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Abstract

For the maintenance of the safety and security of people traveling on the road, renovation of the reinforced concrete is
necessary, especially for bridge or viaduct slabs. Being able to quantify the degradation of slabs and propose methodolo-
gies for its retrofit or maintenance is crucial not only in the mineralogical-engineering field but also for socio-economic
implications. In this study, samples of deck slabs of a viaduct from the highway E45 near the locality of Bagno di Romagna
(Emilia Romagna, north of Italy) were subjected to a testing program to evaluate mechanical and mineralogical param-
eters through thermographic analyses, compression, and Ultrasonic Pulse Velocity tests and morphological observation.
The analyses allow to better recognize the damage of the reinforced concrete samples and they have shown that the
cause of the detachment of the asphalt has mainly a natural origin, due to temperature variations and precipitation, with
a secondary cause in the anthropogenic impact. The work aims to understand the relationships between the structure
of the aggregates and the characteristics of concrete to understand the development of degradation. This knowledge
could be used to prevent future damages to the highways.

Article Highlights e Thermographic analyses were useful to understand
how deep the damage was in the slabs and to detect
any detachment of the asphalt.

Compressive tests, through the failure load value,
shown that the ultimate strength level decreased due
to formation of microcracks.

e Concrete slabs analysed provided information about
the relation between damage level, mechanical behav-
iour, size and distribution of aggregates.
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1 Introduction

Since the discovery of reinforced concrete (RC), it has
proven to be a material suitable for new needs and new
construction forms [1, 2]. In the beginning, it was used
only to build large buildings, then it was used to build
works of artistic, monumental, and historical importance
[3, 4] and large structures such as bridges and motorway
viaducts [5-7]. The decisive turning point for the suc-
cess of this modern material came when it was realized
that by providing concrete with a grid of steel bars, the
strength characteristics of the concrete were amplified.
This discovery was spread out thanks to designers like
Coiget, Lambot, Monier, Perret, Le Corbusier, Wright,
Maillart, Torroja, Tange, Aalto [3-8].

At the beginning of the new millennium, concrete was
the most used construction material; in Italy, more than
19 million tons were produced per year [9]. Nowadays,
the reputation of this revolutionary construction mate-
rial is weakened due to the awareness that reinforced
concrete is not an eternal material but undergoes attacks
of different nature which alters its resistance characteris-
tics [10-12]. Over the past thirty years, many reinforced
concrete bridges all around the world have suffered
structural damage; this is the cause of the drop in the
consideration of concrete as the leading bridge mate-
rial. Corrosion of steel reinforcement, alkali-silica reac-
tion, freeze-thaw damage, and sulphate attack are some
of the age-related degradation mechanisms for the RC
structures, and corrosion of steel has been identified as
being the most widespread and predominant mecha-
nism responsible for the deterioration of the RC struc-
tures [13, 14]. Bond behaviour of corroded reinforcement
has been experimentally studied by many researchers
in the past [15, 16]. However, it must be considered that
many factors contribute to the degradation of reinforced
concrete, including the neglect of designers, builders,
and companies that can lead to the production of mate-
rial of not excellent quality; but the greatest danger is
the exposure of concrete to aggressive environments
[17,18].

In the 1950s and 1960s, Italy underwent a construc-
tion boom like few other countries in Europe. As the
nation’s industry grew, so did the country’s infrastruc-
ture network, as highway bridges and viaducts [19, 20].
Reinforced concrete became the elixir of construction
companies, but the material used was not always suit-
able for the characteristics of durability and mechanical
resistance that these constructions needed, and this,
together with the corrosion of steel reinforcement, raises
questions about the durability of Italy’s more than one
million bridges built out of reinforced concrete [21, 22].
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Italian highway viaducts are generally made up of lon-
gitudinal RC beams resting on pillars on which RC slabs
are placed in the transverse direction. The RC slabs are
provided with internal steel grids, inserted into form-
works filled with concrete. At both the base and the roof
of the formwork there are 5 cm concrete layers free of
steel rebar, which prevent the steel reinforcement from
being in direct contact with the air and with atmospheric
agents. This could lead to oxidation and degradation of
the internal steel structure and therefore to the weaken-
ing of the slab. Being able to quantify the degradation
of RC slabs and propose methodologies for its retrofit
[21] or maintenance is very important not only in the
mineralogical-engineering field but also for socio-eco-
nomic implications. Thousands of kilometres of viaducts
and bridges are in poor conditions and it would be very
advantageous to find a solution that would cut the costs
of replacing the RC slabs [23, 24].

This work aims to define the relationships between
the mechanical characteristics and the mineralogical
composition of the viaduct’s RC slabs [25, 26] in order to
better recognize the degradation of the reinforced con-
crete. Samples of RC deck slabs were collected in a via-
duct of the E45 highway, at the Verghereto junction, near
the resort of Bagno di Romagna (Emilia Romagna region,
north of Italy), which is located in a mountainous area on
the Tuscan-Romagna Apennines. The problems related to
viaducts are mainly those connected to the degradation of
reinforced concrete for different causes: chemical attacks
(chlorides, sulphides, salts) [27-29], atmospheric agents
(rain, freeze-thaw cycle) [30, 31], and intensive use [32].
In this work, thermographic analyses were carried out on
the RC slabs sampled to determine the most degraded
areas and the depth of the degradation [33, 34]. The sam-
ples, brought to the laboratories of the University of Fer-
rara in the form of cylindrical specimens, were subjected
to compressive strength tests to analyse the resistance of
the material and to perform the microscopy analysis for
mineralogical characterization [35].

This study also represents a case study providing mate-
rial to support both research and education through the
transferability of this experience and highlighting the
essence and core findings of the research.

2 Materials and methods
2.1 Site and sampling description
Samples of RC deck slabs were collected in a viaduct of the

E45 highway, at the Verghereto junction, near the resort
of Bagno di Romagna (Emilia Romagna region, north of
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Italy), which is located in a mountainous area on the Tus-
can-Romagna Apennines.

The viaduct called Fornello 1 was built around 1960,
and since the bridge was built, maintenance has been
carried out only on the road surface, without in-depth
investigations.

The viaduct is made up of four longitudinal RC beams
(coloured in red in Fig. 1) which support the RC slabs under
investigation [36]. The longitudinal beams are connected
by orthogonal beams (coloured in green in Fig. 1). The via-
duct deck is constituted by a 20 cm thick RC slab with a
transversal principal direction (demolished in Fig. 1). The
investigated slabs of size 180 x 50 cm? were removed from
the deck by cutting them in a transversal direction.

A layer of waterproofing material (inside the yellow cir-
cle) is applied above the slabs and a layer of asphalt (inside
the blue circle) is applied above it. The deterioration of the
steel reinforcement required the complete replacement
of the slabs, and therefore it was an extremely onerous
retrofit work.

Two sequences of slabs were extracted from the via-
duct: the first consisting of 12 slabs, the second of 9 ones.
Both sequences were taken from the viaduct in the direc-
tion of Orte to Ravenna.

2.2 Structural characterization

This work is the result of an integrated study and an inter-
disciplinary approach between the Department of Physics
and Earth Sciences and the Engineering Department of
the University of Ferrara. The first dealt with the mineral-
ogical and petrographic characterization of the collected
samples to identify the presence of fractures due to a
possible difference in heterogeneous clasts; the second

dealt with the engineering characterization of the material
through thermographic and compressive tests.

Thermographic analyses, compressive mechanical tests,
and study of some samples in thin section observed with
the transmission optical microscope were carried out on
the collected samples.

Thermographic tests were carried out on four slabs
(called L1—Fig. 2a, L2—Fig. 2¢, L3—Fig. 2e, and L4—
Fig. 2g) in the Structural and Geotechnical Engineering
Laboratory (LISG) of the University of Bologna. Two 650 W
lamps were used for heating the specimens from various
distances (Fig. 3). The air temperature and the relative
humidity value during these tests are very important phys-
ical variables and must be considered in the data analysis
phase. During the tests performed on the samples, the air
temperature was between 20.5 and 22.4 °C, while the rela-
tive humidity had a value between 45 and 47%. An infra-
red thermal imaging camera (AVIO TVS700 model, Tokyo,
Japan) equipped with an uncooled micro-bolometric focal
plane array sensor was used to record the images during
the heating and cooling phases of the asphalted surfaces
of the RC slabs. The cameras were connected directly to a
computer. The spectral range of this thermal imaging cam-
era was 8-14 microns; the thermal resolution was 0.08 °C;
the infrared optic was 35 mm with a field of view of 26.0°
(H)x19.0° (V) and a geometric resolution of 1.4 mrad.
The elaborated images allowed the reconstruction of a
continuous sequence that allows verifying the different
responses to the thermal excursions of the samples. The
processing of thermographic images produced sequences
relating to the heating and cooling cycles. Table 1 shown
all the steps carried out in the two phases of heating and
cooling for all 4 samples analysed.

Concerning the mechanical characterization, cylindri-
cal cores were drilled from the slabs to be subjected to

Fig. 1 Photo imaging of the viaduct in which different slabs were
collected. Coloured in red the four longitudinal beams; coloured in
green the orthogonal beams; coloured in yellow the clear layer of

waterproofing materials; coloured in blue the dark asphalt layer; on
the right pane the internal steel reinforcement
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Fig.2 Photo and thermographic images of the analysed samples: ambient temperature (a real photo of the sample collected); b, d,
a and b sample L1; c and d sample L2; e and f sample L3; g and h f and h the images of the analysed samples at different tempera-
sample L4. Images a, ¢, e and g represent the analysed samples at tures during heating cycles
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Fig.3 Photo imaging of the
thermographic investigation
during the test analyses: a bet-
ter explain the position of the
two lamps (in the yellow circle)
used to illuminate the sample
(indicated by a blue arrow) and
the operator with the thermo-
graphic instrument used; b
photo imaging of the analysis;
¢ photo imaging of the imme-
diate results on the infrared
thermal imaging camera

sample

Table 1 Different steps

Sample name  Heating

Cooling

of carrying out the

thermographic analysis during Distance from

Duration time after the
lamps were turned off (m)

Image recording Image recording

heating and cooling phases the lamp (m)
L1 1.20
L2 0.90
L3 0.40
L4 0.60

30 s for halfan hour 20 Every 30s
60 s for an hour 20 Every 60 s
60 s for 35 min 20 Every 30s
60 s for 40 min 20 Every 60 s

compressive strength tests at the Structural Engineering
Laboratory of the University of Ferrara. Three different
kinds of samples were drilled through the entire thickness
of the slab and shaped to make them suitable for the test.

The press used has a maximum loading capacity of
3000 kN, and the distance between press plates is about
330 mm, the piston stroke being about 60 mm. The two
compressive plates of the testing machine have a diameter
of about 290 mm and they allow to test concrete cubes
with a side of about 100-150 and 200 mm and concrete
cylinder samples with a diameter of up to 160 mm and
a height of approximately 320 mm. The hydraulic unit,
motorized and self-ventilated, is made up of a pump, fil-
ters, and safety valves to comply with current safety stand-
ards. The load actuator’s data are digitally recorded so that
the load peak value can be detected.

Compressive tests were performed on the samples col-
lected. The samples were subjected to loading and unload-
ing cycles by the following steps: a first load cycle up to 1/3
of the expected failure load, a second load cycle at 2/3 of
the expected failure load, and a third load ramp-up to the
expected failure load. Before starting to load the samples,
each sample was placed perfectly in the centre of the press
plate to allow a uniform stress distribution.

In addition to the compressive tests, Ultrasonic Pulse
Velocity (UPV) tests were also carried out on the samples
to determine the propagation velocity within the material,

which is dependent on the structure and the density of
the material, as micro-cracks and voids slow down the
elastic wave velocity. The UPV measurements were car-
ried out in different directions: parallel and perpendicular
to the direction of the steel bars placed inside the sample
to define how the bars can be related to the formation
of fractures. UPV were measured during the loading and
unloading steps of the compressive tests in order to bet-
ter understand how this velocity is related to the damage
level and fractures induced by the test. The vertical defor-
mations undergone by the sample during the compressive
phase were measured as well.

2.3 Chemical characterization

Observation on the thin section of the samples was con-
ducted using a transmitted light polarized microscopy
(BX51 Olympus, Tokyo, Japan). The optical transmitted
light microscopy (OTLM) is one of the fundamental and
widely used techniques for the study of minerals and rocks.
In this specific work, OTLM provides information about the
presence of fractures, discontinuity in the binder, litho-
logical composition of aggregates, and their chemical and
physical alteration [37]. Through these observations, it was
possible to study the nature of the aggregates used for
the production of concrete and to understand how suit-
able these materials are to give concrete durability and the
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proper mechanical characteristics. The thin sections were
obtained from a slice cut in the lower part and in the upper
part of different cylindrical samples.

3 Results and discussions

An attempt was made to understand the relationships
between the mechanical characteristics of concrete, in
terms of durability, and the nature of cement paste and
aggregates.

3.1 Mechanical characterization of the samples

Thermographic analyses were useful to understand how
deep the damage was in the slabs and to detect any
detachment of the asphalt [38], and of the underlying
waterproofing binder, from them. These investigations
were useful to detect the areas where to sample and they
can support the general framework of a retrofitting inter-
vention [39]. The causes of the detachment of the asphalt
could be natural, such as temperature variations and pre-
cipitation [40-42], or anthropogenic caused by humans
[43]. The thermal excursions involved continuous heating
and cooling of the conglomerate, which made it more
elastic and deformable in hot weather and more rigid and
brittle in cold weather [44]. Over time, these processes
promoted the formation of cracks. Both snow and rain
precipitations lead to a further worsening of the concrete
slabs as the water creeps into the cracks widening them
[45, 46]. The water, due to the continuous passage of vehi-
cles, increased structural failure and therefore favoured
the formation of holes [47]. The anthropogenic causes, on
the other hand, concerned the use of poor materials and/
or incorrect application techniques, for example laying
the road surface on an existing surface without having it
adequately removed or worse still directly on the ground.

Besides, thermographic results allowed to better under-
stand the important relationship between deterioration
and temperatures, which is an important problem. The
cyclic variations of the temperature, for example from win-
ter to summer, cause granulometric disintegration of the
concrete (thermal stress) [48, 49]. Zhai et al. [50] showed
that chemical and physical changes take place in both the
cement paste and the aggregates and that the changes
are different at different levels of temperature [51, 52]. The
deterioration of the concrete slabs is a very important phe-
nomenon to be monitored because it requires cortical res-
toration interventions to reconstruct the damaged parts,
eliminate cracks and protect the underlying structures
from the penetration of substances capable of corroding
the reinforcing rods [53, 54].
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The processing of thermographic images produced
sequences relating to the heating and cooling cycles. From
these sequences, horizontal heterogeneities emerge due
to the different adhesion of the asphalt on the surface of
the slabs and to local conditions of degradation of the rein-
forcement. The pictures of Fig. 2 show different images for
each analysed sample at different temperatures (Fig. 2b, d,
fand h). In these images, you can see the areas where the
heat is most accumulated and emitted to a greater extent
(warmer areas); these correspond to the areas where the
asphalt layer has been completely removed due to degra-
dation, which can be caused by different factors: atmos-
pheric conditions [55, 56]; chemical and physical attacks
[57, 58]; friction due to the movement of cars [59]. Related
to the physical deterioration, the effects of temperature on
the structural quality of the concrete slabs (micro-cracking
and micro-cracking) were also observed [60, 61], because
the cyclic variation of the temperature causes granulomet-
ric disintegration of the concrete [62].

The performed compressive tests provided the load
value of the samples at failure. The expected failure load
value was experimentally estimated. The results showed
a good strength level unless the concrete undergoes sev-
eral load cycles. By processing the deformation data and
relating them to the applied load, binary graphs were
obtained in which the loading and unloading cycles and
the failure load are highlighted. The occurrence of failure is
evidenced by a sudden drop in compression load. In order
to point out the effects of load cycles, the samples were
drilled from portions of deck slab taken in zones with dif-
ferent levels of damage induced by vehicle traffic.

The graph of Fig. 4a shows that in the sample subjected
to a low number of cycles, failure is not attained even for
a load value equal to 300 KN. When increasing the num-
ber of load cycles, a smaller failure load (about 160 KN) is
recorded as shown in Fig. 4b. Finally, Fig. 4c shows that
for a high number of load cycles, the failure load breaks
down to 120 KN circa. By applying loading cycles on the
concrete sample, it is noted that the load-displacement
curve slope varies its inclination during the loading and
unloading phases due to the arising of microcracks. This
behaviour becomes more evident as the number of cycles
increases.

The UPV method was generally used as a non-destruc-
tive test in the ASTM standard [63] for the evaluation of
the quality of the concrete slab [64, 65]. Ultrasonic pulse
velocity (UPV) tests could be indicative of the level of dam-
age in the concrete slabs [66, 67]. The measurements on
the samples have shown interesting results, reported in
Table 2. The UPV were measured in the longitudinal direc-
tion, along with the height of the specimen, and in the
transversal direction at the top, central and bottom posi-
tions of each specimen. From the obtained data, it can be
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Fig.4 Compressive tests of
samples subjected to loading
and unloading cycles: a low
number of cycles; b medium
number of cycles; ¢ high num-
ber of cycles

P (kN)

140 -
120 -

Table 2 UPV measured for the concrete slab samples (m/s) on the
top, central and on the bottom of the section analysed for each
samples

Sample Along Top section Central section Bottom section
the
height

A4-6 3900 3100 2100 2100

B 4-1 4400 2000 2900 4000

B4-2 3800 2500 3500 -

Cc4-7 2000 2200 2200 3000

noticed that except for sample A4-6 in which the values
are similar in all measurement directions, in the samples
B4-1 and C4-7 the UPV values are significantly higher in the
lower part of the specimen, proving that concrete damage
is generally localized in the upper part of the slab.

The measurements obtained on the samples analysed
confirmed the processes of microcracks formation [68,

06 04

0,2 04 0,6 0,8

u (mm)

69], which was more evident on the deck slab areas most
affected by degradation, due to atmospheric and chemical
attacks, besides intensity and frequency of vehicle traffic.

3.2 Mineralogical characterization of the samples

The macroscopic analysis of cylindrical cores highlighted
heterogeneity in the distribution, size, and shape of the
aggregates used to produce the concrete. Figure 5a shows
the presence of different sizes of clasts (coloured in red),
while Fig. 5b shows that most of the clasts have sharp
edges (coloured in red).

The microscopy observations on thin sections obtained
from the samples were useful for determining the nature
of the aggregates present in the concrete and for deter-
mining the possible relationships between the cement
matrix and the aggregates themselves.

In the thin sections obtained from the upper part of
the cylindrical samples analysed there are clasts of micritic

Fig. 5 Macroscopic characterization of the samples collected: a clasts of different size; b clasts of different shape
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Fig.6 Microscopic characterization of the different type of samples
analysed by transmitted light polarized microscopy: a thin section
obtained in the upper part; b thin section obtained in the lower

limestone with very large bioclasts (example in Figs. 6a).
Immersed in a silicate cement paste there are fragments of
metamorphic rocks, probably marble. The edges between
the larger aggregates and the matrix appear well defined.
In some portions, minerals of alteration of the ophycalcites
are found (an example is shown in Fig. 6¢); other elongated
portions of spatic calcite are observed.

Figure 6b shows an example of a thin section image
obtained from the lower part of the cylindrical samples
analysed. There are clasts of microclastic limestone with
bioclasts and minerals of altered ophycalcite. There are
smaller portions where fragments of quartz sand and frag-
ments of metamorphic rocks are found. Small-sized por-
tions of a metamorphic nature (marble and ophycalcite)
and quartzarenite are recognized. There is a calcareous
matrix with the presence of microfossils; small aggregates
of micritic limestone have veins of spatic calcite. In some
thin sections, the presence of garnets surrounded by alter-
ation of ophycalcite in phyllosilicates is evidence of the use
of metamorphic rocks for the aggregates of this concrete.

The study with transmitted light microscopy allowed
to better recognize the lithology present in the collected
samples. From the analysis results, it is possible to assume
that the aggregates do not come from the area where the
viaduct is located: they are composed of heterogeneous
materials with very different hardness and there is a limited
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part; ¢ ophycalcites observed at crossed nicols; d metamorphic
minerals observed at crossed nicols

presence of fragments of metamorphic rocks (an example
is shown in Fig. 6d). To determine the area of origin, we
must research an area in which ophiolites emerge. Among
the possible closer regions, we can make the hypothesis
of the Futa pass (a pass of the Tuscan-Emilian Apennines
in the province of Florence, in the Tuscany region), not
far from the position of the considered viaduct. There are
gaps between the ophthalmic and limestone aggregates
and cement, which denote the tendency of these aggre-
gates to detach, even if the physical-mechanical tests
carried out in the central part of the less degraded cylin-
drical samples showed a good rheological behaviour [70,
71]. The presence of larger aggregates in the upper part
of the cores is a negative detail, in fact, under the load-
ings to which a viaduct is subjected (traffic, etc.) the matrix
detaches itself from the pebbles and pulverizes.

4 Discussion

Among the most important distresses of asphaltic
pavements there is moisture sensitivity of an asphalt
mixture. Although the effect of moisture on asphalt
mixtures, unlike the traffic loading and thermal stress,
is not considered as a major solicitation, penetration of
moisture through the asphalt mixtures can increase the
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pavements’ vulnerability to the other two solicitations
[72]. Apart from the definition of moisture damage and
the mechanisms of its formation in asphalt concrete,
there are some factors related to the constitutive parts
of the mixture and to the prevailing environmental con-
ditions that can have a profound effect on expediting or
impedance of moisture damage that will be discussed
throughout the section [73].

Thermographic analyses have shown that the cause
of the detachment of the asphalt has mainly a natural
origin, due to temperature variations and precipitation,
with a secondary cause in the anthropogenic impact [74].
The thermal excursions, with alternate heating and cool-
ing, made the asphalt more elastic and deformable in hot
weather and more rigid and brittle in cold weather [75-77].
Over time, these processes promoted the formation of
cracks [78, 79] and both snow and rain precipitations lead
to a further worsening of the concrete slabs. The water,
due to the continuous passage of vehicles, increased struc-
tural failure favouring the formation of holes. On the other
hand, the use of poor materials and/or incorrect applica-
tion techniques, worsening the situation.

Rocha and Povoas [74] underlying that thermographic
test is as a real alternative for the detection of defects in
the reinforced concrete, being more effective the more
superficial these anomalies, but depending on the work
to be done, it is necessary to contemplate some consid-
erations to obtain better results, so we add mechanical
tests which shown a good quality concrete in terms of
strength but, when subjected to cyclic loading, the ulti-
mate strength level tends to decrease considerably due
to the progressive formation of microcracks [80]. The UPV
method was influenced by the concrete mixture character-
istics, which could lead to ambiguous interpretation of the
results. The measurements obtained on the samples ana-
lysed confirmed the processes of microcracks formation,
more evident on the deck slab areas affected by atmos-
pheric and chemical attack degradation, besides intensity
and frequency of vehicle traffic [81, 82]. The localization of
materials’ micro-cracking could precede the catastrophic
failure of the concrete slabs engineering structures; there-
fore, the characterization of the damage is of essential
importance for structural instability monitoring.

The deterioration of the reinforced concrete could be
done to different causes as described in the Introduction:
chemical attacks, atmospheric agents, or intensive use of
vehicles. It is impossible to define a single cause, but the
deterioration is due to a set of causes. Corrosion of rein-
forcing steel is one of the main causes of deterioration of
reinforced concrete, structures and affects both ultimate
and serviceability conditions. Its effects include cracking
and spalling of the concrete cover, reduction and loss of
bond between concrete and corroding reinforcement,

and reduction of the cross-sectional area of the reinforc-
ing steel [83].

Numerous experimental studies have investigated the
effects of corrosion of materials such as on steel bars [84]
and steel-concrete bond [85]. There have also been stud-
ies at a structural level, relative for example to the flexural
behaviour of beams [86] and columns [87].

Also, the mineralogical and petrographic composition
of which the material is made is very important, because if
of good quality it guarantees the contrast towards degra-
dation, while if of heterogeneous quality or very variable
between them, it can lead to an increase in fractures or
micro-cracking if subject to the causes of explained above.

5 Conclusion

The slab analysed in this study has been mixed around the
1960 and the life of the structure is overpassed the service
life design and the history of loads is very important for its
evolution. For this reason, this work has provided informa-
tion about the relation between concrete damage level
and mechanical behaviour. It also highlighted the impor-
tance of nature, size, and distribution of the aggregates,
since the durability characteristics of concrete depend on
its composition.

This work is the result of an integrated study and an
interdisciplinary approach between the Department of
Physics and Earth Sciences and the Engineering Depart-
ment of the University of Ferrara, in which not only engi-
neering analyses were used but also mineralogical and
petrographic characterization of the material to better
explain the microcracking phenomena that could be one
of the principal causes of the damage of the reinforced
concrete. It is now well-established that the multidiscipli-
nary approach is necessary for the study of cultural herit-
age degradation, but it is also important in the study of
the degradation of large public works, such as viaducts
and highway pavements.

This paper would be an example of an integrated study
approach between engineering techniques and mineral-
ogical-petrographic methodologies, usually applied to
the study of natural stone, for better understanding the
deterioration mechanism of concrete in order to improve
an integrated model for the inventions.

Authors’ contributions Conceptualization was done by M, A, C, M and
V; Data curation was done by M, A, and M; Formal analysis was done
by M and M; Funding acquisition was done by V; Investigation was
done by M, T, A, C, M, and V; Methodology was done by M, T, M, and
V; Resources was done by C and V; Supervision was done by M, A,
and V; Writing—original draft was done by M, T, A, M, and V; Writ-
ing—review and editing was done by M, T, A, M, and V.

SN Applied Sciences

A SPRINGER NATURE journal



Case Study SN Applied Sciences

(2021) 3:623

| https://doi.org/10.1007/s42452-021-04620-6

Declarations

Conflict of interest On behalf of all authors, the corresponding au-
thor states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Decky M, Drusa M, Zgutova K, Blasko M, Hajek M, Scherfel W
(2016) Foam concrete as new material in road constructions.
Procedia Eng 161:428-433. https://doi.org/10.1016/j.proeng.
2016.08.585

2. Chical, Alzate A (2019) Cellular concrete review: new trends for
application in construction. Constr Build Mater 200:637-647.
https://doi.org/10.1016/j.conbuildmat.2018.12.136

3. DhirRK, Henderson NA (1999) Specialist Techniques & Materials
for Concrete Construction. Creating With Concrete Series. Inst
of Civil Engineers Pub. ISBN-10:0727728253

4. Jones A (2015) Material traces: performativity, artistic “work’, and
new concepts of agency. TDR/The Drama Rev 59:18-35. https://
doi.org/10.1162/DRAM_a_00494

5. SuJ, Dhakal RP, Wang J (2017) Fiber-based damage analysis of
reinforced concrete bridge piers. Soil Dyn Earthq Eng 96:13-34.
https://doi.org/10.1016/j.s0ildyn.2017.01.029

6. CadenazziT, Dotelli G, Rossini M, Nolan S, Nanni A (2019) Life-
cycle cost and life-cycle assessment analysis at the design stage
of a fiber-reinforced polymer-reinforced concrete bridge in
Florida. Adv Civ Eng Mater 8:128-151. https://doi.org/10.1520/
ACEM20180113

7. PangY, Cai L, Ouyang H, Zhou X (2019) Seismic performance
assessment of different fibers reinforced concrete columns
using incremental dynamic analysis. Constr Build Mater
203:241-257. https://doi.org/10.1016/j.conbuildmat.2019.01.
087

8. Forty A (2013) Concrete and culture: a material history. Reaktion
Books LTD

9. AITEC(2017) Rapporto annuale 2017. Associazione Italiana Tec-
nico Economica Cemento 1-30

10. Alonso MC, Calvo JLG, Cuevas J, Turrero MJ, Ferndndez R, Torres
E, Ruiz A (2017) Interaction processes at the concrete-bentonite
interface after 13 years of FEBEX-Plug operation. Part I: concrete
alteration. Phys Chem Earth Parts A/B/C 99:38-48. https://doi.
org/10.1016/j.pce.2017.03.008

11. ElMir A, Nehme SG (2017) Repeatability of the rebound surface
hardness of concrete with alteration of concrete parameters.
Constr Build Mater 131:317-326. https://doi.org/10.1016/j.
conbuildmat.2016.11.085

12. Tasker L, Karrech A, Shragge J, Josh M (2018) Time-lapse moni-
toring of internal alteration of a concrete structure using ground

SN Applied Sciences

A SPRINGERNATURE journal

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

penetrating radar. Constr Build Mater 191:300-310. https://doi.
org/10.1016/j.conbuildmat.2018.10.008

Hong S, Shi G, Zheng F, Liu M, Hou D, Dong B (2020) Characteri-
zation of the corrosion profiles of reinforcement with different
impressed current densities by X-ray micro-computed tomog-
raphy. Cement Concrete Comp. https://doi.org/10.1016/j.cemco
ncomp.2020.103583

Sun B, Xiao RC, Ruan WD, Wang PB (2020) Corrosion-induced
cracking fragility of RC bridge with improved concrete carbon-
ation and steel reinforcement corrosion models. Eng Struct.
https://doi.org/10.1016/j.engstruct.2020.110313

Bhargava K, Ghosh AK, Mori Y, Ramanujam S (2007) Corrosion-
induced bond strength degradation in reinforced concrete-
Analytical and empirical models. Nucl Eng Des 237(11):1140-
1157. https://doi.org/10.1016/j.nucengdes.2007.01.010

Fang C, Lundgren K, Chen L, Zhu ¢, (2004) Corrosion influence
on bond in reinforced concrete. Cem Concr Res 34(11):2159-
2167. https://doi.org/10.1016/j.cemconres.2004.04.006
Ghassemi P, Toufigh V (2020) Durability of epoxy polymer and
ordinary cement concrete in aggressive environments. Con-
str Build Mater. https://doi.org/10.1016/j.conbuildmat.2019.
117887

Yue G, Ma Z, Liu M, Liang C, Ba G (2020) Damage behavior of
the multiple ITZs in recycled aggregate concrete subjected to
aggressive ion environment. Constr Build Mater. https://doi.org/
10.1016/j.conbuildmat.2020.118419

Greco L (2012) Exhibitions in Italy: an expression of Italian engi-
neering. Proc Instit Civ Eng Eng Hist Herit 165:167-178. https://
doi.org/10.1680/ehah.11.00029

Rovelli R, Senes G, Fumagalli N, Sacco J, De Montis A (2020) From
railways to greenways: a complex index for supporting policy-
making and planning. A case study in Piedmont Italy. Land Use
Policy. https://doi.org/10.1016/j.landusepol.2020.104835
Tittarelli F, Ruello ML, Capuani D, Aprile A (2017) Damaged con-
crete viaduct in an Italian highway: concrete characterization
and possible strengthening techniques by FRP applications in
comparison. IOP Conf Ser: Mater Sci Eng. https://doi.org/10.
1088/1757-899X/245/3/032069

Bazzucchi F, Restuccia L, Ferro GA (2018) Considerations over
the Italian road bridge infrastructure safety after the Polcevera
viaduct collapse: past errors and future perspectives. Frattura
ed Integrita Strutturale 46:400-421. https://doi.org/10.3221/
IGF-ESIS.46.37

Anania L, Badala A, D'Agata G (2018) Damage and collapse mode
of existing post tensioned precast concrete bridge: the case of
Petrulla viaduct. Eng Struct 162:226-244. https://doi.org/10.
1016/j.engstruct.2018.02.039

Morgese M, Ansari F, Domaneschi M, Cimellaro GP (2020) Post-
collapse analysis of Morandi’s Polcevera viaduct in Genoa Italy.
J Civil Struct Health Monit 10:69-85. https://doi.org/10.1007/
$13349-019-00370-7

Miranda AM, Teles M (2011) Access Viaducts to the Drawbridge
of Leixdes Harbour - Diagnosis of Concrete Deteriorations. Xl
DBMC International Conference on Durability of Building Mate-
rials and Components, Porto (Portugal) April 12th—15th

Zhang GM, He YL, Mei CG, Yang LZ (2014) Measurement and
analysis of environmental vibration in railway bridge section
of CRTS Ill Slab Ballastless Track. Noise and Vibration Control
34:144-147. https://doi.org/10.3969/j.issn.1006-1335.2014.03.
031

Liu P, ChenY, Wang W, Yu Z (2020) Effect of physical and chemical
sulfate attack on performance degradation of concrete under
different conditions. Chem Phys Lett. https://doi.org/10.1016/j.
cplett.2020.137254

XieF, Li J, Zhao G, Zhou P, Zheng H (2020) Experimental study on
performance of cast-in-situ recycled aggregate concrete under



SN Applied Sciences

(2021) 3:623

| https://doi.org/10.1007/542452-021-04620-6

Case Study

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

different sulfate attack exposures. Constr Build Mater. https://
doi.org/10.1016/j.conbuildmat.2020.119144

Zhao G, Li J, Shi M, Cui J, Xie F (2020) Degradation of cast-in-
situ concrete subjected to sulphate-chloride combined attack.
Constr Build Mater. https://doi.org/10.1016/j.conbuildmat.2019.
117995

Lu C, Wang W, Zhou Q, Wei S, Wang C (2020) Mechanical behav-
ior degradation of recycled aggregate concrete after simulated
acid rain spraying. J Clean Prod. https://doi.org/10.1016/j.jclep
ro0.2020.121237

Pereira C, Hamadyk E, Silva A (2020) Probabilistic analysis of the
durability of architectural concrete surfaces. Appl Math 77:199-
215. https://doi.org/10.1016/j.apm.2019.07.031

Ruello ML, Tittarelli F, Capuani D, Aprile A, Fava G (2009) Dam-
age assessment of concrete by ionic flux measure from cement
paste matrix. Special topics on materials science and tech-
nology-an Italian Panorama. Brill, Leiden, pp 339-343. ISBN:
9789004172241

Cheng C, NaR, Shen Z (2019) Thermographic Laplacian-pyramid
filtering to enhance delamination detection in concrete struc-
ture. Infrared Phys Techn 97:162-176. https://doi.org/10.1016/j.
infrared.2018.12.039

Garrido |, Lagtela S, Otero R, Arias P (2020) Thermographic
methodologies used in infrastructure inspection: a review—post-
processing procedures. Appl Energy. https://doi.org/10.1016/j.
apenergy.2020.114857

Rosenqvist M, Bertron A, Fridh K, Hassanzadeh M (2017) Con-
crete alteration due to 55 years of exposure to river water:
chemical and mineralogical characterization. Cem Concr Res
92:110-120. https://doi.org/10.1016/j.cemconres.2016.11.012
Aprile A, Capuani D (2006) FRP reinforcement for damaged R/C
Bridge Decks. In: Proc. International Symposium Polymers in
Concrete (ISPIC) Guimaraes Portugal. ISBN: 9729917914
Marrocchino E, Fried AN, Koulouris A, Vaccaro C (2009) Micro-
chemical/structural characterisation of thin layer masonry: a
correlation with engineering performance. Constr Build Mater
23:582-594. https://doi.org/10.1016/j.conbuildmat.2007.09.010
D’Orazio M, Stipa P, Sabbatini S, Maracchini G (2020) Experimen-
tal investigation on the durability of a novel lightweight prefab-
ricated reinforced-EPS based construction system. Constr Build
Mater. https://doi.org/10.1016/j.conbuildmat.2020.119134
Pela L, Aprile A, Benedetti A (2012) Experimental study of retro-
fit solutions for damaged concrete bridge slabs. Compos Part
B-Eng 43:2471-2479. https://doi.org/10.1016/j.compositesb.
2011.08.038

Zhao X, Shen A, Ma B (2018) Temperature response of asphalt
pavement to low temperatures and large temperature differ-
ences. Int J Pavement Eng 21:49-62. https://doi.org/10.1080/
10298436.2018.1435883

Ktari R, Saint-Laurent D, Hornych P, Hammoum F, Marsac P,
Nguyen ML (2020) Effect of climate on asphalt pavement per-
formance using two mechanistic-empirical methods. Int J Pave-
ment Eng. https://doi.org/10.1080/10298436.2020.1806276
Lin WY, Zhang ZH, Qiu X, Xu WY, Hong HJ (2020) Study on Tem-
perature Related Factors of Asphalt Pavement Based on APRI-
ORI. IOP Conf Ser Mater Sci Eng 758:012030

Bosso M, Mota R, Vasconcelos K, Bernucci L (2019) Impact
of overloaded vehicles on asphalt pavement fatigue life. In:
ICWIM8 - 8th Conference on Weigh-in-Motion - Book of pro-
ceedings 256

Croll JGA (2009) Possible role of thermal ratchetting in alligator
cracking of asphalt pavements. Int J Pavement Eng 10:447-453.
https://doi.org/10.1080/10298430902730547

SunY,Wu S, Liu Q Hu J, Yuan Y, Ye Q (2018) Snow and ice melt-
ing properties of self-healing asphalt mixtures with induction

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

heating and microwave heating. Appl Therm Eng 129:871-883.
https://doi.org/10.1016/j.applthermaleng.2017.10.050
Aksoylu C, Ozkilic YO, Arslan MH (2020) Damages on prefabri-
cated concrete dapped-end purlins due to snow loads and a
novel reinforcement detail. Eng Struct. https://doi.org/10.1016/j.
engstruct.2020.111225

Kavussi A, Motevalizadeh SM (2021) Fracture and mechanical
properties of water-based foam warm mix asphalt containing
reclaimed asphalt pavement. Constr Build Mater. https://doi.
org/10.1016/j.conbuildmat.2020.121332

Mirza O, Uy B (2009) Behaviour of headed stud shear connectors
for composite steel-concrete beams at elevated temperatures. J
Constr Steel Res 65:662-674. https://doi.org/10.1016/j.,jcsr.2008.
03.008

Kodur VKR, Agrawal A (2017) Effect of temperature induced
bond degradation on fire response of reinforced concrete
beams. Eng Struct 142:98-109. https://doi.org/10.1016/j.engst
ruct.2017.03.022

ZhaiY, Deng Z, Li N, Xu R (2014) Study on compressive mechani-
cal capabilities of concrete after high temperature exposure
and thermos-damage constitutive model. Constr Build Mater
68:777-782. https://doi.org/10.1016/j.conbuildmat.2014.06.052
Wu'Y, Wu B (2014) Residual compressive strength and freeze-
thaw resistance of ordinary concrete after high temperature.
Constr Build Mater 54:596-604. https://doi.org/10.1016/j.conbu
ildmat.2013.12.089

Choinska M, Khelidj A, Chatzigeorgiou G, Pijaudier-Cabot G
(2007) Effects and interactions of temperature and stress-level
related damage on permeability of concrete. Cement Concrete
Res 37:79-88. https://doi.org/10.1016/j.cemconres.2006.09.015
Weiss J, Ley MT, Sutter L, Harrington D, Gross J, Tritsch SL (2016)
Guide to the prevention and restoration of early joint deteriora-
tion in concrete pavements. IHRB Project TR-697, In. Trans Pro-
ject 15-555

Shamseldein A, Elshafie H, Rashad A, Kohail M (2018) Assess-
ment and restoration of bond strength of heat-damaged rein-
forced concrete elements. Constr Build Mater 169:425-435.
https://doi.org/10.1016/j.conbuildmat.2018.03.008
Mahdikhani M, Bamshad O, Shirvani MF (2018) Mechanical
properties and durability of concrete specimens containing
nano silica in sulfuric acid rain condition. Constr Build Mater
167:929-935. https://doi.org/10.1016/j.conbuildmat.2018.01.
137

Shamsutdinova G, Hendrix MAN, Jacobsen S (2019) Topogra-
phy studies of concrete abraded with ice. Wear 430-431:1-11.
https://doi.org/10.1016/j.wear.2019.04.017

Du J,Tang Z, Li G, Yang H, Li L (2019) Key inhibitory mechanism
of external chloride ions on concrete sulfate attack. Constr Build
Mater 225:611-619. https://doi.org/10.1016/j.conbuildmat.
2019.07.263

Zhao G, Li J, Shi M, Fan H, Cui J, Xie F (2020) Degradation mech-
anisms of cast-in-situ concrete subjected to internal-external
combined sulfate attack. Constr Build Mater. https://doi.org/10.
1016/j.conbuildmat.2020.118683

Gao Q, Dong Z, Cui K, Liu C, Liu Y (2020) Fatigue performance
of profiled steel sheeting—concrete bridge decks subjected to
vehicular loads. Eng Struct. https://doi.org/10.1016/j.engstruct.
2020.110558

Sinaie S, Heidarpour A, Zhao XL (2016) A micro-mechanical para-
metric study on the strength degradation of concrete due to
temperature exposure using the discrete element method. Int
J Solids Struct 88-89:165-177. https://doi.org/10.1016/j.ijsolstr.
2016.03.009

Zhang HY, KodurV, Wu B, Yan J, Yuan ZS (2018) Effect of tempera-
ture on bond characteristics of geopolymer concrete. Constr

SN Applied Sciences

A SPRINGERNATURE journal



Case Study

SN Applied Sciences

(2021) 3:623

| https://doi.org/10.1007/s42452-021-04620-6

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Build Mater 163:277-285. https://doi.org/10.1016/j.conbuild-
mat.2017.12.043

Arioz O (2009) Retained properties of concrete exposed to high
temperatures: size effect. Fire Mater 33:211-222. https://doi.org/
10.1002/fam.996

ASTM C597-16 (2016) Standard Test Method for Pulse Velocity
Through Concrete. ASTM International, West Conshohocken, PA
Saint-Pierre F, Philibert A, Giroux B, Rivard P (2016) Concrete
quality designation based on ultrasonic pulse velocity. Constr
Build Mater 125:1022-1027. https://doi.org/10.1016/j.conbu
ildmat.2016.08.158

Wiciak P, Cascante G, Polak MA (2020) Frequency and geometry
effects on ultrasonic pulse velocity measurements of concrete
specimens. Materials J 117:205-216. https://doi.org/10.14359/
51722399

Ongpeng JMC (2017) Ultrasonic pulse velocity test of reinforced
concrete with induced corrosion. ASEAN Eng J 7:9-17
Ongpeng JMC, Oreta AWC, Hirose S (2018) Characterization of
damage using ultrasonic testing on different types of concrete.
Mater Eval 76:1532

Wang X, Wang E, Liu X (2019) Damage characterization of con-
crete under multi-step loading by integrated ultrasonic and
acoustic emission techniques. Constr Build Mater 221:678-690.
https://doi.org/10.1016/j.conbuildmat.2019.06.105

Srinivasan SS, Rung M, Ferron RD (2020) Factors affecting loss in
durability in prestressed-concrete girders with microcracking. J
Bridge Eng. https://doi.org/10.1061/(ASCE)BE.1943-5592.00015
90

Argani LP, Misseroni D, Piccolroaz A, Vinco Z, Capuani D, Bigoni
D (2016) Plastically-driven variation of elastic stiffness in green
bodies during powder compaction: part |. Experiments and elas-
toplastic coupling. J Eur Ceram Soc 36:2159-2167. https://doi.
org/10.1016/j.jeurceramsoc.2016.02.012

Argani LP, Misseroni D, Piccolroaz A, Capuani D, Bigoni D (2016)
Plastically-driven variation of elastic stiffness in green bodies
during powder compaction: Part Il. Micromechanical modelling.
J Eur Ceram Soc 36:2169-2174. https://doi.org/10.1016/j.jeurc
eramsoc.2016.02.013

Mehrara A, Khodaii A (2013) A review of state of the art on
stripping phenomenon in asphalt concrete. Constr Build Mater
38:423-442. https://doi.org/10.1016/j.conbuildmat.2012.08.033
Rahmani H, Shirmohammadi H, Hamedi GH (2018) Effect of
asphalt binder aging on thermodynamic parameters and its
relationship with moisture sensitivity of asphalt mixes. J Mater
Civ Eng 30(11):04018278. https://doi.org/10.1061/(ASCE)MT.
1943-5533.0002453

Rocha JHA, Povoas YV (2017) Infrared thermography as a
non-destructive test for the inspection of reinforced concrete
bridges: A review of the state of the art. Rev ALCONPAT. https://
doi.org/10.21041/ra.v7i3.223

Mejtun L, Judycki J, Dotzycki B (2017) Comparison of elastic and
viscoelastic analysis of asphalt pavement at high temperature.
Procedia Eng 172:746-753. https://doi.org/10.1016/j.proeng.
2017.02.095

SN Applied Sciences

A SPRINGERNATURE journal

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Pouranian MR, Imaninasab R, Shishehbor M (2020) The effect
of temperature and stress level on the rutting performance
of modified stone matrix asphalt. Road Mater Pavement Des
21:386-1398. https://doi.org/10.1080/14680629.2018.1546221
Yusupov B, Qiu Y, Ding H, Rahman A (2020) Temperature and
material behaviour effects on dynamic responses of asphalt
concrete trackbed. Int J Rail Transp 8:66-79. https://doi.org/10.
1080/23248378.2019.1628671

Behnia B, Reis H (2019) Self-healing of thermal cracks in asphalt
pavements. Constr Build Mater 218:316-322. https://doi.org/10.
1016/j.conbuildmat.2019.05.095

Bekele A, Balieu R, Jelagin D, Ryden N, Gudmarsson A (2021)
Micro-mechanical modelling of low temperature-induced
micro-damage initiation in asphalt concrete based on cohesive
zone model. Constr Build Mater. https://doi.org/10.1016/j.conbu
ildmat.2021.122971

Golewski GL (2019) The influence of microcrack width on the
mechanical parameters in concrete with the addition of fly ash:
consideration of technological and ecological benefits. Constr
Build Mater 197:849-861. https://doi.org/10.1016/j.conbuild-
mat.2018.08.157

Hong S, Yoon S, Kim J, Lee C, Kim S, Lee Y (2020) Evaluation of
condition of concrete structures using ultrasonic pulse velocity
method. Appl Sci 10:706. https://doi.org/10.3390/app10020706
Saleem M (2017) Study to detect bond degradation in reinforced
concrete beams using ultrasonic pulse velocity test method.
Struct Eng Mech Int J 64:427-436

Campione G, Cannella F, Cavaleri L (2017) Shear and flexural
strength prediction of corroded R.C. beams. Constr Build Mater
149:395-405. https://doi.org/10.1016/j.conbuildmat.2017.05.
125

Coronelli D, Gambarova P (2004) Structural assessment of cor-
roded reinforced concrete beams: modeling guidelines. ASCE
J Struct Eng 130(8):1214-1224. https://doi.org/10.1061/(ASCE)
0733-9445(2004)130:8(1214)

Coronelli D, Kamyab ZH, Lundgren K (2013) Severely corroded
RC with cover cracking. J Struct Eng 139(2):221-232. https://doi.
org/10.1061/(ASCE)ST.1943-541X.0000633

Zandi HK, Kettil P, Lundgren K (2011) Analysis of mechanical
behavior of corroded reinforced concrete structures. ACl Struct.
J.106(5):532-541

Rodriguez J, Ortega M, Casal J (1995) Load bearing capacity of
concrete columns with corroded reinforcement. In Page CL,
Bamforth PB, Figg JW (eds) Proc., 4th Int. Symp. on Corrosion of
Reinforcement in Concrete Construction, The Royal Society of
Chemistry, Cambridge, UK

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



