspections is qualitative indicator, which is
named differently from country to country as con-
dition rating, condition state, condition class, etc.
Herein, the term condition rating is used. Whereas
in a design phase the safety and serviceability con-
cerns are addressed directly in quantitative man-
ner, in a service phase, based on inspection results
the condition rating is determined. The condition
rating is a vague measure for the deviation of in-
spected bridge from the “as new” condition. The
direct assessment of safety and serviceability is re-
garded as not cost efficient since it is commonly as-
sumed that it always requires an in-depth material
investigations and structural analysis.

Based on condition rating, owners trigger often
costly in-depth investigations or even maintenance
actions. In practice, once an in-depth investigation
based on condition rating is triggered, the mainte-
nance intervention is very likely to follow, even if a
bridge can still be used without restrictions. The
reasons are different from country to country, but
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one is surely the visual appearance and related per-
ception of safety that entice owners to remove all
visible damages with appropriate maintenance in-
terventions. In some (rare) cases, a maintenance
action is triggered if a bridge fails structural safety
and serviceability checks, with the load and re-
sistance models for the design of new bridges. This
is clearly inadequate and uneconomical, given the
remaining service life and possibilities to reduce
uncertainties related to existing bridges. Thus,
some countries have introduced safety and service-
ability checking rules for existing bridges that dif-
fers from ones for the new bridges (e.g [2]).

The current approach seems not to be very logical.
In the design phase, the wealth of information
about safety and serviceability for different load
situations is created. This information is unstruc-
tured and mostly in paper form. After the commis-
sioning of newly constructed bridge, the docu-
ments containing this information is handed over
to the bridges’ owners or operators that act further
on as trustees of the bridges assigned to them. The
documents are mostly in archives and in general
not easily accessible. During the service life, inspec-
tions are performed with no consideration of safety
and serviceability information produced during the
design phase. It is only within the in-depth investi-
gation that the safety and serviceability are as-
sessed again. There is a substantial gap during the
life span of a bridge, in which decision are made
based on qualitative indicators, that are sometimes
unrelated to the key concerns of bridge owners:
safety and serviceability.

In most countries, bridge management is sup-
ported by databases, in which the results of inspec-
tions are stored, sometimes in great detail. The in-
formation from design phase i.e. critical load com-
binations, safety factors, assumed traffic loads is
usually not stored in these databases. In some road
agencies, there are load rating software that facili-
tate evaluation of special transports and therefore
include some information from design phase, but it
is rarely used in conjunction with inspection re-
sults.

Even more surprising is that the relevant infor-
mation on safety and serviceability is commonly
not stored in the database after maintenance inter-
ventions. It can be assumed that the provisions of
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the current code of practice are fulfilled due to
maintenance interventions, but it is not recorded if
these are exceeded and by what margin.

It should be noted that within the in-depth investi-
gations a substantial work effort is necessary to
find information from the design phase or previous
maintenance activities. In some cases, the infor-
mation on existing bridges is lost due to negligence
or some accident (e.g. fire, flooding).

In some ways, the current bridge management un-
dergoes amnesia because

e relevant information from the design phase
and/or in-depth investigation is not stored
and/or

e information is stored only in paper form and
is lost due to negligence or accidents.

It is not that bridge owners and operators are not
aware of this deficiency, but to remedy it, they
need to be provided tools and resources to effi-
ciently store and access the elaborated information
on their bridge inventory. In the time of growing
awareness of data importance and big data, it is
high time to establish an organizational setting for
business processes to ensure the benefit of col-
lected data on the long term.

3 Improving benefit from inspections

The challenging task of maintaining manifold bene-
fits of road infrastructure, mentioned in chapter 1
can be only efficiently coped with, if the bridge
owners have all necessary information at their fin-
gertips. This means that the current databases
need to be significantly improved to accommodate
all relevant information from design, construction,
inspections and maintenance interventions. This
transition can be quite costly and therefore needs
to be performed gradually.

3.1 Safety and serviceability of undamaged
bridges

The information on safety and serviceability margin
of an undamaged bridge is essential in the service
phase. This information should be structured and
include all relevant load cases, which would also al-
low owners to have a clear picture of possible fail-
ure modes and related vulnerable zones that need
to be investigated in more detail.
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The current databases are not structured to accom-
modate the graphical representation of structural
systems and load situations. The material proper-
ties and load effects need also to be included in the
database as searchable data and coupled with
graphical representations. The same apply to load
models and provisions of current and previous
codes of practice.

A large effort is required to obtain and store infor-
mation for all existing bridges and this cannot be
done within a short time period. Ideally, it could be
done together with inspections or in-depth investi-
gations and in this way, one can gradually fill the
database. In particular, the database needs to sup-
port the evaluation of serviceability and safety
margins against current design loads or loads be-
yond legal limits. These margins can be expressed
therein either as

e the degree of compliance n, that can be eval-
uated for each load situation as a ratio be-
tween the available resistance/service limit
and resistance/service requirements based
on the total factored load effect, or as

e the traffic load capacity factor with which
the traffic load can be multiplied and still ful-
fil the safety and serviceability require-
ments.

This information is very useful for the owners to
qualitatively asses if a damage is relevant on a cer-
tain bridge and perhaps adapt the condition rating
accordingly. However, given the large disparity be-
tween the uncertainties of degree of compliance
and the interpretation of inspection findings, the
guantitative assessment of the impact of inspec-
tion findings to the degree of compliance could be
misleading. To consider this disparity adequately
one needs to resort to probabilistic methods as
proposed In COST Action TU 1406 [3].

3.2 Reliability of undamaged bridges

The modern design codes define the safety and ser-
viceability in terms of reliability i.e. the probability
that a bridge will be fit for purpose during its ser-
vice life. In [1] the target annual reliability index 8
for safety is 4.7 (corresponds to occurrence proba-
bility of 1.3-10-¢) and for serviceability 2.9 (corre-
sponds to occurrence probability of 1.9:10-3). The
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bridge is considered as safe and serviceable if spec-
ified reliability indexes are not below these target
values.

The partial safety factors in [1] are calibrated for
the target reliability indices, but this calibration is
significantly influenced by the assumed characteri-
zation of uncertainty. Given that the uncertainties
of actions defined in codes don’t significantly vary,
the partial safety factors in codes of practice will
result in reliability indices that are not lower than
the target values. Nevertheless, the evaluation of
reliability may be economically beneficial if existing
bridges can still be used without restrictions.

For the methodology described in this paper the
evaluation of reliability of undamaged bridge due
the current code loading is of particular interest as
it serves as a baseline to assess the reliability of
damaged bridge.

The reliability of an undamaged bridges modelled
as simply supported beam can be for instance eval-
uated using the Bayesian network in Figure 1.

Load model

Stochastic variables

1]
[

Load effect

Deterministic parameter

Key scenario

Code of
practice

Resistance /

Serviceability

limit

Figure 1. Reliability evaluation of undamaged
bridge

To illustrate the presented approach, the safety of
an existing bridge that is modelled as simply sup-
ported beam is assessed. It is assumed that the
safety is given if the probability of failure doesn’t
exceed 1.3-10-6.

The simply supported beam is presented in and the
traffic load (node “Load model” in Figure 1) is mod-
elled as a normally distributed point load P with a
mean value up of 100kN and standard deviation
op of 12kN. Permanent loads are neglected in this
example. It is assumed that the bending resistance
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(node “Resistance/Service limit” in Figure 1) is con-
stant along the beam and is normally distributed
with a mean value iy, of 500kNm and standard
deviation gy, of 40kNm. The span (node “Span” in
Figure 1) is 10m.

~

M, i4—

s

Figure 2. Load effect My, and resistance Mg

The bridges are designed to withstand different
combinations of actions and the corresponding
structural checks can be used as a basis to define
possible failure modes. For the example in Figure 2,
three collapse mechanisms are chosen to be failure
modes: FM1, FM2 and FM3 as shown in Figure 3.
However, other failure modes can be selected
based on owner’s preferences. For instance, the ex-
tent of spalling or crack width can be chosen to be
failure criteria.

If the reliability for FM1 is significantly lower than
in FM2 and FM3, the contribution of the latter two
can be neglected. Since the load effect and re-
sistance are normally distributed, the reliability in-
dex, which means also the probability of failure for
loading as in Figure 2 can be computed as follows:

-l
#MR—HPT
B = =
2 Op
GMR+( 4)
500 - 250
120\ (1)
2 —-=-
402 + (=57)
250 1000
= = =5=
ot 200
40 - /E
Pr =2.87-1077
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The reliability of undamaged bridge meets the cri-
teria according to [1].

3.3 Inspections and impact of damages

An important constraint imposed to the methodol-
ogy presented here is related to inspection proce-
dure, which shouldn’t change significantly. This
constraint couldn’t be completely satisfied as there
is some additional information that is indispensa-
ble, if the effect of deterioration and damages is to
be appropriately considered in assessment of
bridges:

e Based on the design documentation, rele-
vant failure modes need to be defined.
These failure modes correspond to the criti-
cal load situations used in design and

e for each failure mode, vulnerable zones (as
in [4] and [5]) are to be defined, in which
damages have the largest impact on safety
and serviceability.
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Figure 3. Vulnerable zones and failure modes

The definition of failure modes is already discussed
in previous chapter. The vulnerable zones are
closely linked to failure modes and experienced in-
spectors know intuitively where these zones are.
Nevertheless, it is helpful if they can confirm them-
selves with the readily available information (see
[6]). The damages outside vulnerable zones can
also trigger failures, but for them to occur the ex-
tent of damage needs to be significantly larger than



IABSE Symposium 2019 Guimaraes: Towards a Resilient Built Environment - Risk and Asset Management

March 27-29, 2019, Guimaraes, Portugal

in the vulnerable zones. If this seems likely, one
needs to define an additional failure mode that can
be triggered by the observed damages.

For a simply supported beam in Figure 2 the vulner-
able zones and corresponding failure modes are il-
lustrated in Figure 3.

The definition of failure modes and vulnerable
zones is mostly one-time activity and the modifica-
tion are needed in case of significant changes in
loading and/or resistance/service limits occurs.

The estimation of the impact of inspection (mostly
visual) findings on reliability is up to now not seri-
ously considered as a viable option. Visual inspec-
tions are considered to be subjective and uncertain
allowing only qualitative outcome such as condi-
tion rating. Although it is undeniable that observa-
tions made during visual inspection are often fuzzy,
they can be useful if their inherent uncertainty is
properly modelled. In [7], a subset of observations
collected in a survey are identified to have an im-
pact on reliability. The corresponding uncertainties
both regarding the inspection process and an im-
pact on reliability are however not addressed,
which remains to be the topic of a future research.
In addition, there is also useful data that is simply
not collected.

For instance, if merely “Corroded reinforcement”
on a certain bridge element is reported, this means
that the reinforcement corrosion can be anywhere
on its elements i.e. its location needs to be uni-
formly distributed. Likewise, a spalling area and a
section loss can be also modelled with slightly in-
formative or non-informative distributions. If, how-
ever additional information is available such as that
the reinforcement corrosion is located in vulnera-
ble zone, the uncertainty with regard to its influ-
ence on reliability can be significantly reduced. The
guantitative information on spalling area and sec-
tion loss can further reduce uncertainty.

To consider the effect of inspection findings the
Bayesian network in Figure 1 can be modified as
shown in Figure 4.

In this example it is assumed that the visual inspec-
tion revealed a spalling area with the reinforce-
ment corrosion (node “Corroded reinforcement” in
Figure 4) with a section loss of 10%. This is a typical
entry as shown in the survey performed by the
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WG1 of the COST Action 1406 (see [7]). The loca-
tion of the defect is not known and there is inher-
ent uncertainty with regard to this section loss.
Based on experience or merely by engineering
judgement the likelihood of section loss can be as-
sumed as in the second row of Table 1.

Load model
Code of
practice

Corroded
reinforcement

Figure 4. Reliability evaluation of damaged bridge

Stochastic variables

Deterministic parameter

iU

Key scenario

Load effect

Resistance /
Serviceability
limit

Table 1. Likelihood of indicating specific section

loss
Section loss 0% 5% 10% 15% 20%
Probability 150 oot 20%  10%  10%
informative
Probability
non-informa- | 20% 20% 20% 20% 20%
tive

The third row expresses even less informative
probability distribution in which all listed section
losses are equally likely.
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Figure 5. Resistance of damaged structure
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In the first step one needs to evaluate the safety
index for the deterministic section loss with no in-
formation on its location. This means the safety in-
dex has to be computed for every possible location
of a corroded reinforcement. The location of the
corroded reinforcement is the unknown distance y,
as in Figure 5.

The safety index cannot be larger than the one of
the undamaged structure. It can be however lower
if the section loss is in the area of high bending mo-
ments. This reasoning result in following expres-
sion for safety index.

xZ
g (5=

22\
i, + <ap - (x - T))

Py = ®(—p)

where @ cumulative normal distribution with the
mean value of 0 and standard distribution of 1.0.
The safety index can be plotted as a function of lo-
cation of corroded reinforcement. It can be seen in
that for certain locations, the section loss has no in-
fluence on safety index. In the middle part, there is
however a clear reduction of safety index indicat-
ing a vulnerable zone.
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Figure 6. Reliability index in the function of dam-
age location

0.8 1.0

Assuming that there is an equal probability of
corroded reinforcement being anywhere on
the beam one has to integrate the probability
of failure for all locations as in following ex-

pression:
1 l
TL "’(‘ﬁ @) o

Pf = (3)
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In the second step this expression can be further
refined by considering the uncertainty regarding
section loss:

5
pf=zlsi%fol¢<—ﬁ(§)>-dx (@)
1

where 9; represents the likelihood values of the
discrete distribution from Table 1. For the first row
in the Table 1 the resulting probability of failure
and corresponding safety index is as follows:

Pr=315-10"° = B =40 (5)
This means that the damaged structure doesn’t
meet the requirements of [1]. The probability of

failure increased by the factor of 100 compared to
the undamaged structure.

For the non-informative probability distribution of
section loss presented in the third row of the Table
1 the probability of failure is as follows
Pr=6.11-107° = B =3.84 (6)
The probability of failure doubled compared to the

distribution of section loss assumed in the row 2 of
Table 1.

4 Conclusion

In this paper, an approach is proposed to include
results of visual inspections, which are often fuzzy,
into assessment of reliability. It makes extensive
use of information from design phase, which needs
to be merely updated based upon the results of vis-
ual inspections. The approach closes a gap charac-
teristic for todays practice, in which different per-
formance indicators are used during the service life
of a bridge.

The proposed approach uses Bayesian networks
and to this end the Bayesian networks have to be
adapted to accommodate relevant types of obser-
vations that are common in different countries.
These observations are catalogue in common BMSs
and a comprehensive list can be found in [7]. The
impact of these observation to resistance/service
limits is here crudely assumed and need to be fur-
ther investigated. The same applies to uncertainty
of observations. The likelihoods as in Table 1 need
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to be refined by investigating inspection practice in
more detail.

Finally, it should be noted that the visual appear-
ance of a bridge is not addressed in this paper, alt-
hough it may play important role in decision-mak-
ing process. Spalling concrete, dripping joints and
corrosion traces are not very appealing and the
owner or operator is inclined to remedy them in or-
der to protect its reputation. The commonly used
condition rating is often strongly influenced by vis-
ual appearance and indeed it can be used to evalu-
ate it. A decent visual appearance can therefore be
regarded as a performance goal as well. It is up to
an owner or operator and the social environment
to set up criteria for the decent visual appearance.
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