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The present work aims to provide an in-situ inspection methodology for prestressed concrete bridges with post-
tensioned cables (PT bridges). The adoption of non-destructive techniques (NDT), already widely employed in
other engineering fields, is proposed, providing reliable information with a relatively low impact on the existing
infrastructure. For each of the specific inspection topics (i.e. cables’ layout detection, defect localization and
quantification, estimation of residual prestressing force) the proposed investigation procedure was calibrated
through a deep experimental test campaign, including both laboratory tests — planned and performed to validate

the method and check its efficiency and reliability — and applications to existing viaducts located on the Italian

highways.

1. Introduction

Prestressed concrete bridges with post-tensioned (PT) tendons
represent a relevant percentage of the current Italian infrastructural
heritage. The rise of this constructive technology coincided with the
economic boom: lots of bridges were built adopting such construction
technique thanks to its advantages over traditional Reinforced Concrete
(RQC). The repeatability of the static scheme, the easy application to
different sites, the quick construction process thanks to partial prefab-
rication, the ability to cover longer spans using fewer materials’ amount
than RC infrastructures and the higher quality resulting from a more
strict and controlled construction process are only some of the benefits.

Recent catastrophic events, on the other hand, highlighted the need
for the assessment of PT structures and the unreliability of using only
visual inspections to analyze their maintenance condition since an
(apparent) good state of conservation does not always determine a safe
system. The main issue is the presence of hidden defects, not visible and
not detectable through only visual surveys but responsible for most of
the structural deficiencies in PT bridges. Among them, corrosion of steel
PT cables with degradation of the mechanical properties [1] and of the
overall structural performance represent one of the most critical situa-
tions. Defects in the grouting can promote degradation leading to un-
expected failures even without relevant traffic loads acting on the deck
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[2]. Deterioration impacts internal tendons, modifying the stresses’
distribution within the beam and promoting strands’ corrosion, leading
to the progressive loss of strands’ strength and the global pre-stressing
force in the concrete and the arising of cracks and permanent de-
formations [3-7]. Therefore, the residual performance of corroded
strands depends on the typology, localization and entity of the defects,
as well as the definition of the effective residual tension acting on PT
tendons, influencing the global bridge performance. The lack (or
segregation) of the mortar within the ducts [8,9] and the presence of
water need therefore to be deeply investigated; recent research focused
on methods to identify grouting defects and cables’ corrosion.

In 2020 the Italian Ministry of Infrastructures and Transportation
enacted specific guidelines for the risk classification, monitoring and
assessment of existing bridges [10]. Progressive in-depth approaches
were suggested, ranging from simple visual in-situ inspections for most
infrastructures to specific survey procedures (the so-called Special In-
spections - SI) for PT bridges. However, the methodology for SI is not
clearly defined; suggestions on possible survey and testing techniques
are given but specific indications are missing, and the unreliability/in-
efficiency of methodologies used for RC structures when applied to PT
bridges shall be considered. No indications are provided about the
number and the location of tests: suggestions can be found in CS
465:2020 [11] and FHWA (2013) [12] but the foreign guidelines must
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be adapted to the peculiarities of the Italian infrastructural heritage and
the territory.

Given the relevance of the issue and the increasing scientific and
technical interest, the need for well-defined procedures for assessing PT
elements, including cables’ location, defects’ detection and quantifica-
tion, and definition of the residual pre-stressing force in the structural
components, become evident. The present work proposes an integrated
methodology for the execution of in-situ inspections on PT bridges,
providing reliable indications about techniques to be used, how to
perform tests and the level of accuracy that shall be achieved. In some
cases, testing techniques already used in different research fields are
proposed, specifying the procedures to be adopted when applied to PT
bridges, their pros and limitations: the application to in-situ viaducts can
result in extreme difficulty due to the inherent complexity of the infra-
structure, its dimensions, the interferences with normal activities, traffic
loads, etc. Adjustments to procedures shall be therefore established, as
well as acceptable errors in sight of their impact on the structural
assessment.

The main novelty of the present research consists in trying to
establish an integrated methodology for the inspection of post-tensioned
bridges with bounded cables, knowing the relevance and the potential
impact that hidden defects may have on their structural performance.
Starting from a revision of the non-destructive techniques nowadays
available and applying some of them, selected in relation to the defi-
ciency to detect, both in controlled-laboratory conditions and in-situ,
specific testing procedures are suggested.

The research represents the starting point for defining a more artic-
ulate and complete assessment procedure for PT bridges, which will
involve detailed results about the reliability of the employed non-
destructive techniques and indications about how to employ the out-
puts of the inspection in the accurate assessment.

2. The proposed inspection methodology

The proposed procedure aims at codifying the execution of in-situ
inspections, thus evaluating the maintenance conditions of prestressed
concrete bridges with PT cables, by focusing on three fundamental as-
pects (cables’ tracing, localization and quantification of defects, deter-
mination of residual prestress force). The procedure is summarized as
follows:

(a) Visual inspections. A first visual evaluation is needed to determine
the overall condition of the bridge and the presence of visible
defects affecting the concrete, the reinforcements, and the PT
system (e.g. longitudinal cracks, moisture spots on cables, etc.).

(b) Determination of the number of samples to investigate. Lacking spe-
cific indications [10], the methodology proposed by the FHWA,
adapted to the national infrastructural heritage and territory [13]
can be used for this aim. The theoretical assumption consists in
modelling the survey outputs (presence/lack of defects) through
a hypergeometric distribution. The number of samples to test is
then fixed by establishing the previously defined defectiveness
level, assuming a percentage of elements showing defects and
setting a confidence level.

(c) Determination of the cables’ layout. The operation is necessary to
organize and perform the in-situ investigations. In the presence of
original drawings, their reliability regarding the state-of-design
will be assessed.

(d) Localization and quantification of voids/defects. As degradation

phenomena in PT beams are usually associated with inefficient

grouting, suggested tests aim to locate voids within the ducts and
assess the oxidation/corrosion occurrence in unprotected
regions.

Determination of the actual prestressing force on post-tensioned

components. Since the residual tension acting on PT tendons in-

fluences the infrastructure’s performance and depends on the
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cables’ conservation conditions (point d), specific investigations
are suggested.

Point a) is well discussed in the previously cited Guidelines, and in
the Italian one especially. The determination of the number of samples
deserves a specific and in-depth discussion, as is given in [13]. Here is
possible to give only a brief and non-exhaustive discussion. The number
of samples can be determined by following the approach suggested by
the aforementioned American Standard [12]. In this context, the num-
ber of samples is obtained based on the assumption that the injection
defects detected within the ducts can be described through a hyper-
geometric distribution. Assuming a certain percentage of defective ca-
bles, having set a target probability level, and knowing the total number
of cables belonging to the considered population, it is possible to
determine the sample size to investigate. The percentage of defective
cables is assumed based on considerations regarding the risk associated
with the structure and the impact of the chosen investigation techniques.

The present paper focuses on points (c), (d), and (e) of the proposed
methodology. Different Non-Destructive Techniques (NDT) were
selected, applied, compared, and calibrated through both tailored
experimental laboratory tests and in-situ applications, providing reliable
indications about how and where to perform tests for achieving a
satisfactory knowledge level. Among all the possible methodologies
provided by the current scientific literature, the choice of selected NDTs
was based on the easiness and quickness of the in-situ application, the
repeatability of the procedure, the specimens’ preparation, etc. in sight
of their adoption on a wide set of existing bridges owing different ge-
ometry, structural scheme, location, details, and environmental condi-
tions. The adopted NDTs are briefly described with specific reference to
the application field.

2.1. Determination of the cables’ layout

The determination of the cables’ layout along the structural
component is necessary for the in-situ investigations. Knowledge about
the path, the number, the typology of the cables, and the ducts’ material
is required. The use of low-impact techniques is strongly encouraged due
to practical and safety reasons, but issues still exist about the most
efficient methodology to adopt: the presence of a thick concrete cover,
the surrounding reinforcements, and the ducts’ material can negatively
affect the tests’ results.

Ground Penetration Radar (GPR) is considered the reference tech-
nique for tracing cables [14-19]. It is a radar imaging technique using
electromagnetic pulses transmitted to the element at very high fre-
quencies: the echoed signals are elaborated individuating the reflections
generated by the metallic elements included in the concrete. GPR was
widely used [20] for achieving information about reinforcements’
layout [21-26], the position of prestressing strands and metallic ducts
[20,22,26,27], and the presence of voids in the concrete.

The GPR operating mode consists of the tracing, on the selected
element, of vertical lines with a pitch lower than 100 cm in the inves-
tigation area (Fig. 1). On each vertical line, a GPR scan is performed
fixing directly on the element surface the position of the surveyed cable
(Fig. 1, step 1); then, by connecting the so-obtained locations, it’s
possible to visualize the cables’ traces (Fig. 1, step 2). Note that it is not
often possible to investigate all the cables, for instance, the lower cable
of the beam shown in Fig. 1 can’t be located by the NDTs employed in
the present research because of the high concrete cover and of the
investigation surface slope. The beams to be investigated are selected in
relation to their position and accessibility within the infrastructure.

2.2. Defects’ localization
For PT beams, defects’ detection corresponds to determining the

presence of voids and water within the grouting: investigations shall
focus on those areas with a higher probability of finding defects, i.e.
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Side view of the beam (step 1)
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Side view of the beam (step 2) Cross-section in 6
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Fig. 1. Operative modality for GPR technique for cables’ tracing: a) preparation of the surface of the beam and b) tracing operation in situ.

critical regions because of the geometry, presence of humidity spots,
cracks, etc. To optimize resources, in terms of both time and economy, it
is advisable to investigate all those areas for which the injection pro-
cedure was presumably more difficult [28], highlighted by way of
example in Fig. 2, and the areas in which “warning” defects are present,
that could be a symptom of a more serious defectiveness on the post-
tensioned cable.

Many technologies exist to detect defects inside the ducts, e.g.
thermography [29], X-ray [30] and gamma-ray imaging [31,32], Impact
Echo (IE) [33-36], acoustic emission-based methods (i.e. Ultrasonic
Echo (UE) and Ultrasonic Tomography (UT) [20,37-39]). To optimize
results and minimize errors, more NDTs can be used [20].

UT was selected as the reference technique for the present applica-
tion because of its quick and easy in-situ application; X-ray imaging was
also used to verify the information given by UT, despite the high
execution time and economic effort.

Historically, UT is a widely used technique for the evaluation of
masonry structures, both for the identification of voids and for the
detection of defects [40,41]. UT is reliable in estimating the thickness of
elements/layers and in locating voids in PT ducts, especially when
coupled with other testing methodologies [35,42]. A stress pulse is
generated on the element’s surface through a mechanical impact of one
or more sensors, even working as receivers: part of the pulse propagates
through the body, part is reflected and changes in the acoustic imped-
ance are then captured. Through time-of-flight measurements, it is
possible to locate discontinuities and therefore reinforcements, tendons,
voids (cracks, honeycomb, delamination), or water defects [35]. UT
works employing waves in the range frequency of 20-80 kHz.

From an operational point of view, drawing vertical lines 10 cm apart
on the cables’ trace is recommended. The choice of pitch extension
depends on the smaller length of defects we want to detect with a pitch
of 10 cm, defects longer than 10 cm will be well located. The instrument
calibration is required, by imposing a sampling frequency in the range of
50 + 60 kHz and an attempt velocity of around 2400 m/s if shear waves
are used, as in the present research. Being the density (p) around 2500

%, the Elastic modulus (E) equal to 34625 MPa (considering high-

strength concrete) and the Poisson ratio (v) equal to 0.18, the velocity
of shear waves (c;) can be estimated through Equation (1) [43]:
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where E is expressed in N/m? and p in kg/m>.

After a few scans performed in the area with no ducts, it is necessary
to check if the distance computed as c; o t (being t the time required by
the wave to come back) is comparable with the thickness of the inves-
tigated body. If strong differences are revealed, the assumed velocity
needs to be changed. Besides, the analog and the digital gain shall be
chosen, keeping attention to not overestimate the first one since un-
changeable in the post-elaboration phase. By scanning two or more ca-
bles in sections where it is less likely to find voids, the analog and digital
gain can be calibrated not saturating the displayed image. All sections
with a high difference between the acoustic impedance of the prepon-
derant material and that of the body encountered (i.e. with amplifica-
tion) shall be marked.

Being UT a non-destructive technique, it is desirable to compare the
results obtained with other technologies. To this aim X-ray imaging can
be used, since able to provide two-dimensional images of the investi-
gated area. Electromagnetic pulses are emitted by a tungsten X-ray tube
and a photographic panel works as a receiver: the X-rays, passing
through the object, are mitigated due to the higher density of eventual
areas inside the object. A negative image in which the darker spots
represent low-density areas, and the lighter spots represent high-density
areas is then achieved.

2.3. Defects’ entity quantification

The first step in quantifying the extent of defects is to perform
endoscopic investigations where it had not been possible, through UT or
any other NDT, to achieve reliable information, or where the localiza-
tion phase had warned about potential defects. The execution of en-
doscopies requires the exact location of the cable. Since there is the
practical risk of mashing the metallic duct on the cable making it diffi-
cult to analyze the resulting information (Fig. 3a), it is a good practice to
first execute a hole of a bigger diameter (20 mm) and proceed then with
a smaller diameter hole (10 mm) (Fig. 3b). In case of an evident lack of
grouting, or oxidation/corrosion of the cable, it is recommended to

Change of curvature
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&
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Fig. 2. Areas to investigate, from [13].
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Fig. 3. A) Poorly executed endoscopy: the mashed duct does not allow a correct evaluation; b) well-executed endoscopy: there is no grouting inside the duct; c)

exposed cable with evident corrosion phenomena.

proceed with the removal of the concrete cover (Fig. 3c).

2.4. Definition of the actual tension

To estimate the efficiency of the PT system, it is possible to measure
the tension acting through the steel cable by using the X-ray diffraction
technique [44-46], widely adopted in the quality control industry to
assess the residual stresses in steel components [47]. The X-ray
diffraction method requires the cable to be exposed: the concrete cover,
the metallic duct and the grouting shall be removed, as well as a certain
amount of concrete nearby; the deeper the cable, the longer and wider
the area to remove, to allow the motion of the diffractometer. The in-
strument shall be anchored to the beam, to avoid slip [45].

3. Laboratory and in-situ case studies

An extensive experimental campaign was performed, both in
controlled-laboratory conditions and in-situ. Laboratory tests represent
the preliminary step to calibrate reliable procedures for achieving the
information required by the structural assessment. The so-calibrated
procedures were applied in-situ on five different viaducts located on
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Northern Italy highways, allowing to assess the reliability of the
approaches.

3.1. Laboratory specimens: Design and preparation

Laboratory tests were executed at the Laboratorio Ufficiale per le
Esperienze sui Materiali da Costruzione of Pisa University (Italy). Four RC
wall specimens, with strands located in ducts with different character-
istics, were realized. Differences concerned (a) the ducts’ material
(metallic and plastic), (b) the ducts’ location, and (c) the defect’s size
and typology. The variability of these parameters well represented what
can be found in existing PT bridges.

Each specimen was characterized by the presence of six ducts: only
metallic ducts in specimens n°1 and n°2, and both metallic and plastic
ducts in specimens n°3 and n°4. The ducts were located respectively at
15 and 25 cm of depth from the left and right external sides. Specimens
n°1 and n°2 presented, in five ducts, three defects (A, B, C) of increasing
extension (3.0, 5.0, and 8.0 cm) and a fully grouted duct for comparison
reasons. The eventual breaking of the duct, the strands, voids in the
grouting, and the possible presence of water in the duct were also
considered. To introduce defects into the specimens, different

35 35 35 20
235

35

35

Fig. 4. On the left is the main geometrical dimension of the specimens; on the right are the techniques employed for the defects execution: a) void, b) water, c) break

of the strands, d) break of the duct.
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techniques were used, e.g. polyurethane foam to simulate the lack of
grouting (Fig. 4a), plastic bags filled with water (Fig. 4b), and me-
chanical instrumentation to crack or break the strands or the metallic
ducts (Fig. 4c—d). Table 1 summarizes information about the defects’
location, extension, and typology.

3.2. In-situ case studies viaducts

Five viaducts, located on the highway system of Northern Italy and
whose main features are given in Table 2, were selected for in-situ in-
vestigations. All the viaducts are composed of simply supported girder
decks; the older viaducts have similar decks with double-T shape beams,
while Bridge n.3 shows a T-beam transversal section. Information about
the cables’ layout (parabolic, as expected because of the simply sup-
ported static scheme), geometrical features, and mechanical properties
was derived from the original documents.

4. Detection of strands in PT systems
4.1. Laboratory tests using GPR

Two different GPRs were used, provided by the IDS Georadar In-
dustry, and owing different emission frequencies, equal to 2.0 and 3.0
GHz. The 2.0 GHz GPR (C-thrue model) consists of a box containing both
the sensors and the results display screen, being a very handy, fast, and
easy-to-use tool for a single operator. In particular, the instrument in-
corporates two antennas perpendicular-oriented to each other and
spaced 10 cm. The dual polarization of the system allows for multi-level
detection. In detail, the longitudinal polarization antenna can detect
deeper objects than the transverse polarized one (the two channels are
respectively represented in Fig. 5a) [15].

Table 1
Ducts and defects’ typology.

Spec.  Ducts and Defects’ typology

ID duct Grouting defect and location
1 M1 metallic  complete
M2 metallic partial (right semi-circular voids of 3, 5, and 8 cm
side) extension.
M3 metallic partial (left semi-circular voids of 3, 5, and 8 cm
side) extension.
M4 metallic partial (left water defects of 3, 5, and 8 cm
side) extension.
M5 metallic  partial (right voids in a sector-circular shape of 3,
side) 5, and 8 cm extension.
M6 metallic partial (left voids in a sector-circular shape of 3,
side) 5, and 8 cm extension.
2 M7 metallic  complete broken duct
M8 metallic  complete cuts on strands of increasing

penetration (minor in A, major in C).

M9 metallic partial (lower  voids of 3, 5, and 8 cm extension.

side)
M10 metallic partial (lower  water defects of 3, 5, and 8 cm
side) extension.

M11 metallic  partial (upper  voids in a sector-circular shape of 3,
side) 5, and 8 cm extension.
partial (right water defects of 3, 5, and 8 cm

side) extension.

M12  metallic

3 P13 plastic complete void in the centre (8 cm extent).
P14 plastic complete void in the centre (22 cm extent).
P15 plastic complete void in the centre (33 cm extent).
P16 plastic complete
M17  metallic  complete void in the centre (33 cm extent).
M18 metallic complete void in the centre (22 cm extent).
4 P19 plastic complete water in the centre (20 cm extent).

P20 plastic
P21 plastic
P22 plastic
M23  metallic
M24  metallic

partial (half grouted, half empty)

total empty

total grouted

partial (half grouted, half empty)

complete water in the centre (20 cm extent).

Structures 57 (2023) 105314

The 3.0 GHz GPR has two separate bodies, i.e. the sensor (TR-SHF
antenna model) and the screen, then requiring the contemporaneous
presence of (at least) two operators and resulting in less practical and
fast respect to the other one (Fig. 6). The instrument was used to assess
the presence of strands and defects in the laboratory RC wall specimens,
resulting very efficient in locating the strands except in those areas with
the congested presence of rebars. Fig. 6 shows, for instance, the results
provided by the 2.0 GHz GPR applied to specimen n.1: the ducts are
visible along the whole specimen’s length, except at the top, presenting
a large amount of longitudinal and transversal reinforcement (Fig. 4).
No differences are observed in the scan if there was a defect.

4.2. In-situ tests using GPR

The two systems adopted for lab investigations were used to analyze
24 beams located in the different in-situ viaducts (3 on Bridge n.1 and
Bridge n.3, 7 on Bridge n.2, 4 on Bridge n.4, and 7 on Bridge n.5) and to
identify the cables’ layout. GPR tests were performed on the vertical face
of the beam, approximately in the first 7 < 8 m from the heads. In the
case of double T-shaped beams, due to a thick concrete cover and
geometrical discontinuities, it was not possible to perform tests in the
bulb area along the whole longitudinal extension; also, the beam’s
intrados surface in the mid-span region was difficult to analyze due to
reinforcement and cables’ congestion, disturbing the signal. Tests were
then concentrated in the areas close to the head of the beam from the
vertical web face. The attempt investigation pitch was equal to 50 cm, a
good compromise considering the time and amount of collected data.
Every 50 cm, a vertical scan was made over the height of the beam,
identifying the cables’ position. Fig. 7 shows the GPR test execution in
situ.

For all the analyzed viaducts, the in-situ measurements highlighted
very low deltas from the design cables’ trace, with maximum differences
in the order of 10 cm. Fig. 8 shows some examples of the comparison
between the cables’ layout coming from in-situ measures (continuous
lines in blue and cyan) and design drawings (red dotted lines).

The tests were performed following the procedure previously
explained by different inspectors but ever supervised by the same
researcher, to minimize the operators’ errors. Besides, endoscopic in-
vestigations were performed on the viaducts to confirm the effective
position of the cables: the 56 endoscopies performed on Bridge n.5 and
the 3 on Bridge n. 2 revealed the cable in the exact location provided by
the GPR.

For the error evaluation, the following methodology was adopted:
GPR measurements were first compared to the design previsions, by
assuming the execution coincided with the state of design (i.e. design VS
in-situ). The difference between the design value and the average of the
GPR measures was calculated for each cable and each section. The GPR
data were then compared to each other to assess the in-situ variability of
the cable trace (i.e. in-situ VS in-situ), by assuming, in turn, one of the
inspected beams as a reference and by performing the same calculations.
Absolute values were considered to make the results comparable in the
two considered situations. Fig. 9 contains the boxplots of the two
considered scenarios, and Table 3 summarizes the values of interest
(median, the maximum errors, and the interquartile range (IQR) of the
absolute values). The median error is comparable in the two scenarios,
except for bridges n.3 and n.5, perhaps suggesting a variation between
the execution and the design of the cable’ trace. The IQR gives infor-
mation about the dispersion of the data, and it is always higher in the
second scenario. This can be due to the slight and inevitable variations in
the positioning of the ducts during manufacturing operations. Fig. 10
shows the histograms of the errors. Data are presented discretizing, on
the x-axis, errors in ranges of 3.0 cm, being the diameter of the bridge
ducts equal to 6.0 cm and the GPR locating the axis of the duct. Errors
within 3.0 cm (i.e. the first interval of the histogram) are then
acceptable.
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Table 2
Main characteristics of the viaducts (L total length, L single span length, ft ultimate tensile strength).
Bridge Year Nipans L (m) Ls (m) Nbeams /Span Neables /beam Cables’ typology f; (MPa) Initial pre-stress
1 1964-1965 18 500 30-24 3 4-5 Parallel wires Unknown Known
(11PT, 7 RC)
2 1973-1974 8 290 32-37 4 5 Strands 1'800 Unknown
3 1989 11 420 30-38 6 4 Unknown Unknown Unknown
4 1972 14 570 39-41 3 7 Parallel wires 1'480 Known
5 1976 14 600 34-40-45 4 4-5-6 Parallel wires 1'600 Unknown
Wheel Wheel
il B
S -
Screen
o
-—
Handle
Wheel Wheel

b) 9

Fig. 5. A) Plan upside-down view of the GPR with location of the two antennas; b) plan view of the GPR; ¢) actual view of the GPR.

a)

Fig. 6. A) GPR 2 GHz tests on specimens in Pisa Lab with; b) GPR 2 GHz radargram result of the cross-section of the specimen n.1.

5. Detection and quantification of voids and defects

5.1. Laboratory tests using ultrasonic tomography

Two different devices were used for UT tests, both using an array of

Congested

rebars zone

Dry Point Contact (DPC) transducers emitting shear waves and not
requiring a preliminary preparation of the concrete surface or the
employ of a coupling gel. The first device (A1040 MIRA) consists of 12
blocks of 4 transducers: each block works as a single emitting/receiving
sensor; Fig. 11 shows a schematic representation of the instrument: in a)
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Fig. 7. GPR execution in situ.
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Fig. 8. Comparison of cables trace according to in-situ measurements (blue) and design state (red) for two beams of the different case studies: a) Bridge n.1, b) Bridge
n.2, c) Bridge n.3, d) Bridge n.4 and e) Bridge n.5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

the plan view is given, while in b) the side one. Fig. 11b) shows also the
linear mode working: the linear array 1 is the emitter while the other
arrays are the receiver; then, in turn, each linear array is set as the
emitter and the others as receivers. In approximately 3 s, a set of 66
waveforms can be collected in the time domain (A-Scan) and computed
as tomographic scans (B-scan, C-scan) using the Synthetic Aperture
Focusing Technique (SAFT) [48,49]. The device is provided by a screen,
allowing the visualization of the B-scan result. The second device
(A1040 MIRA 3D) is more compact, lighter, and easier to handle. The
functioning and the device itself are roughly the same as the MIRA 1040,
rather than the number of the emitting/receiving transducers (32, 8
blocks of 4 transducers) and the possibility of achieving “Matrix scans”,
i.e. the function whereby each transducer can work alone [50] and the
possibility of visualize C-scans and D-scans during the tests’ execution.

The experimental laboratory campaign consisted of the execution of
several series of scans performed by placing the device transversely to
the duct. The number of scans depends on the chosen pitch (here 10 cm),
influencing the acquisition time required and the minimum size of the
defect to be recognized (the smaller the pitch, the smaller the size of the
defect that could eventually be found).

Investigations focused on the best choice for the analog gain and the
digital gain by fixing the emission frequency at 55 kHz (i.e. best
compromise considering the concrete [43]) and by knowing the wall
thickness (and therefore setting emission velocity). Such parameters
need to be deeply investigated since strongly influence the results of the
test: the SAFT algorithm provides a colour map representing the acoustic
impedance variation between the base material and the object material
in the section scanned: a poor choice of the analog gain may be
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Fig. 9. Boxplots of the absolute errors in the two considered scenarios (Design vs in situ and in situ vs in situ). The points are the outliers. The mean, the median, the
first and the second interquartile, and the minimum and the maximum error are represented.

Table 3
GPR method, values of interest.

Design vs in-situ

In-situ vs in-situ

Bridge ID Median Max. IQR N° Outliers Tot. sample Median Max. IQR N° Outliers Tot. sample
error error error error
[em] [em] [em] [em] [em] [em]

n.l 2.1 5.6 1.8 2 31 2.5 7.5 2.9 2 90

n.2 1.0 4.0 1.6 1 43 1.9 6.3 2.3 6 203

n.3 5.7 8.1 1.6 3 47 1.7 6.0 2.3 2 183

n.4 3.2 4.9 1.3 5 46 2.5 10.0 4.0 1 62

n.5 1.1 4.5 1.7 2 34 2.4 8.2 2.9 3 203

responsible for a high delta and a low delta to appear as the same in the
scan, making useless the result of the investigation.

UT allows determining the presence of air or water inside the
metallic duct, without distinguishing water from the air. Fig. 12 shows
the results of the UT application to RC specimens. Fig. 12a (duct M2,
specimen 1) highlights the presence of defects A and C (in red) of an
extension within 3 and 8 cm; defect B is, otherwise, not visible as a
consequence of employing a 10 cm pitch dimension. With more
extended defects, (e.g. Fig. 12b—e) the scans are more reliable, even if
the deepness of the investigation highly affects the result: the higher the
concrete cover, the worst the scan’s result (Fig. 12e). Fig. 12c¢ shows a
fully grouted plastic duct, which UT scan is completely saturated: the
shear waves velocity through a plastic material is almost null, as in the
case of water and air. Fig. 12d evidences the consequences of congestion
of steel reinforcements, making it impossible to distinguish the duct,
similar to GPR tests. The results of the scans are summarised in Fig. 13. A
total of 190 scans were performed, running in both linear and matrix
modes, and slightly changing the analog gain value. Results are orga-
nized by assigning a "hit” when the defect is detected and a 'miss” when
it is not. The larger the defect size, the higher the "hit’ rate; however, it
would be advisable to extend the sample by simulating more defects of
different lengths to provide a more reliable assessment of the NDT.

5.2. In-situ tests using Ultrasonic Tomography and X-ray imaging

In addition to UT, X-ray scans were also adopted to detect defects on
in-situ viaducts. The surveys focused on the cables, analyzing, in

particular, those areas with a higher probability of finding defects
because of operational difficulties during grouting execution, i.e. near
the anchor, in the change of curvature areas, or in the mid-span region
where the cables are horizontal. Surveys were similarly organized for all
the inspected viaducts, being almost the same as the static scheme and
the strands’ pattern. 20 beams were investigated using UT (3 beams on
Bridge n.1, 6 on Bridge n.2, 2 on Bridge n.3, and Bridge n.4 and 7 on
Bridge n.5), while the X-rays scan method was applied on 4 beams (2 on
Bridge n.2 and 2 on Bridge n.4).

Ultrasonic Tomography. The calibration operations were performed
as for the lab tests, fixing the velocity of the emission wave by knowing
the thickness of the inspected area. It was necessary to first trace the
cables using GPR (because the tomographic scans were made trans-
versely to the duct) and then to divide the drawn trace into a constant
pitch of 10 cm. Fig. 14 shows the execution of the UTs in situ.

The main issues were related to the superficial finishing of the con-
crete: in the presence of considerable roughness, because of honeycombs
and/or poor repairs, the scans were inconsistent (Fig. 15a). The scans
made from the intrados in the midspan region of the beams were also
very disturbed because of the strong amount of steel (reinforcements
and ducts). In Bridge n.2 and n.4 tomographic scans from the intrados
were performed: it was neither possible to distinguish the ducts
(Fig. 15b). High values of digital gain may significantly affect the im-
aging of the scans (Fig. 15¢), making it impossible to provide exact
values to be used for the investigation since depending on several highly
variable parameters (e.g. the concrete quality). Then, values of digital
gain that led to a very saturated image should be considered as not
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Fig. 10. Histograms of the absolute error for a) Bridge n.1, b) Bridge n.2, c) Bridge n.3, d) Bridge n.4, and e) Bridge n.5.
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Fig. 11. A) Plan view of the tomograph; b) side view of the tomograph showing the working modality: the linear array 1 is the emitter, while the others are
the receivers.

reliable. part of the viaduct using the linear modality and proceed with the matrix
For Bridge n.2 matrix scans were also performed. Due to time effort mode only in the potentially defective areas (Fig. 16). In the case of
in executing the matrix modality, the decision was to investigate a large badly executed repairs, the linear and the matrix scans are both not
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Fig. 12. Efficacy of UT scans: a) void defects from 3 (A) to 8 cm (C); b) defect of 40 cm c) Plastic duct with NO voids, d) Influence of a concentrated presence of steel;
e) defect of 22 cm, the duct is 15 cm depth; f) same defect of e) but the duct is 25 cm depth.
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Fig. 13. Hit and miss rates.

relevant. If the linear scan is amplificated, the corresponding matrix
scan is not enforced amplificated too. Where both the scan modalities
give amplification, the presence of defects is highly probable.

On Bridge n.2, endoscopic investigations were also performed and
used for assessing the effective presence of voids warned through the
application of UT by investigating both amplified areas (54% of the
total) and not amplified or not detectable areas by UT (intrados region,
rough concrete surface). Endoscopic investigations performed in warned
UT areas confirmed voids in 63% of cases but in 4 cases the void was
outside the ducts. The random tests reported the presence of defects in
23% of the cases.

The main issue in the UT application is, therefore, the eventual
presence of voids in correspondence with the ducts, (e.g. when being
detached from the concrete matrix), because it is not possible to
distinguish this kind of void from the one located inside the ducts. Then,
it is suggested to perform the UTs together with some endoscopies.

X-rays scan. X-ray scans were applied on Bridge n.2 and Bridge n.4.
Radiographic technologies require many precautions since radiation are
involved. More in details,

10

Fig. 17 and Fig. 18 show respectively the side view and the cross-
section of the inspection site. A radiation-protected van shall be
located close to the inspection truck, where the operators, expert radi-
ologists, can monitor the progress of the work. The apparatus to perform
the radiographic scan is composed of an emitter and a photographic
panel working as a receiver (Fig. 18 and Fig. 19). A single scan has a size
of 20 ecm x 20 cm and requires from 5 to 15 sec to be performed, in
relation to the width to be inspected. Considering the time required for
placing the transmitters (in the present campaign moved manually) and
the operators’ movement (to the inspection truck and then to the van for
starting the acquisition), the actual time to perform one single scan is
around 15 min, being therefore the procedure quite time-demanding.

The radiographic scan methodology provided good results in terms
of localization of the steel elements (both cables and ordinary bars),
while, for what concerns the detection of voids, the procedure was
efficient only if the defects were not located behind steel elements. High-
density materials, like steel, tend to absorb a large part of the radiation
not allowing us to see what is behind or in front of it. Fig. 20 shows the
results of the X-ray scan application to Bridge n.4: in general, voids are
visible, in Fig. 20a honeycomb inside the section can be noticed, while in
Fig. 20b a continuous void longitudinal to the duct was observed.
However, the rebars and wires absorb a large part of the radiation,
therefore in correspondence of its nothing else can be detected. More-
over, in one of the viaducts, the radiographic scans were made on a
beam with several broken wires in a strand. Still, the radiographic scan
did not allow us to appreciate the defect. In conclusion, the radiographic
technique results very expensively in terms of time and money, requires
many cautions in-situ, and gives not reasonably clear information about
the state of conservation.

6. Quantification of actual prestressing force
6.1. Laboratory tests using X-rays diffraction method

The X-ray diffraction technique investigates the near-surface sample
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Fig. 14. UT execution in situ.

Fig. 15. A) scan made from rough surfaces (presence of honeycombs) on a beam belonging to the bridge n.1; b) scan made from the intrados of a beam of bridge
n.2c) Three scans of the same area with decreasing digital gain (Bridge n.3, beam 1, span 4).

a) b) 9 4

Fig. 16. a) and c) are linear tomographic scans, and b) and c) are the corresponding matrix, both affected by roughness. The scans were made on beam 4, span 2 of
the Bridge n.2.
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Fig. 17. Side view of the in-situ operation to perform X-ray scans.
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Fig. 18. Cross section of the in-situ operation to perform X-rays scans.

eceiver

Fig. 19. Some views of the emitter and the receiving panel.

region (about 10 uym), estimating the stress as a function of the inter-
planar spacing between the crystalline lattice planes, assuming linear
elastic distortions. Several methods exist to estimate the residual stresses
in metallic materials, such as the single-angle, the two-angle, sin?y, etc.)
[51]. In the present campaign, the sinz(\p) method was used to evaluate
the acting stress. Equation (2) can be adopted for the stress
measurement:
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4

Fig. 20. A) Honeycombs inside the concrete (bridge n.4); b) voids in the upper
part of the duct (bridge n.4). Note that behind the vertical bar, it is not possible
to see the void.
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being E the Young’s modulus, v the Poisson’s ratio normal to the
(hkl) orientation of the material (i.e. the values for the crystallographic
direction normal to the lattice planes in which the strain is measures as
specified by the Miller indices (hkD) [51]), d, the interplanar distance at
stress-free condition (inherent property of each crystalline material
[52]) and 6, the interplane stress with respect to the two principal stress
components ¢; and o,. Under certain assumptions, Equation (2) can be
rewritten as (3):

(2 3%
7 \1+v) do \Gsin’y

The main assumption of the method is that plain stress is applied. By
the Bragg law, it is possible to estimate d,, i.e. the interplanar distance
in the stress condition. Then, these strain values can be determined by
measuring the sin?y values at different orientations, i.e. varying y. The
strain values are therefore used to calculate the stress by fitting the
experimental data to the sin?y equation [53].

In the present campaign, for a single determination of a d, lattice
spacing, i.e. a single stress measure, 9 measures were performed by
varying y angle (in the range of + 35°), with a counting time of 45 s; the
stress was defined by a least square minimization of the regression
equation. A portable Spider TM X GNR diffractometer was employed,
working at 30 kV and 90 pA with a radiation source of chromium.

The experimental laboratory campaign, described and discussed in
[45], was executed to prove the efficiency of the X-ray diffraction
method in quantifying the prestressing force on PT tendons and
assessing the repeatability of the measurements. Four samples were
chosen, different for typology (single wire, wire strand) and diameter
(Table 4).

The test was carried out by tensioning the samples at various load
levels and measuring the acting tension. Two different test setups were
adopted. The single wire and the 7-wire strand of diameter 9.30 mm
were tested through a standard Instron® machine with a total capacity
of 200 kN. The other samples were tested through a relaxation testing
machine [54,55] since a uniform stress distribution through the strands

3

Table 4
Geometrical dimensions of the studied wire and strands and the number of tests.
Element dine dext Lwin Effective area N° of
[mm] [mm] [mm] [mm?] tests
5.20 Single 5.20 - 21.24 17
wire
9.30 7-wire 3.30 3.10 140 53.84 9
strand
15.20 7-wire 5.20 5.00 140 139.05 24
strand
15.70 7-wire 5.40 5.20 210 150.34 13
strand
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was more easily obtained.

A critical analysis of the data is given in [45]; to summarize, it can be
stated that even if the experimental campaign is limited, a good corre-
lation was identified between the effective tension (known since
imposed and since every specimen was instrumented through a strain
gauge rosetta) and the measured one through the X-ray technique: for
the typical working load (60% of yielding stresses) the methodology can
assess the acting force in a range of about + 10%, while for lower
working loads the range increases up to £+ 30%.

6.2. In-situ tests on prestressing steel

The X-ray diffraction technique was applied on 2 of the bridges for
determining the pretension force on steel strands. From a practical point
of view, the most relevant issue concerns the positioning of the instru-
ment, needing to be anchored to the beam and requiring a long prepa-
ration time and extreme caution. The execution of a direct essay to
uncover the cables and to allow the instrument’s motion is necessary.
Once the duct is open, the mortar grouting was manually removed with
a chisel. In the presence of oxidation phenomena, the application of a
pickling agent is necessary. Before restoring the concrete cover after
measurements, cables shall be protected by applying a passivating
treatment.

Measurements were executed in the middle span intrados of the
beam, repeating the measure, for each cable, at least three times. The
repetition of each measure is performed to validate the results obtained
since the in-situ measurements could be affected by a major uncertainty
because of the possible occurrence of unexpected situations (i.e. move-
ments/vibrations because of the traffic). Table 5 summarizes results in
terms of mean stress values, CoV (estimated on each cable), hypothetical
actual tension, and the maximum percentage difference between the
latter value and the mean of the in-situ ones. The actual tension was
estimated based on the cables’ trace, the mechanical properties of ma-
terials, and the whole span geometry — available through both original
drawings and results of in-situ tests. However, lacking information about
the design’s tension of the cables in the viaducts, a prestressing tension
equal to 70% of the ultimate tensile strength of the steel (f,x) was
assumed, in agreement with national standards in force at realization
time [56]. The friction losses and the time-dependent losses were
calculated, the latter according to the Eurocode 2 [57] formulations.

For Bridge n.2 viaduct, a residual acting tension of 990 MPa was
estimated, being f, x 1800 MPa and having 23% of total losses; for Bridge
n.5, a residual acting tension of 855 MPa was achieved considering f; x
equal to 1570 MPa and the total losses up to 22%.

As visible from Table 5, the measured stresses measured were lower
than the estimated ones and this could be due to the presence of
compressive residual stresses deriving from manufacturing processes
[46]. The first cracking moment was computed to assess the reliability of
the X-ray measurements. For both structures, it resulted that the beams
would show cracks if the level of prestressing force in the cables was the
measured one. The limit tension value for the beam not to be cracked
would be 760 MPa in the Bridge n.2 case and 670 MPa in the n.5:

Table 5
X-ray diffraction method, values of interest.

Structures 57 (2023) 105314

underestimations of at least 120 MPa and 35 MPa exist respectively for
Bridge n.2 and n.5 by considering the average value of the measures. The
Bridge n.2 cables are composed of strands, therefore the higher A be-
tween the measured value and the minimum one for the beam not to be
cracked could be due to the non-uniform distribution of the stresses in
the strands cross section, as reported in [58]. Indeed, by considering the
coefficient proposed by Morelli et al. [45], the difference between the
measured value and the minimum value for the beam not to be cracked
goes to 70 MPa.

Anyway, the achieved data can be considered satisfactory overall:
the maximum coefficient of variation (CoV) calculated on the mea-
surements performed on each beam amounts to 8%, by considering the
measures normally distributed. However, since there are no differences
in structural terms for the beams belonging to the same viaduct, the
value of acting stress should be more or less the same for all beams. For
Bridge n.2, maximum variations of 148 MPa are observed, and for
Bridge n.5 of 100 MPa. A reason for this range and also for the A with the
expected value, as hypothesized in [46], could be the difference in
compressive residual stresses induced by the operation of drawing the
cables through the ducts.

7. Conclusions and future developments

Prestressed concrete bridges with post-tensioned cables represent a
large percentage of the Italian infrastructure stock, progressively
approaching the end of their useful life. Given the inherent nature of this
type of structure, the execution of in-situ inspections is very complex.
The potential presence of hidden defects, not detectable by visual in-
spections further complicates the matter.

The present research work aims to define an integrated inspection
methodology for PT bridges. The identification of the fundamental
characteristics to be investigated is the preliminary step of the inspec-
tion process: the definition of the cable layout, the location, and quan-
tification of hidden defects, and the determination of the level of actual
tension in the PT system are all aspects to be accurately considered.
Executing investigations on such structures requires costly operations
(traffic total/partial closures, use of inspection platforms, careful design
of the safety plan), which must be properly considered. The selection of
investigation technologies was executed based on (i) time-consuming/
costly execution and (ii) the effectiveness of the investigation technique.

The first point was decisive in the selection of the technologies to be
applied, while the second was only partially addressed, mostly providing
a statistical analysis of the data collected. Therefore, the research is still
in progress, lacking the reliability quantification of the selected inves-
tigation techniques.

To select and calibrate the methodologies to be adopted for each of
the above-mentioned aims, a preliminary laboratory test campaign in
well-controlled conditions was performed, allowing the validation of the
procedure to be further applied to existing viaducts opportunely selected
as case studies. The chosen methodologies are well known in the sci-
entific community, and the present research aimed to test their effec-
tiveness and applicability in-situ to codify a clear inspection procedure

Structure  PT Span Beam = Number of Mean measured Standard CoV  Analytical tension A% between measurements and
system tests tension [MPa] deviation [MPa] [MPa] analytical values

Bridgen.2  Strands 2 4 12 692.33 40.35 6% 990 30%

3 4 3 601.67 46.32 8% 39%

3 3 6 708.33 39.34 6% 28%

6 3 3 568.33 30.35 5% 43%

6 4 6 560.17 37.89 7% 43%

7 4 3 699.67 28.18 4% 29%
Bridgen.5  Wires 3 1 4 648.00 47.81 7% 855 24%

3 3 8 685.88 41.21 6% 20%

6 2 5 569.20 36.00 6% 33%
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that is as objective as possible.

GPR was assessed as a valid and easy technique for detecting the
cables’ layout by comparing it to information derived from original
documentation. Ultrasonic Tomography was defined as a reliable testing
procedure to locate defects along the cables and the ducts and to
quantify their entity, but it is suggested to perform it together with other
testing methodologies, because of the possible occurrence of false pos-
itives outputs (i.e. when the voids are external to the duct). The X-ray
diffraction method was validated to be effective in the evaluation of the
residual prestressing force on cables, with the general tendency of an
underestimation. The application of the proposed integrated approach
was validated with some positive results when applied to existing via-
ducts located along the Italian highway. Further in-situ applications are
planned to refine the procedure, and further laboratory tests are pro-
vided to quantify the reliability of each of the survey techniques
considered since the actual sample is not significant for this aim.
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