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ABSTRACT: The assessment of existing structures is a crucial task upon which rely an effi-
cient retrofit design. Bridges are ‘key elements’ of the infrastructural network, and ensuring
their good serviceability is of paramount importance. In 2020, in Italy were enacted the
‘Guidelines for the classification, risk management, safety evaluation and monitoring of existing
bridges’: the underlying philosophy is to deepen the analysis only on those bridges showing
poor maintenance conditions. Prestressed concrete bridges with post-tensioned cables are one
of the bridge typologies mostly affected by relevant structural issues and whose assessment is
more complicated. In this research, a multiphase methodology is proposed, specifically to be
applied to PT bridges. The method is organized in progressive levels of knowledges. The aim
is to provide an answer about how to perform the safety assessment of these structures and
how deep shall be the preliminary knowledge campaign to consider the PT bridge completely
investigated.

1 INTRODUCTION

Bridges are crucial points in the infrastructural system, as their suboptimal functionality
strongly affects the economic and social life of the community. The need to optimize the
inspection and intervention procedures is, nowadays, a central issue especially in countries
like Italy where several catastrophic events have occurred in recent decades. Since the Polce-
vera viaduct collapse (2018), both the professional and academic communities have been
working on shared methodologies to optimize census and assessment; the overall effort led to
the adoption of the ‘Guidelines for the classification, risk management, safety assessment and
monitoring of existing bridges” in 2020 (MIT CSLP 2020). The Italian Guidelines are organized
into six deepening levels for the assessment. This multilevel approach allows to save resources
and to optimize both inspections and interventions, since a lower risk level requires less ana-
lysis and a lower level of knowledge achieved for the infrastructure.

The first three assessment levels are required for all the structures: through Level 0 it is pos-
sible to carry out the census, Level 1 is devoted to the execution of in-situ visual inspections
allowing to classify the infrastructures according to indications of Level 2. The Level 2 classifi-
cation is the results of four different risks: the structural and geotechnical risk, the hydraulic
risk, the seismic risk and the landslide risk. The so-derived ‘Attention Class’ allows the defin-
ition of a priority order of interventions and/or monitoring for considered infrastructures. All
these evaluations can be performed by collecting data from the original documentation and
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through only visual inspections. However, there are some situations where visual inspections
only are not sufficient: this is the case of precast concrete bridges with post-tensioned cables
(namely PT bridges).

PT bridges represent a consistent portion of the infrastructural system, especially of the
highways’ one. Their large number is due to the inherent advantages that this technology
offered in comparison to the Reinforced Concrete (RC) one, as the possibility to gain longer
spans using less materials, the easiness of construction phase thanks to the partial prefabrica-
tion and the repeatability of the static schemes. However, as the decades passes, the materials
physiologically degrade, and the issue of inspection and evaluation becomes more and more
urgent. The evaluation of the maintenance condition of a RC structure is relatively easy since
the defectiveness is usually visible: the strong corrosion of rebars is often joined to the loss of
the concrete cover or to a very serious degradation of it. On the other hand, PT structures
may be affected by defects difficult to detect: for instance, since the steel cables are inside
a duct, and the duct is inside the concrete section, with a cover usually thicker than that for
ordinary reinforcement, it may be difficult to find corrosion defects on the cables. These situ-
ations may be defined as “hidden defectiveness” and in these cases a visual inspection cannot
be sufficient to assess, even if in a preliminary evaluation, a PT bridge. The issue is complex
being the hidden defects completely unknown and the critical questions are mainly two: how
and where to perform inspections, i.e. which investigation technique shall be used and how
many samples shall be analysed. The present research tries to give a general methodology to
evaluate PT structures, from the preliminary to the accurate assessment.

2 THE MULTI-PHASE METHODOLOGY

The proposed methodology has been conceived referring to the Guidelines of the Federal
HighWay Administration (FHWA 2013), to the directions given by the Highways England in
CS 465 — Management of post-tensioned concrete bridges (Highways England, 2020) and to the
Italian Guidelines (MIT CSLP 2020).

The FHWA guidelines provide a method based on the adoption of destructive testing,
which aims to assess the risk of PT bridges, and thus prioritize interventions and define
a probable level of defectiveness. The determination of the number of samples to investigate is
performed by assuming that the tests’ results can be described with a hypergeometric distribu-
tion. The CS 465, on the other side, proposes a methodology for the management of inspec-
tions, monitoring and interventions on PT bridges carried out through a process including
risk review, risk assessment and risk management. Suggestions are given about how to per-
form the tests, their best location and the most critical defects to be considered.

For PT systems, the Italian Guidelines 2020 proposes the so-called ‘Special Inspections’
(SD), giving indications about the mandatory information to collect, i.e. the individuation of
the cables’ trace, the localization of defects and their quantification and qualification, and
how to perform the tests. Being the assessment of PT structures a relatively recent issue and
lacking the knowledge about the technologies to employ and the way to perform an inspection
campaign, more indications are needed.

A multi-phase methodology, following the approach of the Italian Guidelines and compre-
hensive of the suggestions given by FHWA and the Highways England, is then proposed
(Figure 1). It works at subsequent levels of analysis: the more likely the presence of serious
defectiveness, the more accurate the investigations. It means that it is not necessary to go
through each phase for all the bridges, but only the most degraded ones need to be deeply
assessed. The first two phases are mandatory for all the bridges: phase 0 provides the know-
ledge of the structure and indications about the number of samples to investigate, phase I pro-
vides for the overall assessment conditions through both non-destructive (ND) and semi-
destructive (SD) testing, Phase 2 consists in the deep analysis of the defectiveness individuated
at the end of the phase 1 and, finally, phase 3 is optional and contains suggestions for the
global analysis of the bridge.
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Two are the possible overall outcomes of the proposed procedure: (a) the classification of
the bridge according to the LG as for all other bridge typologies or (b) the need for its accur-
ate assessment. The classification shall be performed according to the Italian Guidelines, con-
sidering that the present methodology gives information only about the defectiveness level of
the bridge. The accurate assessment is required only if the structure presents worrying defects.
In the following, each phase will be discussed and deepened.
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Figure 1. Logical flow of the proposed multi-phase methodology.

2.1 Phase 0: The knowledge

Phase 0 is devoted to the knowledge of the structure and can be divided into two main parts:
(0a) the historical-critical analysis of the available documentation and (0b) the assessment of
the conservation conditions through visual inspections. By completing these operations, all
the required data to define the number of samples to investigate in the following steps, accord-
ing to a method deriving from FHWA, are achieved. Besides, portions affected by high deg-
radation - namely strong oxidation, or corrosion of the PT cables, if present - can be
determined.

The historical-critical analysis (0a) is necessary to collect information about the type, the
number and the trace of PT cables and relevant intervention/modifications after construction.
In case of lack of original documents, on-site operations (geometrical surveys, non-destructive
and/or destructive testing) shall be carried out: of course, the more unknowns, the more inva-
sive will be the impact on the structure. Defectiveness (0b) shall be assessed according to Level
2 of the Italian Guidelines (MIT CSLP 2020), considering only beams and crossbeams belong-
ing to the PT system, resulting in an overall defectiveness level strictly related to the one of
each accounted component.

Once all the previous data are known, it is possible to proceed with the risk assessment,
a necessary step to estimate the minimum number of samples to investigate. These two oper-
ations are based on the same hypothesis and follow the methodology proposed by the
FHWA, with few integrations and adjustments required to match the Italian Guidelines.
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To perform the risk assessment and therefore define the number of samples to investigate, it
is necessary, as the FHWA proposes, to make some assumptions about the expected distribu-
tion of the defectiveness within the structure. The worst defect considered in this field is the
one that may determine the corrosion of the cables; since the corrosion is most probable to
occur in areas where the grouting is not complete, the investigations are focused on finding
grouted/ungrouted areas. Being these two outputs the only two possibilities and being the
single investigation not able to provide the re-entry of the single test in the sample, the distri-
bution can be described as hypergeometric.

The probability mass function of the hypergeometric distribution is then defined according
to (1), being the main parameters n - the number of cables to be investigated, N - the total
number of cables belonging to the same homogeneous group, k - the number of times in
which the cables are ungrouted and m = n/N-100. By considering a homogeneous group of
cables, in terms of geometrical and typological characteristics, the width N can be defined; by
supposing a certain percentage of defective cables m (as described in the following) and by
relating the probability of finding at least one defective cable (k = 1) to the concept of confi-
dence in the outcome of the investigations and, therefore, establishing a confidence level, it is
possible to determine the amplitude n of the sample to investigate.

The FHWA proposes to establish a probability/confidence level of 75%; being the planned
investigations for Phase 2 ‘preliminary’, the same percentage is suggested to be adopted.

(1))

k n—k

PX = k) =~/ 1)
(%)

where m = defects present; » = number of cables to be investigated; N = total number of

cables; k = times in which the cable is defective.

The assumed level m of defective elements depends on the risk level associated to the struc-
ture and on the structural impact associated to the tests to be performed. Three risk levels and
three structural impact levels are then provided: high, medium and low. As showed in Figure 2,
the risk level must be defined through the calculation of a probability index and of
a confidence index, with values in the range 1+5. The probability index depends on the pres-
ence of technical documentation, the length and type of PT cables and the actual defectiveness
level of the structure, this last one defined as previously explained. The consequence index

depends on the cost for restoring, the redundancy of the structure and its importance level,
representing therefore a sort of exposure indicator.
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Figure 2. Definition of the risk level.

The number of samples deriving from the previous consideration must not include all the
cables that present evident corrosion defects after a visual inspection. These samples must be
deeply investigated directly by the analysis provided in the Phase 2.
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In this context, one sample means one cable. A cable can be considered fully inspected if all
the critical areas for the injection and therefore all the areas where the presence of defective
grouting is most probable (Trejo et al. 2009), are investigated. Figure 3 shows the riskiest zone
of a cable belonging to a simply supported post-tensioned beam: the anchorage zones, the
midspan region and the zones in which there is a change in curvature. Finally, it is necessary
to choose which sample to investigate. The suggestion is to investigate at most two cables for
beam, to obtain a statistically significant result, and choosing the most defective beams
belonging to the most defective spans.

Anchorage zone Change of curvature

Midspan region

Figure 3. Areas to investigate in order to consider a sample (a cable) fully inspected.

2.2 Phase 1: Preliminary analysis

Phase 1 is devoted to the (la) preliminary analysis of the defects through non-destructive
(NDTs) or semi-destructive (SDTs) techniques and (1b) the definition of the corrosion prob-
ability of the concrete matrix.

On site trace (beam 1) On site trace (beam 2)

=}
b3

Height (cm)

-50 50 150 250 350 450 550 650 750 850 950 1050 1150 1250 1350 1450 1550 1650 1750 1850
Lenght (cm)

Figure 4. Individuation of cables’ layout by using GPR technology (on site trace VS design trace).

The preliminary analysis of the defects (1a) aims to locate eventual deficiencies in the grout-
ing. The definition of the cables’ layout is then the preliminary necessary step and can be per-
formed, for instance, through the Ground Penetrating Radar (GPR) technique (see Figure 4),
strongly promoted and used by many researches (Terzioglu et al. 2018; Stawski, Kosno, and
Swit 2016; Wai-Lok Lai, Dérobert, and Annan 2018). Of course, other possibilities can be
explored if able to provide adequate and reliable results.

The individuation of defective grouting can be carried out by any test methodology of
proven validity. In (Highways England 2020a) many proposals are given, such as the Impact
Echo (IE), the Ultrasonic Echo (UE), the Ultrasonic Tomography (UT) and the X-rays scans.
Even if in the academic and scientific world these technologies are well-known and
widely tested (Giannopoulos et al. 2002; Stawski, Kosno, and Swit 2016; Terzioglu et al.
2018; Wai-Lok Lai, Dérobert, and Annan 2018), in the common practice there are still
no consolidated procedures and protocols since the results of their application are often difficult
to be interpreted and applied on-site. Keeping in mind the need for determining objective proced-
ures and protocols for in-situ NDTs, the application of even more than one ND technique can be
promoted (Terzioglu et al., 2018), or in combination with semi-destructive tests (e.g. endoscopic
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investigations) more or less widely applied. Alternatively, it can be possible to apply only semi-
destructive tests, but widely spreading them through the samples.

The definition of the corrosion probability (1b) can be performed preliminarily on the con-
crete matrix to evaluate the likelihood of occurrence of corrosive phenomena in the ordinary
steel and in the metallic ducts. A high corrosion probability on these elements does not neces-
sarily imply corrosion of the PT cables, as the opposite situation, but a low corrosion prob-
ability, together with the lack of ungrouted region, may indicates the good condition of the
PT system. As suggested in (Highways England 2020b) the main factors to investigate, in this
case, are: the width of the concrete cover, the depth of carbonatation, the concrete resistivity,
the half-cell potential, the chloride, sulphate and alkali contents.

According to Figure 1, Phase 1 can give either ‘positive’ or ‘negative’ results. By adopting
the classification of voids proposed by (Highways England 2020b) and reported in Table 1,
a positive result means no voids or only small voids determined: namely, it is possible to con-
sider that the structure, with the probability defined before, has no defects. On the other
hand, if even one large void is found, or several medium voids and a high probability of corro-
sion is stated, it is not possible to consider the structure without defects and Phase 2 becomes
therefore necessary.

Table 1. Classification of voids according
to (Highways England, 2020b).

Classification Description

No void Fully grouted

Small void <50 mm length
Medium void 50-300 mm length
Large void >300 mm length
Ungrouted No evidence of grout

2.3 Phase 2. Deep analysis

Deep analysis of Phase 2 is necessary when, from Phase 1, it is not possible to conclude that
the structure has no deficiencies in the grouting, and/or when, from Phase 0, the presence of
defects of oxidation/corrosion on the PT system is assessed by visual inspection. In-depth
investigations must be then located in those areas emerged as defective from Phase 1, and/or
on the degraded portions determined in Phase 0.

The primary objective is the damage evaluation in terms of cross-section reduction; there-
fore, samples through concrete excavation are required. If no corrosion/oxidation is stated
after these operations, it is suggested to evaluate the corrosion probability of the grout by
defining the cement content, the chloride ion concentration, the sulfate ion concentration, the
alkalinity and the moisture content (Highways England 2020b). In addition, it is possible to
evaluate the stress acting through the steel cable and/or the tensional state of the concrete
cross-section, to indirectly assess the efficiency of the PT system and therefore exclude the
presence of strong corrosion phenomena.

These evaluations can be performed in any way deemed effective by the current scientific
literature. Some test methodologies can be suggested: for instance, to assess the stress acting
through the wire/strand it is possible to perform the X-ray diffraction investigations, NDT
usually adopted in the quality check of the manufacturing processes by the measure of
residual stresses. Many researchers in last years confirm the reliability of this NDT (Carfagno
et al. 1995; Morelli et al. 2021; Zanini, Faleschini, and Pellegrino 2022). The measure can be
indirectly performed on the concrete section through the saw-cut method, which is basically
a SDT relating the “released” deformation of the test area with the pre-existing tensional
state; this methodology has been employed both on-site (Bagge, Nilimaa, and Elfgren 2017;
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Jakub Kral'ovanec, Moravcik, et al. 2021) and in laboratory (J Kralovanec and Moravéik
2021; Jakub Kral'ovanec, Bahleda, et al. 2021).

a) b)

Figure 5. The picture in a) shows X-ray diffraction measurements on-site, while the picture b) shows
the saw-cut method.

As well as for Phase 1, Phase 2 can give either ‘positive’ or ‘negative’ results, but also the
‘uncertain’ condition is admitted. If no corrosion phenomena are detected and the probability
of grout corrosion is negligible, it is possible to consider the structure, with the probability
previously defined, not defective therefore going on with the classification according to Italian
Guidelines. If corrosion phenomena are detected, or if large voids associated with a high cor-
rosion probability are found, the accurate assessment of the structure is required. When the
results of the investigations are difficult to interpret, or in any case, when the designer thinks
that could be necessary, it is possible to go through the global analysis of the structure.

2.4  Phase 3: Global analysis

If the expert judgment is not able to completely exclude the presence of conditions that could
compromise the safety of the whole structure or a part of it, or if there is the will of assessing
the influence of certain detected damage on global behavior, it is possible to perform dynamic
tests or static load tests. For this Phase too the final outputs can be positive or negative. Being
these evaluations complex, it is not possible to generalize the cases in which it results
a positive judgment instead of a negative one. The designer must have the responsibility in the
assessment of the structure deriving from global analysis.

3 CONCLUSIONS

The present research aims to define a methodology for the design and execution of the
in-situ inspection on precast concrete bridges with post-tensioned cables. This structural
system is very complex to investigate as a consequence of the potential presence of
hidden defectiveness: therefore, a multi-phase procedure organized into four different
steps is proposed.

The procedure follows the same philosophy adopted by the Italian Guidelines, with the
aim of optimizing time and economic resources for the inspection and the assessment of
bridges: the higher the defectiveness, the deeper the evaluation and the more complex
and reliable the tests’ methodologies required. For the methodology elaboration, refer-
ence has been also made to the indications provided by English and American Standards;
in particular, the assumption for the determination of the number of samples to investi-
gate is the same as the ones proposed by the FHWA. Many experimental campaigns are
going to be planned and performed on existing case studies with the aim of validating
the proposed procedure and providing in-depth indications about how to perform the
accurate assessment of PT bridges.
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