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Abstract: The heritage of existing road infrastructures and in particular of bridges consists of
structures that are approaching or exceeding their designed service life. Detrimental causes such as
aging, fatigue and deterioration processes other than variation in loading conditions introduce
uncertainties that make structural assessment a challenging task. Experimental data on their
performances are crucial for a proper calibration of numerical models able to predict their behavior
and life-cycle structural performance. In this scenario, an experimental research program was
established with the aim of investigating a set of 50-year-old prestressed concrete bridge girders
that were recovered from a decommissioned bridge. The activities included initial non-destructive
tests, and then full-scale load tests followed by a destructive test on the material samples. This paper
reports the experimental results of the full-scale tests conducted on the first group of four I-beams
assumed to be in good condition from visual inspection at the time of testing. Loading tests were
performed using a specifically designed steel reaction frame and a test setup equipment, as detailed
in the present work. Due to the structural response of this first group of girders, a uniform behavior
was found at both service and ultimate conditions. The failure mechanism was characterized by the
crushing of the cast-in-situ top slab corresponding to a limited deflection, highlighting a non-ductile
behavior. The outcomes of the experimental research are expected to provide new data for the life-
cycle safety assessment of existing bridges through an extended database of validated experimental
tests and models.

Keywords: prestressed concrete; existing bridges; deck girders; large-scale tests; structural capacity

1. Introduction

The development of road transport systems is an essential factor in all modern
economies. Transportation networks play an important role in increasing production,
employment and accessibility where bridges are critical components [1]. Most prestressed
concrete (PC) bridges were constructed from the early post-World War II period onwards,
when the shortage of steel production capacity provided a great impetus to the use of PC
in Europe. Although PC girders have been used for more than 50 years and therefore
some of them have exceeded their design service life, relatively little experimental data
on their structural performance through experimental tests are available. At a time when
the aging bridge implies an increase in maintenance costs, data on their long-term
structural performance are crucial for management agencies to aid decision-making
policies. The current maintenance and strengthening of existing bridges commonly rely
on routine visual inspections and condition indices based on damage models. However,
some types of deterioration of PC bridges cannot be detected by visual inspection. PC
structures have highly time-dependent properties, such as the shrinkage and creep of
concrete and the relaxation of the prestressing strands. Indeed, in the phase construction,
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precast—prestressed beams are connected to casting in place top slabs and then the
interaction of long-term effects can lead to time-dependent stress redistributions. In
addition, corrosion phenomena can affect the mechanical properties of materials and the
bond capacities of prestressing strands. In order to perform a reliable life-cycle structural
assessment and evaluation of the residual service life of existing bridges, it is necessary to
analyze the long-term properties of materials, prestressing losses, degradation effects and
damages at a large extent heading to a statistical analysis [2]. To date, full-scale destructive
load testing on bridge structures, including the characterization of materials, has been
reported in the literature, but it focused on a limited number of samples.

Pepe et al. [3] conducted a full-scale loading test of three beams taken from the 45-
year-old Sorell Causeway, a 457 m long PC road bridge in Australia. They found a clear
correlation between the reduction in load capacity and the beams that visually appeared
to be more severely affected by cracking and corrosion. To accumulate data on existing
PC bridges, Jeon et al. [4] conducted an experimental program on full-sized and
deteriorated 45-year-old PC bridge girders. To find out the mechanical properties of
concrete, the girder was cut at every 1 m after the loading test, and a total of 120 specimens
for concrete cylinder testing were taken through concrete coring. Concrete strength in the
longitudinal and transversal directions showed similar and higher values than the design
strength. Eder et al. [5] tested two 50-year-old 13.7 m long precast, post-tensioned concrete
bridge I-girders to investigate the effectiveness of the composite section. Lundqvist et al.
[6] tested the remaining tendon forces in five 30-year-old PC beams of the Olkiluoto
nuclear power plant in Finland. The prestress losses obtained in the tests were higher than
the values obtained in the prediction models, probably linked to their specific
environment. Taffe et al. [7] presented the condition assessment of a 45-year-old PC
bridge, demolished after showing severe damage in the prestressing steel and
reinforcements. To investigate bridge decks for a reliable detection of fractures in tendon
ducts, they developed a tractor appliance combined with the “Magnetic Flux Leakage”
testing method, which was able to magnetize the tendon ducts and collecting data. Shenoy
et al. [8] carried out a structural load test on two PC box beams removed from a 27-year-
old bridge with span length of 16.5 m. Although one beam had evidence of minor
deterioration, the load-deflection curves of both beams had a ductile behavior and
flexural strength greater than the expected values. Zwicky [9] tested three PC beams of 21
m in length recovered from the replacement of a 30-year-old bridge deck. Different
experimental sets-up were considered aimed at predicting bending and shear resistance.
Shear failure was more difficult to predict due to dependency on the scatter in material
properties and simplified assumptions in the modelling. Dasar et al. [10] investigated the
effect of cracks on six pre-cracked PC beams after 20 years of exposure to a marine
environment. The experimental results revealed that prestress loss was increased due to
degradation, with a pre-cracking of 24% for post-tensioned beams and 30% for pre-
tensioned beams. Kramer et al. [11] reported and commented the condition of a PC bridge
demolished after a 54-year service life for insufficient vertical and horizontal clearance.
The visual inspection that occurred after the demolition showed that the prestressing
ducts were not fully grouted. The concrete cores revealed higher concrete strengths of 50%
and more than the design values. Azizinamini et al. [12] proposed a method to measure
the prestressing force based on the stress state around a small cylindrical hole drilled in
the bottom flange of a prestressed girder. The results of the cracking test conducted on a
25-year-old PC girder indicate the promising innovation of the new non-destructive
method. Halsey et al. [13] carried out a destruction experiment on two PC inverted T-
beam removed from a 40-year-old bridge with a span length of 7.62 m. The tests revealed
that a full composite action was achieved, even though the surface of the beams was not
roughened and stirrups were provided as required by AASHTO specifications. Jin-liang
and Yan-min [14] conducted a loading test for four pieces of 16 m prestressed concrete
hollow plate that were used for 20 years in a freezing—thawing region. Tests on the
material strength showed that the performances can meet the requirements specified in
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the design. Moving from a pure bending load to third-point loading, the beams failed for
concrete crushing at the top edge of the bending zone or for sharing-compression caused
by the slippage of pre-stressed reinforcement. Rao et al. [15] subjected two precast PC box
beams removed from a 27-year-old bridge with a span length of 17.1 m to fatigue testing.
Cycling to a strand stress range limit of 0.06 fpu recommended by ACI Committee 215, the
beams retained excellent performance after 1,500,000 cycles, whereas cycling with a stress
range of 0.11 fpu caused fatigue failure of strand wires after 145,000 cycles. Recupero et al.
[16] carried out an experimental test to study the influence of tendon corrosion on the
response behavior of structural elements. Artificial defects were induced by introducing
a chemical solution or acid into the duct, reducing the load-bearing capacity to half the
load achieved for the control beam. Pessiki et al. [17] determined the effective prestress
force in two PC beams removed from a bridge after a period of 28 years in service. The
prestress loss obtained from an elastic analysis based on the average decompression load
was 60 percent of the code-predicted value. Botte et al. [18] carried out large-scale
destructive tests on PC beams recovered from industrial buildings at an age of 70 years.
Shu et al. [19] conducted full-scale in-situ destructive tests of a 55-year-old reinforced
concrete bridge deck slab on PC girders to calibrate models of one-way shear and
punching shear resistance. Pepe et al. [20] performed load tests to destruct three
deteriorated PC beams recovered from a 45-year-old bridge exposed to an aggressive
marine environment. The load-response behavior showed that none of the beams reached
the expected design capacity; the collapse was anticipated by a progressive failure of the
prestressing wires.

All the reported works were concerned with the analysis of a limited number of
structural elements and only four cases referred to bridges of more than 50 years of age.
The present study reports the experimental results of large-scale load tests on the first four
PC beams retrieved from a 50-year-old viaduct exposed to environmental actions and
service loads. The Corso Grosseto viaduct was located in Turin, Italy, in a strategic hub of
the city characterized by a dense context of residential buildings and road network. In
September 2018, the viaduct was deconstructed following a long period of restoration and
durability problems for new urban redevelopment and different mobility needs [21]. After
demolition, a joint research program named BRIDGE 50 was set up to study 29 PC beams
(25 I-beams and 4 box beams) and two pier caps [22-24]. The elements were stored in a
testing site as described in Anghileri et al. [25]. The testing site was properly equipped to
perform an extensive study of non-destructive tests and full-scale load tests. Concrete new
jerseys were placed to support the structural elements under the original static scheme.
Furthermore, a large reaction steel frame of the Interdepartmental Center for the Safety of
Infrastructures and Constructions (SISCON) of Politecnico di Torino was used to perform
the full-scale tests with different loading configurations. The layout of the measuring
equipment was designed to measure key parameters representative of the structural
response of the elements during the loading test. The BRIGDE |50 research project has a
unique value for the high number of structural elements under investigation for a
structural typology widely adopted all around the world and the large amount of
collected data. The outcomes of the research project will be useful to develop a more
reliable assessment of the remaining service life of bridges.

2. Case Study
2.1. Corso Grosseto Viaduct

The Corso Grosseto viaduct, built in Turin (Italy) in 1970, was a multilevel road
interchange developed along two main lines, the Corso Grosseto West—Corso Grosseto
East route and the Corso Potenza—Corso Grosseto East route. Each route was linked by two
structurally independent decks, one for each carriageway. The viaduct consisted of 80
simply supported spans, ranging from 16 to 24 m, for a total length of about 1.4 km (Figure
1).
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Figure 1. Historical view of the Corso Grosseto viaduct.

The deck of each span consisted of 10 precast PC I-beams and 2 U beams all connected
by a cast in situ slab, with transverse beams at third points of each span. Figure 2 shows a
technical drawing of the top view and cross-section of the viaduct. The elements retrieved
for the project are depicted in Figure 2a in green, whereas the elements tested, whose re-
sults are reported in this paper, are painted in red.
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P47/46 P47.l46 P47/46 P47/46 >

— - | -

| 129 | oss | oss | oss | oss | oss | oss | oss | oss | oss | 120 |
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Figure 2. (a)Top view; (b) cross-section of the PC deck (in meters).

The girders had an average span length of 19.2 m. According to the design documen-
tation [26], the girders were pretensioned using 17 strands along the bottom flange, dis-
tributed on two rows, and 3 strands on the top flange with a nominal diameter of 12.7
mm, as reported in Figure 3. In the bottom flange, three strands from 0 to 5 m and two
from 0 to 3 m starting from the end sections were unbonded using ducts. The shear rein-
forcement consisted of @8 mm stirrups with 250 mm spacing. The stirrups were also used
to connect the precast beam with the cast in situ top deck slab.
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Figure 3. I-beam cross-section (in mm).

The edge beams (Figure 2b) with a box section (U-beam with slab) consisted of two
I-girders coupled together in terms of resisting section and reinforcement. The piers were
T-shaped and reached a maximum height of 12.40 m. The pier caps were post-tensioned
with multiple groups of smooth wires along a curved profile. A group of tendons was
released before placing the beams, and secondary prestressing was induced before the
application of non-structural loads.

Construction reports specified a characteristic tensile strength of prestressing steel of
1638 MPa and a concrete compressive strength of 30 MPa at 28 days. The maximum al-
lowable stress for the strands immediately after tensioning was 1400 MPa. The total pre-
stress loss was estimated at the design stage as 36.8% of the initial stress after tensioning.
Based on the original design data, the material properties were chosen according to the
allowable stress design, assuming an acting bending moment on the most stressed girders
of 824 kNm due to the live loads.

The exposure to aggressive atmospheric agents linked to a massive use of de-icing
salts has led, over the years, to evident problems of durability and several conservative
maintenance operations. In July 2017, the complete closure to vehicular transit was settled
to start the deconstruction process following new urban redevelopment and different mo-
bility needs.

2.2. BRIDGE50 Research Project

BRIDGE50 is a project based on a research agreement established in 2018 between
Politecnico di Milano, Politecnico di Torino and several public authorities and private
companies [22-24]. A project management committee involving all partners was estab-
lished and the research activities are conducted jointly by Politecnico di Milano and
Politecnico di Torino. The project aims at investigating the residual structural perfor-
mance of the 50-year-old Corso Grosseto viaduct and supporting, in this way, the safety
assessment and residual lifetime evaluation of existing bridges based on experimental
tests and numerical investigations. A wide experimental campaign is ongoing on the set
of structural elements collected during the dismantlement phases, including diagnostic
non-destructive test, full-scale load tests, dynamic tests, laboratory test on material sam-
ples, and conventional and innovative techniques to assess the actual condition of the
structural members from both chemical and mechanical points of view. The testing site
was set up in Turin under the supervision of the Politecnico di Torino. The deconstruction
process involved cutting, lifting and transportation phases. Adjacent longitudinal PC
beams were separated cutting the concrete slab using disks and diamond wires. A drilling
machine was adopted to drill the bridge deck and insert the sling ropes to lift the deck
beams. Exceptional transports by truck were adopted to move 25 I-beams, 4 box beams
and 2 pier caps to the testing site. In Figure 4, some pictures of different phases are shown.
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Figure 4. Deconstruction phases: (a) cutting; (b) drilling; (c) sling ropes; (d) lifting; (e) moving; (f)
testing site setup.

A proper identification code reported in Figure 2 was assigned for each structural
member to record the element position on the original location.

2.3. Experimental Program

The first stage of the research project involved a series of preliminary activities con-
ducted before the dismantling of the viaduct in order to obtain a general overview on the
conservation state. These activities concern visual inspections, conducted according to na-
tional and international standards [27], concrete coring from piers followed by carbona-
tion tests and reinforcing bar sampling. Finally, dynamic test was carried out on the four
spans (reported in Figure 2) before the dismantling in order to characterize the global dy-
namic behavior of the decks of the viaduct [28]. These preliminary results will be com-
pared and validated with the outcome gathered after the experimental tests conducted at
the testing site.

The collected elements were subjected to an extensive on-site diagnostic study, in-
cluding the mapping of the degradation pattern, drone surveys, rebound hammer test,
magnetometric, ultrasonic investigations and electrochemical methods to evaluate corro-
sion potential and corrosion rate. Additional information about dynamic analyses and
non-destructive testing can be found in previously published papers [28-34]. The results
of the non-destructive diagnostic study were used to distinguish three different catego-
ries, such as undamaged beams, deteriorated beams by corrosion and beams with damage
induced by dismantling operations. Relying on these three classes, loading tests were
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scheduled, starting with beams showing a low level of damage of the cast in situ slab
generated by lifting preparation [31,32] (Figure 5).

(b)

Figure 5. Typical damage due to lifting operations: (a) damage at 4 m and (b) damage at 15 m from
the beginning of the PC girder.

The tests reported in this paper involved B3-P47/46, B8-P47/46, B4-P47/46 and BY-
P47/46 beams, classified as a girder in good condition, where BX-PYY/ZZ means: B is for
I-shape section beams, X is the progressive numbering of I beams in the transverse section
of the deck, and PYY/ZZ is the starting support, where P means pier and the following
letters are the numbering of the support number (see Figure 2). As previously reported,
small portions of the deck slab and bottom flange concrete at about 4 m from each beam
end were damaged for lifting operations (red square in Figure 5). Girders B3-B4-B8-P47/46
and B9-P47/46 had no damage in the midspan zone and no damage in what concerns the
bottom flange with no cutting of the strands. Other girders also had an induced damage
caused by drilling at midspan and variable cutting of the strands at the bottom flange.

The B3-P47/46 and B4-P47/46 girders showed 5 mm wide horizontal cracks at the
edges caused by corrosion activity that transversally crossed the strands (Figure 6). The
visual inspections revealed no other corrosion-induced damages. The presence of such
kind of damage can be ascribed to the presence of structural joints.

(b)
Figure 6. Cracks on the end of the (a) B3-P47/46 and (b) B4-P47/46 beams.

Two different load tests were planned, two-phases and single monotonic loading
phase. The two-phase loading tests were designed with a first loading that reaches the
stabilized crack opening, followed by complete unloading; subsequently a loading up to
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the ultimate load capacity or first signs of failure was scheduled. Since the cracking mo-
ment and decompression load are key parameters for providing a preliminary estimate of
prestress loss, much attention has been paid to detect these quantities. The estimation of
the latter will be confirmed by comparing the results with local tests of residual prestress-
ing on the same girders, such as saw-cuts and strand cutting already planned in the test
program.

The single monotonic loading test was planned to investigate the structural behavior
up to failure without the effects induced by the first loading cycle. The B3-P47/46, B8-
P47/46 and B9-P47/46 girders were loaded in two phases. Furthermore, to study the role
of the cast in situ top slab and its connection with the precast beam, the girder B9-P47/46
was tested after the removal of the slab by a saw cut. In Table 1, a summary of the load
test protocol is reported.

Table 1. Load test protocol.

Load Test  Beam Code Loading Phases Concrete Cross-Section
1 B3-P47/46 2 Composite
2 B8-P47/46 2 Composite
3 B4-P47/46 1 Composite
4 B9-P47/46 2 I-beam

2.4. Material Properties

The archive research on the test laboratory provided the mechanical properties of
strands and concrete. The test certificates released in the 1970s by the Testing Laboratory
of the Politecnico di Torino show average yielding and ultimate strength values for pre-
stressing steel of 1486 and 1722 MPa, respectively. The compressive strength recorded at
the 28-day of the precast I-beams averaged 50.3 MPa over 4 samples, whereas the com-
pressive strength of the cast-in situ slab averaged 40.5 MPa over 7 samples.

To integrate the material properties reported in the available technical documenta-
tion and to provide more accurate values, non-destructive tests were performed and re-
ported in [30]. In Table 2, the results of some destructive tests performed by Material and
Structures Testing Laboratory MastrLab of Politecnico di Torino and the Testing Lab for
Materials, Buildings and Civil Structures of Politecnico di Milano after the large-scale ex-
periments are reported. The following tests were performed:

e Concrete of girders and slab: 15 compression tests on cylindric samples and 11 indi-
rect tensile tests;
e  Prestressing steel: 8 tensile stress tests.

Table 2. Material properties of the destructive tests.

Location Material Property Test No. Unit Mean Value Standard Deviation

Slab Concrete Compressive strength Compression 5 MPa 21.9 4.7

Slab Concrete Tensile strength Indirect tensile test 2 MPa 2.4 0.9
Girder Concrete Compressive strength Compression 10 MPa 33.6 6.7
Girder Concrete Tensile strength Indirect tensile test 9 MPa 3.4 0.5
Girder  Prestressing steel Yield strength Tensile MPa 1521.5 68.0
Girder  Prestressing steel ~ Ultimate tensile strength Tensile 8 MPa 1763.4 60.1
Girder  Prestressing steel Elongation at maximum load Tensile % 3.4 1.1

The extracted samples of the concrete girders refer to the B3-P47/46, B8-P47/46 and
B4-P47/46 beams; the samples of the slab were retrieved from the B3-P47/46 and B9-P47/46
beams. The samples of prestressing steel were taken from the B4-P47/46 and B9-P47/46
beams. Table 2 contains a list of the obtained results in terms of mean value and standard
deviation.
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3. Loading Test Setup

3.1. Reaction Steel Frame

A large steel reaction frame was designed to investigate the structural behavior and
load-carrying capacity of the girders with different loading configurations (Figure 7). The
test bench was provided by the Center SISCON of Politecnico di Torino for testing struc-
tures with a span of up to 30 m.

Figure 7. Technical drawing of the reaction steel frame in black, supporting frames in blue and load-
ing frames in red (in cm).

The PC beams under testing were positioned on the supporting frame (blue color in
Figure 7), where specifically designed bridge bearings replicate the simple support static
scheme. The hinge and roller have a support plate of 400 x 400 mm and allow for +4°of
rotation; the roller allows a longitudinal displacement of + 150 mm. The base plate of the
bearings is bolted to the supporting frames, which in turn are bolted to the main frames
(black color in Figure 7). The latter consist of two main longitudinal steel beams, each
composed by 5 I-shaped welded steel segments. These segments were built by welding a
2 m high web to 1 m wide flanges with plates stiffeners spaced 1 m. The longitudinal
beams are transversally connected by 5 I-shaped elements 1.5 m long. The loading system
(red color in Figure 7) is constituted by two couples of hydraulic jacks hosted into steel
member hinged to the steel frame with single capacity of 1200 kN and a maximum stroke
of 750 mm. The hydraulic jacks, contrasting on the steel member, act on the pushing sys-
tem, which transfer the load to a steel transverse beam through six 32 mm steel bars. The
transverse steel beams were used to transfer the load from each couple of hydraulic load
cylinders to the specimen under testing. Both the supporting frame and the loading sys-
tem can be installed through a bolted connection along the longitudinal beams with a step
of 10 cm in order to obtain different loading schemes. The hydraulic testing system allows
for the performance of force-controlled loading tests at a controlled loading rate.

The span length of the flexural tests reported in the present work was 19 m and the
two couple of hydraulic jacks were located 0.6 m away from the midspan to conduct the
loading tests in a three-point bending type configuration (Figure 8), aimed at investigating
the bending resistance of the girders.
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Figure 8. Three-point bending test configuration.

Other test configurations will be used in the future to study different failure mecha-
nisms, such as combined bending/shear and pure shear rupture mechanisms.

3.2. Instrumentation

The sensors” layout was designed to measure key parameters representative of the
structural response of the girder during the load test. Table 3 summarizes the details of
the designed monitoring system, which consists of 69 devices for measurement of strains,
displacements, accelerations, acoustic emissions and forces. In this paper, the results in
terms of displacements, strains and forces are presented.

Table 3. Characteristics of the sensors’ layout.

Parameters Sensor Location No.
Deflection Wire displ. transducer D04-06 3
Deflection Displ. potentiometer transducer D01-03 D07-09 6
Displacement Linear displ. transducer V01-02 HO01-02 4
Strand sliding Linear displ. transducer STR-01/02 2
Shear strain Linear variable displ. Transducer ! 1-10 20
Bending strain Linear variable displ. Transducer? 11(1;:22; 11
Bending strain Strain gauge 2C-1T 2
Acceleration Accelerometer 1-10Z 10Y 10
Acoustic emission PZT transducer Midspan 8
Load Load cell Hydraulic jacks 3

! The measurement base of the LVDTs for shear and bending strain is 700 and 400 mm, respectively.

The applied load was measured by load cells on the actuators to read the actual ap-
plied load and check the symmetric loading condition. The layout of the sensors for beam
B3-P47/46 is reported in Figure 9. The linear variable displacement transducers (LVDTs)
were mounted onto two different configurations of the aluminium frame with the aim of
measuring the average strain referred to the measurement base: the LVDTs close to the
supports are oriented at 45° with a base of 700 mm, whereas the LVDTs in the bending
zone were installed with a horizontal direction around the midspan and have a base of
400 mm. The test setup for the first girder B3-P47/6 is shown in Figure 9.
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Figure 9. Test setup and layout of the monitoring system installed on the PC girder during the load
test (in cm).

From the second test on the girder B8-P47/46, three out of five pairs of LVDTs were
moved close to the transverse beam to intercept a more pronounced cracking pattern ev-
idenced during the first test. For test B9-47/46 (the beam without the cast in situ slab), six
out of seven LVDTs were used to measure strains to the bottom flange in bending zone
(1T-6T) and two LVDTs in top flange of precast beam (1C and 2C) were moved to the same
vertical alignment of 1T and 6T (see Figure 9). Indeed, two strain gauges were used to
compare LVDTs measurements in 2C and 1T position. For all the girders, the vertical de-
flection was measured by nine displacement potentiometer transducers connected to the
bottom of the girders (see from D01 to D09 in Figure 9). Furthermore, displacement trans-
ducers were installed at the ends of the girders to measure vertical and horizontal dis-
placements, settlement at the supports and the slipping of one unbonded strand at each
end. During the tests, the data were collected at a 10 Hz sampling frequency and synchro-
nized.

4. Test Results

In the present paper, the most representative outcomes of the structural response are
reported and discussed. The girders were tested by adopting a static loading with a rate
of 2.6 kN/min. In the following figures, the reported load refers to the force transmitted
by one of the four actuators; therefore, the total load can be obtained multiplying the value
reported in the following diagrams by 4. It should be noted that the actual load applied to
the girder, other than its self-weight, should be calculated by adding the loading frame
weight (estimated as 11.82 kN per actuator) to the recorded applied load. The dashed
curves in the load—deflection curves in Figure 10 indicate measurements that are not reli-
able following to unexpected setup technical problems. The first test was aimed at con-
trolling the parameters reported in the following paragraphs using a two-phase loading
test. As mentioned above, due to technical problems and then for comparison purposes,
the second test was set in an identical two-phase protocol; the third test reports a one-
phase loading test to study the outcomes from a monotonic procedure in comparison with
the previous two; finally, test number four was performed to analyze the properties of the
PC beam without the contribution of the cast in situ slab to the structural performance of
the specimen. In the case of B9-P47/46, the second loading phase started before reaching
complete unloading; it started at a load level lower than the first cracking load.
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Figure 10. Load versus midspan deflection with dots located at the estimated first cracking and peak
loads for each girder.

4.1. Deflection Responses

The deflection of girders under loading is a significant parameter; it can be used for
the calibration of structural models able to properly assess the stiffness and resistance
characteristics. Figure 10 shows, for each girder, the load—deflection curve obtained at the
midspan of the girders (position D05 according to Figure 9) during each loading phase.
From the slope of the curves, it is possible to observe the linear elastic response branch up
to flexural cracking followed by crack propagation stage up to failure. Referring to the
first, second and third load test (Table 1) on specimens composed by precast beam and
cast-in situ slab, all curves show similar flexural stiffness and a cracking load of 24, 20 and
17 kN, respectively. The B3-P47/46 specimen reached its maximum capacity before col-
lapsing with a load of 78.2 kN, related to an applied bending moment of 1438.9 kNm at
midspan. The maximum applied loads for B8-P47/46 was 81.1 kN, corresponding to a
bending moment of 1492.2 kNm. The B4-P47/46 specimen was loaded up to a failure load
of 71.4 kN, corresponding to a bending moment of 1313.8 kNm. The B9-P47/46 PC beam
collapsed after reaching a maximum load of 64.6 kN, corresponding to a bending moment
of 1188.6 kNm. At the maximum applied load, B3-P47/46, B8-P47/46, B4-P47/46 and B9-
P47/46 exhibited maximum midspan deflections of 167 mm, 150 mm, 135 mm and 145 mm
respectively. The curve of the B3-P47/46 beam shows a load reduction at 75 kN associated
to a holding phase required for the visual inspection stage of the cracking pattern. The
drop recorded in the response of the B4-P47/46 beam at 72 kN can be associated to a first
crushing of the cast in situ slab.

All girders collapsed in a non-ductile mode with a bending failure mechanism due
to concrete crushing in the top compression zone. Figure 11 shows the failure zone for all
the tested girders in detail.
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(d)

Figure 11. Failure zone details for: (a) B3-P47/46, (b) B8-P47/46, (c) B4-P47/46, (d) B9-P47/46 and the
corresponding position.

Figure 12 shows the deflection of each girder at the elastic stage (15 kN) and at the
post cracked phases (30, 45 and 60 kN). For girders tested with two loading phases, the
load at 60 kN refers to the second loading phase. The deflection was measured in the po-
sition of sensors from D01 to D09, according to the layout reported in Figure 9. As ex-
pected, the girder B9-P47/46, from which the cast in situ slab was removed, experienced a
higher deflection due to a reduced flexural stiffness compared to the other girders. The
deflections of the first three beams are similar for low load levels and become slightly
different with increasing load.
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Figure 12. Longitudinal deformed shape of girders at 15, 30, 45 and 60 kN.

In order to remove vertical displacements from the deflection of the beams due to
support settlement, transducers were placed in the support zone (devices V01 and V02 in
Figure 9). During the load tests, not relevant settlements were measured at the support
level, but their values were taken into account. As an example, the vertical displacements
recorded for the B8-P47/46 beam are reported in Figure 13.

——B8-P46/47(VO1)] |

——B8-P46/47(V02)

0 1 2 3 4 5 6 7
Displacements [mm]

Figure 13. Vertical displacements of the support for the B8-P47/46 beam.

4.2. Cracking

The first cracking load was estimated from the load-strain curve recorded by the
LVDTs placed at the bottom flange of the PC specimens in the zone of tension. Figure 14
shows the plot of load versus tensile strain, regarding LVDTs, which recorded the mini-
mum cracking load. To highlight the variation in the slope of the curves, a diagram up to
35 kN is shown. For the B3-P47/46, B8-P47/46, B4-P47/46 and B9-P47/46 beams, cracks be-
gan to open at an estimated applied load of 23 kN, 25 kN, 16 kN and 20 kN, respectively.
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Figure 14. Applied load versus tensile strain.

It can be observed that each curve starts with a linear trend. Once the applied load is
sufficient to cause cracking, the nonlinearity begins and a change in the slope occurs. Fig-
ure 15 shows the mapping of the crack pattern recorded at the end of the load tests using
markers by manual procedure and then reported in digital format. Typical flexural cracks
were detected around the loading zone at the midspan in the region under the transverse
steel beams. Cracks formed outside the midspan region present an influence of the shear
effect and reveal an inclination toward the loading area. The top region of all the girders
shows the crushing of the concrete in compression, which led to the failure. The subse-
quent collapse involved the whole section as a rigid rotation between two segments of the
beam when the applied loading force was not promptly released.

|2
(@)

(b)

n A7 NS S .

(©

(d)
Figure 15. Crack pattern after the load tests of the (a) B3, (b) B8, (c) B4 and (d) B9-P47/46 girders.
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4.3. Decompression Load

As mentioned in Section 2.3, the decompression load can be used to estimate the pre-
stress loss. Figure 16 shows the load versus strain for the analysis of crack reopening rec-
orded for specimens loaded in the two phases. During reloading, cracks remain closed
due to the prestressing force and only elastic strains are recorded. Once the applied load
is sufficient to reopen the cracks, it was no longer transferred across them and a sharp
change in slope was observed. The transition from compression to the tension state of
orthogonal stress to the crack profile at the bottom flange of the beam can be estimated
independently from the tensile strength of concrete and, therefore, can be a more reliable
base to estimate the prestressing force. The diagram highlights a change in slope at 16 kN,
11 kN and 15 kN for the B3-P47/46, B8-P47/46 and B9-P47/46 beams, respectively. For the
B9-P46/47 curve, the unloading phase can be observed, followed by reloading starting
from 9 kN.
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Figure 16. Applied load versus crack reopening.

4.4. Compressive Strains

The compressive strain recorded in the top region of the girders is a parameter to
study the distribution of strain along the cross-section during the load test and can pro-
vide key information on the structural response of the girders during the load test. The
continuous strain measurements obtained for the B3-P47/46, B8-P47/46 and B9-P47/46
beams in the top compressed region are presented in Figure 17. The maximum compres-
sive strain recorded at the half of the thickness of the cast in situ slab of the composite
sections of B3-P47/46 and B8-P47/46 was —3.6%. and —3.8%., respectively. For the B9-
P47/46 beam, the compressive strain recorded at the half of the thickness of the top flange
at failure load was —1.7%o.



Appl. Sci. 2023, 13, 834

17 of 22

O
70t
60t
Z 50t
T40f
=]
= 50l

201 [——R3-p46/47(3C)
{0l |-—~B8-P4647(3C)
------------- B9-P46/47(2C)

0 1 1
-4000 -3000 -2000 -1000 0
Strain [ €]

Figure 17. Applied load versus top compressive strain.

For the B8-P47/46 curve, an anomalous behaviour at the beginning of the test was
recorded, characterized by a constant strain value with increasing load, and probably
linked to a locking of the LVDT supporting frame.

4.5. Strand Slip

The prestressing force in PC structures is transferred from strand to the concrete due
to bond at the strand—concrete interface. If the bond strength degrades over the years, the
transfer of effective prestress is affected. In order to evaluate the possible slip of prestress-
ing strands during the load test, the relative displacement between concrete at the end of
the beam and the strand unbonded for the first 3 m with the sensors in positions STR-01
and STR-02 (Figure 9) was measured. During the load tests, no significant slipping of the
strands was recorded. As an example, the displacements recorded by the sensor STR-02
of the B8-P47/46 beam are reported in Figure 18. The slipping of the strand can be observed
starting from a load of 24.05 kN. The maximum value of the slip recorded at failure load
is 0.46 mm.
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Figure 18. Force—strand slip curves for STR-02 of B8-P47/46.

4.6. Shear Strains

One of the aims of the experimental research is to study the structural behavior up to
failure, paying particular attention to the bending and shear resistance mechanism. In the
first group of specimens reported in the present paper, a flexural failure was expected,
with a mechanical test designed accordingly. Nevertheless, multiple schemes of devices
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were designed and installed to record shear strains in relevant positions. Figure 19 shows
the measurements recorded by the transducers’ reading tensile effect belonging to the B8-
P47/46 beam. The dashed—dotted lines refer to the sensors installed on the left side of the
beam (position A in Figure 9); the solid lines represent the strain recorded on the right
side (position B in Figure 9). A correspondence between the dashed and solid lines can be
observed, with the exception of SH6 and SHS8, which show a slight increase on the right
side compared to the left one. Furthermore, a reduction in strain is recorded by moving
from the midspan to the support zone.
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Figure 19. Tensile shear strain of the B8-P47/46 beam.

Figure 20 shows a comparison of the tensile shear strains at positions SH3 (A) and
SH8 (B) of B4-P47/46 with the cast in situ slab and the B9-P47/46 beam without the cast in situ
slab. Lower shear strains are reported for the B9-P47/46 specimen compared to B4-P47/46; this
could be due to the different resistance mechanism when approaching the maximum load.
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Figure 20. Force—tensile shear strain for SH3 and SHS for the B4-P47/46 and B9-P47/46 beams.

These results are in line with the crack pattern recorded after the load tests shown in
Figure 15. Indeed, the beam B4-P47/46 shows both flexural and shear cracks, whereas the
beam B9-P47/46 reveals only few vertical cracks typical of a bending failure mechanism.
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5. Discussion

The girders of the C.so Grosseto Viaduct studied in the present work have 50 years
of service life in an urban environment and, consequently, have experienced all the afore-
mentioned deterioration causes affecting this structural typology. The results reported in
this paper concern the tests performed on the first group of girders and aim at character-
izing their structural conditions up to failure. In particular, the tests were designed to in-
vestigate their flexural capacity response adopting a three-point bending test scheme. The
choice of the test setup considered the presence of the damages induced during the dis-
mantling operations. The girders were selected having damages located away from the
most stressed area and most prone to experience rupture. The damage due to corrosion
noticed at the edges of the girders was considered not to influence the outcome of the
experimental tests.

The material properties obtained from the design documentation and laboratory tests
performed at the time of construction were reported, such as the strengths of precast con-
crete, cast in situ slab and prestressing steel. A noticeable difference in terms of compres-
sive strengths with the current material characterization were found. The results obtained
for the samples extracted from both the slab and the beams show a resistance of 40% lower
than what was reported on the tests performed at the time of construction. Given the im-
portance of these parameters to correctly interpret the static tests results, the material char-
acterization study will be extended, paying particular attention to all the phases of sam-
pling and extraction of the cores. The results of the test on steel confirm what was reported
in the design project. The static tests conducted on the three complete girders showed a
similar behavior in terms of deflection, maximum capacity and failure mechanism.

The maximum midspan deflections up to collapse recorded for all the tests reveal a
ratio less than 1/100 of the span that is typically addressed to PC beams. The crushing of
the cast in situ concrete slab for the B3 and B8 and B4-P47/46 girders and of the top flange
of the B9-P47/46 girder was reported, highlighting a non-ductile rupture behavior. The
girder B4-P47/46 shows a double peak revealing an initial crushing of the cast in situ slab,
followed by the crushing of the top slab of the PC beam at a lower load that determined
the global collapse (Figure 11c). In all the four tests, the crush of the slab occurred close to
the loading system and not at the maximum bending moment section, probably due to
the confining action exerted by the transverse steel beams; indeed, a diagonal crack on the
most compressed zone departed from the bottom flange of the same steel beam, as can be
observed in Figure 11. In Figure 10, the non-ductile performance of the girders is apparent,
with no evidence of yielding of the prestressing steel. The girders tested, after adopting
the two-loading phases, did not show residual damages such as visible cracks at the end
of the unloading, except for a residual deflection due to non-recoverable deformations.
Moreover, no significant difference in terms of maximum loads was registered. On the
other hand, the two-phase tests adopted for B3-P47/46 and B8-P47/46 and also for the B9-
P47/46 girders allowed us to evaluate the decompression loads disregarding the value of
the tensile strength of concrete. The crack opening values reported in Section 4.2 can be
compared to the results of specific tests on strands and concrete in order to estimate the
prestressing losses more accurately. For reinforced concrete beams, cracks directly affect
the moment of inertia of the cross-section and the flexural stiffness decreases accordingly.
For PC beams, as highlighted by the load—displacement curve of the two-phase load tests,
there are no evident signs of stiffness reduction in the second loading phase, due to the
beneficial effect provided by prestressing. Referring to the first loading phase, a lower
flexural stiffness was observed for the girder B9-P47/46, due to the removal of the cast in
situ slab. In addition, a residual deflection can be seen for specimens loaded with two
loading phases due to non-recoverable deformation also caused by the first load phase at
a level higher than the cracking load. At collapse, no signs of corrosion were detected on
the exposed prestressing strands, confirming the good protection exerted from the con-
crete cover at the time of the test. The peak load registered for the B9-P47/46 girder was
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20% lower than the maximum load obtained for girders with cast in situ slabs, probably
evidencing the limited contribution of the cast in situ slab.

Cracking after loading test had a similar flexural pattern with vertical cracks starting
at a lower flange and turning horizontally, especially for girder B8-P47/46, which also
reached the highest value of load; moreover, in B8-P47/46, a larger portion of the beam
was involved by cracks even closer to the support zones. The moving of the three couples
of LVDT for shear strain evaluation toward the transverse beam location with respect to
the first setup reported in Figure 9 was intended to intercept these cracks. A different
pattern with few cracks, mainly in the vertical direction, is reported for B9-P47/46, the
girder without the cast in situ slab, both in terms of extension (zone within the two trans-
verse beams) and number (few concentrated cracks), highlighting an altered resistance
mechanism with respect to previous girders, with a lowering of the top chord compressed
member.

The first cracking estimated by the LVDTs placed in the bottom flange showed some
variability among the girders. It is important to observe that the beam B9-P47/46 shows a
value of 20 kN, which is also the result of the removal of the cast in situ slab for both its
absence in the resistance mechanism and its weight in terms of loading. This first cracking
could be also deeply affected by the actual residual prestressing and, in turn, it can be a
parameter for its evaluation. The compressive strains reveal a large deformation at the
level of the most compressed element of the girder (the cast in situ slab or the top flange)
and the analytical evaluation of the neutral axis position allows us to infer that the maxi-
mum strain at the top fiber was obviously larger. No valuable slip was measured in the
experiments between the concrete at the edges of the girders and the selected unbonded
strands, and this reveals an efficient stress transmission and a proper transmission length
within this loading scheme. Other strain measurements confirm the outcomes of crack
formation and the resisting mechanism evidenced during the loading test up to collapse.

6. Conclusions

In this paper, the first results of the large-scale experimental tests of the BRIDGE |50
research project were reported. This research project proposes an extensive experimental
study for the assessment of the performance of existing PC bridges. A detailed description
of the design and execution of the experimental program was reported, including load
test scheme and sensor devices” layout. The results of the first group of four PC girders
are presented and discussed. Based on the results of the flexural tests conducted with a
three-point bending test scheme on a large facility for real-scale mechanical experiments,
the influence of the material and structural characteristics of the girders was highlighted.
In particular, a brittle behavior was detected, with the failure firstly located at the most
compressed zone subjected to bending, highlighting the cast in situ slab as a weak struc-
tural component. An overestimation of the concrete strength assumptions was found
within the design documentation for both the PC beam and cast in situ slab. Comparing
these values with the outcomes provided by the destructive laboratory tests, a reduction
of about 46% and 33% was recorded for the cast in situ slab and PC beam, respectively.
Additional activities will be conducted to increase data on the mechanical properties of
concrete and steel with destructive tests in addition to specific research aimed at estimat-
ing the effective prestress force with concrete relief test and strand cutting procedures on
the tested girders. Given the healthy structural condition of this first group of PC beams,
a uniform ultimate capacity was found among them, without any dependence on partic-
ular deterioration mechanisms.

The results collected from this experimental study could be of extreme interest to
evaluate the specimen characteristics and calibrate numerical models for the safety assess-
ment of existing structures. Moreover, a proper numerical model fitting the results, ac-
cording to the outcome of the dynamic tests, will be representative of the in-service health
condition of the C.so Grosseto viaduct. The next large-scale tests will analyze different
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shear span lengths to study the bending moment interaction resistance mechanism in ad-
dition to the shear failure mechanism for undamaged and damaged girders. Furthermore,
specific mechanical tests for pier caps available for the BRIDGE |50 research project will
be also planned and performed.
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