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ABSTRACT. Infrastructure aging is an important problem nowadays, in
particular for countries like Italy in which the main motorways were built 50

years ago. Huge budgets are necessary to keep infrastructure and bridges in
service. In addition, the lack of a proper and timely maintenance, entails an
increase of the deterioration and therefore higher costs of repair.

Thus, the need of methods capable of assessing the reliability of the
infrastructure in the frame of Bridge Management System (BMS), is patent.
The aim of this work is to provide a robust decision-support tool for the
analysis of the data collected with field inspection. The innovative aspect of
the proposal is the introduction of two factors which take into account the
location of the damage, and the mechanical characterization of the material in
the definition of a Condition Rating Number (CRN).

The analysis of an existing Reinforced Concrete (RC) bridge network is
presented in order to show the accuracy of this new method.
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INTRODUCTION

he wear of an asset due to its prolonged use results in a gradual degradation of its performance. The aging of
materials and asset technology yields to a decline in technical efficiency or technological obsolescence.
Chemical-physical tests have a fundamental role in the inspection and maintenance of installations and machines,
see [1-2]. The continuous measurement of these quantities with automatic or semi-automatic methods allows to know the
system state and can provide essential information for the policies on condition assessment from the maintenance point of
view, see [3].
The same approach should be applied to concrete bridges networks. In fact, as well as industrial machines and equipment
should be monitored continuously, also infrastructures require stringent inspections at regular intervals of all the elements.
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The main objectives of the bridges infrastructure networks maintenance strategies, are to ensure, in probabilistic terms, the
safety of the individual citizen and the effectiveness of the transport system. In addition, in case of natural disasters (floods,
earthquakes, etc.) or acts of terrorism, a good ability of infrastructural network to provide alternative routes (resilience), with
primary focus on strategic activities (civil defense, hospitals, energy supply, waste disposal, etc.) see [4-6], is expected.

In recent years, the importance of Bridge Management System (BMS) has been increasing. BMS is the set of inspection,
investigation, maintenance, repair of a group of bridges or viaducts, organized according to priority, with the support of
computer databases and algorithms officers. In most of cases, the condition of a structure is assessed by qualitative
judgments.

Bridge Management System:
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Figure 1: Bridge Management System

In a schematic way, see Fig. 1, it can be said that a BMS is composed of:

- Inventory of bridges network;

- Data analysis capabilities on the basis of deterioration models;

- Cost models;

- Optimization programs, which are based on previous assessments, help in planning characteristics and schedule of the

retrofitting.
Therefore, A BMS can be seen as a tool that can:
o Assess the condition and give an overview about the status of the structures;
0 Formulate maintenance programs within predetermined cost limits and plan consequent actions;
o Schedule requests and fund appropriations.

The main goal is to obtain a representative picture of each structure that will allow making adequate maintenance work or
to underline the need for further in-depth investigation [7].

In order to prioritize maintenance investments bridge rating strategy is adopted in BMS. Usually, the rates of bridges can be
compared at project or network level and can consider both serviceability and relevance. Different methods can be found
in the literature: an Integrated Bridge Index (IBI) is presented in [8]. It takes into account the vulnerability risk and strategic
importance of each net component. Visual inspection, experts survey and regression analysis has been adopted for
calibration. An effective approach for fast and automatic evaluation of bridges robustness and resilience is presented in [9],
while multi-attribute utility theory (MUAT) is implemented in bridges ranking strategy in [10]. Also fuzzy logic has been
adopted in this context with some interesting results, see [11] and [12].
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The concept that a condition rating method should be based on numerical evaluation of all those essential damage types
revealed during inspection has been introduced in [13] by Znidaric and Perus. Variations and applications of this approach
has been published in the last years (see [14-16]).

The authors proposed in [17] an improved version of the above-mentioned method which takes into account the mechanical
degradation of materials and the location of the damages.

In the present paper an application of this innovative method is described considering a net of bridges in Sardinia (Italy).
After a synthetic description of the proposed method the real case-study is analysed with the aim of proving the efficacy of
the proposed approach. Finally, some perspectives and conclusive remarks are presented.

PROPOSED METHOD

he proposed method is divided in three main steps:
. thorough visual examinations aimed at detecting any damages in the structure.

. Development of non-destructive tests in order to assess the mechanical characteristics of matetials.
. Evaluation of the Condition Rating Number CRN for each structure.
CRN is a non-dimensional number representing the damage degree of the analysed structure. It is defined by the following
equation:

)3
Zm:lFD ”
£
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where y denotes an arbitrary scale constant that should be tuned for the considered case; Fp,, represents the condition rating
number for the m-th-structural component and Fp,, is the corresponding maximum value.
Fpuis defined as follows:

CRN =y -100 (1)
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K,, denotes the importance of the considered element into the structure. Its value spans between 0.1 and 1.2. For the sake
of synthesis the complete description is not reported here. The interested reader can find the table with all values in [13]
Tab. A2 or in [17].

B; denotes the basic value associate to the type of defect "i". It expresses the potential effect of the damage type
safety and / or durability of the element observed. It varies between 1 and 4, see [13] Tab. Al.

The magnitude of the i-th damage is expressed by Kz. Its values range between 0.5 and 2.0, the complete definition is
reported in [13] Tab. A3.

K; quantities the extension of the damage along the structural element, as a number within the range 0 — 1 according to the
indications reported in [13] Tab. A4.

Hi" Hi"

on the

Criterion Li
Damage not in a critical point 1
Damage in a critical point 2

Table 1: L, parameter values representing the damages location importance.

The main novelty of this method is the specification of the damage location and of the material properties degradation in
each structural element. These two aspects can be respectively measured by L; and T

L; denotes the position of the i-th damage in the structural element and it can assume binary values: 1 in case it is not a
critical point, 2 if it is a critical point as reported in Tab. 1. Critical points are the parts of the single element that are “critical”
for the structural safety.
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The material degradation is represented by T; whose values are reported in the following Tab. 2. They depend on the ratio
between the design material strength f,.s and the one measured by experimental tests developed on site: 4 (e.g. coring
strength test, ultrasound pulse test, rebound index etc.). If it is not possible to obtain the design material strength, it is
assumed equal to the minimum value required for the considered exposure class (see [18]). In case it is not possible to
develop any experimental test on the structural element a conservative value of T;is 4.

Considering composite structures (e.g. RC) /.« represents the matrix (concrete) compressive cylindrical strength as a first
approximation. If it is possible to have information on the reinforcements too it is the averaged mean of the matrix
(concrete) and reinforcements (steel) mechanical properties as presented in Eqn. (3):

E
fmk:_/;k—i_fy/é'? ©)

5

where E, and f respectively are the concrete Young’s modulus and characteristic strength, while E;and fx ate the ones
corresponding to steel. Eqn. (3) gives /x4, when the experimental mechanical characteristics are considered and /47 when
the materials design values are used.

Criterion TR T;
High resistance >1 1
Poor resistance from 0.66 to 1 2
Low resistance from 0.33 to 0.66 3

No resistance from 0 to 0.33 4

Table 2: Material characteristics degradation: T; values.

Each structure component should be investigated rating any defects in order to provide a characteristic Fj,, and Fp s, see
Eqn. (2). Then the whole structure can be denoted by the value of CRN defined by Eqn. (1). According to this value the
structure can included into one of the 4 damage categories presented in Tab. 3. A higher value corresponds to a worst
condition and vice versa.

Damage categories CRN/y
In service 0.00 -1.36
Little detetioration 1.36 -1.86
Severe deterioration 1.86 —2.27
Urgent intervention 2.27-295
Out of service >2.95

Table 3: Damage categories for the proposed method.
APPLICATION TO A REAL CASE-STUDY

every one: a horizontal slab supported by transverse and longitudinal beams simple supported by the lateral

T he proposed method has been applied to a set of RC bridges in Sardinia (Italy). The structural scheme is similar for
abutments, see Figs. 2-4.
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Figure 2: T1 type bridge.

Figure 3: T2 type bridge.

Considering the number of the transverse and longitudinal beams the bridges can be divided in three types as reported in

Tab. 4.
The design material resistance is not available, thus given the exposure class XC4, see [18], the minimum resistance class

was assumed as the material strength reference class C30/37. For the sake of simplicity, the scale constant y has been

considered equal to one.

Figure 4: T3 type bridge.

220



l’;

¢
’((l F. Stochino et alit, Frattura ed Integrita Strutturale, 46 (2018) 216-225; DOL: 10.3221/1GF-ESIS.46.20
Label Long. Beam Transv. Beam Type
PO1 2 1 T1
P03 2 1 T1
PO7 2 1 T1
P08 2 1 T1
P10 4 2 T2
P12 8 2 T3
P13 8 2 T3

Table 4: Bridge net description.
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Figure 5: PO8 Bridge Structural Scheme.

A set of destructive and not destructive tests (core compressive strength test, sclerometer, pull out, ultrasound wave velocity
test, ecc) has been developed on each bridge.

For the sake of synthesis, the average concrete resistance class obtained by the experimental results for each group is
reported in the following Tab. 5. This simplification is possible because bridges belonging to the same type are quite
homogeneous. In general, bigger bridges (type T3-T2) present better mechanical characteristics in comparison to smaller
ones (type T1).

Bridge Type Concrete Class
T1 C16/20
T2 C25/30
T3 C25/30

Table 5: Concrete class for each bridge group.

In order to show the method, consider the case of bridge PO8 that belongs to T1 type. Fig. 5 presents its geometrical
dimensions and structural scheme. The visual inspection enriched by the experimental tests produced a damage
identification form for each structural component. Some examples for abutment, beam and slab are reported in Tab. 6-8.
Also, the value of location coefficient I; and material degradation coefficient T; are reported in these tables.

Humidity spot have been detected in every structural component, concrete spalling is present in the abutments and in the
slab. Some transversal cracks are present in the longitudinal beams. Most of damages were not located in critical points
(L=1) while the information on materials yield to a value of T;=3 for the whole bridge.
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Damage B K, Ks Li Regexp Rad

1.5 1.5 20 37

1.5 1.5
1 0.5
1 0.5

Humidity spot
Deteriorated Concrete

Spalling

—_ =

Rusted reinforcements
Web fracture
Horizontal cracks

Vertical cracks

Rusted stirrups
Deformed reinforcements
Construction joint deterioration
Impact damages

Support damages — top edge

Support damages — bottom

1

1

2

3

1

1

3

Inclined cracks 3
3

4

1

1

2

edge 4
2

Out of plumb

Table 6: Abutment Damage identification form for Bridge P08.

Damage B K Ks Li  Raee Rad
Humidity spot 1 1 1.5 1 20 37

Deteriorated Concrete 1
Beam/Slab joint detetioration
Freezing
De-icing salts
Spalling
Reinforcements corrosion

Tendons corrosion

NS S S N \ ST \C T \C N o)
[\
[\
—_

Duct deficiency
Web fracture 1
Longitudinal cracks
Vertical cracks 1.5 1.5 2
Inclined cracks

Rusted stirrups

Deformed reinforcements

N A~ LW LW W W
\S}
N}
SN

Construction joint deterioration

Impact damages 1

Table 7: Longitudinal beam damage identification form for Bridge P08.
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Damage B Ko Ks Li  Raer Rad T

Humidity spot 1 2 2 2 20 37 3
Deteriorated Concrete 1 2 1.5 1

Spalling 2 2 1.5 1

Reinforcements corrosion 3 1.5 1.5 1

Web fracture 1

Longitudinal cracks 3

Vertical cracks 3

Inclined cracks 3

Rusted stirrups 3 2 1.5 1

Construction joint deterioration 3

Table 8: Slab Damage identification form for bridge POS.

The values of Km, see Eqn. (2), are: abutment 0.4, slab 0.4, longitudinal beam 0.6, transversal beam 0.3. Tab. 9 presents the
damage analysis for each structural component. For the specific case it is clear that the Longitudinal beam 1 and the slab
are the most damaged elements.

Element Fam FD tefm 100 Fam/ FDsefm
Abutment 1 10.20 512 1.99

Abutment 2 4.80 512 0.94

Slab 39.30 320 12.28
Lon.Beam 1 84.60 480 17.62
Lon.Beam 2 31.95 480 6.65
Transv.Beam 0.0 240 0.00

Table 9: Damage estimation for bridge PO8 components.

Otder of urgency Bridge Label CRN
1° P13 10.51
2° P12 8.98
3° P07 8.06
4° P08 6.72
5° P10 2.95
6° P03 0.63

Table 10: Intervention order within the infrastructure network.
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The global CNR for bridge P08 is 6.72, it requires immediate retrofitting. In particular, the above mentioned structural
component should be analysed with higher accuracy in order to control the damage evolution and design the refurbishments
operations.

The same procedure can be applied to all other bridges and Tab. 10 presents the synthetic results of the whole net
assessment. Bridge P13, P12, P07, P08 require immediate retrofitting, while P10 is in service even with urgent maintenance
needs. Only bridge P01 and P03 are in good condition.

It is clear that this result can represent a starting point for the bridge net condition assessment. Further investigations are
advised for the bridges that require urgent or immediate retrofitting in order to design the necessary refurbishments.

CONCLUSIONS

been described.

This method is based on visual inspection and experimental on-site tests. It can be briefly described by the following
steps:
- Identification of the structural components of each bridge (or construction).
- Weighting of each structural component for the whole structure safety.
- Visual inspection, experimental testing (if possible), information collection.
- Rating of each damage considering importance, extension and magnitude, position and material degradation.
- Ranking of the structures belonging to the same net using Eqns. (1) — (2).
This rank can help BMS decision makers in optimizing the allocation of available funds for maintenance and management
costs (service interruption etc).
Main innovations of this approach are the parameters that take into account the location of the damage at the structural
elements level and the mechanical degradation of materials.
The application to a real case study proved the efficacy of this method giving an “urgency ranking” for retrofitting needs of
a bridge net, but also a priority list of damaged elements among the same structure. In particular, during the structure life
time [19], it is possible to “track’” damages evolution creating an useful specific database.
Further developments are expected implementing the approach in an automatized algorithm that is capable of assessing the
bridge condition using an inverse problem approach, [20]. In addition, the authors would like to extend the method to
different kinds of materials (like steel, masonry) and other types of constructions (e.g. general buildings).

I n this paper the application of a new method for fast and low-cost condition rating mark for RC bridge network has
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